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Abstract
In the past 21 years, a modest increase in the range of antimalarial drugs approved for clinical use
has been complemented by a more impressive expansion in the analysis and understanding of the
molecular mechanisms underlying resistance to these agents. Such resistance is a major factor in
the increasing difficulty in controlling malaria, and important developments during this period are
recounted here.

The drug-resistance problem
The first article in the newly emerged Parasitology Today to deal with drug-resistant malaria
appeared in early 1986 and reported [1] that Plasmodium falciparum in Central and West
Africa was becoming resistant ‘not only to chloroquine, but also to all existing alternative
treatments except quinine’. The article concluded with the announcement that the new drugs
mefloquine and halofantrine would become widely available for clinical use later that year,
although mefloquine resistance had already been observed in earlier trials (Figure 1). At that
time, the principal targets of the well-established antifolates (principally pyrimethamine and
sulfadoxine) were known, thanks to a substantial body of earlier work on antifolate bacterial
inhibitors, but those of other antimalarials were less clear. Moreover, the molecular basis of
resistance to any of these drugs was completely unknown. In the past two decades, which
have witnessed astounding progress in the molecular analysis and manipulation of
Plasmodium, this situation has been substantially rectified and new classes of drugs such as
the artemisinins and atovaquone have also entered clinical use (Figure 1). However, the
problem of drug-resistant malaria is undoubtedly worse now than in 1986 [2], and the
challenge of turning detailed molecular understanding into effective disease reduction
remains stubbornly daunting.

The antifolates and the quinolines
Between 1988 and 1997, important insights into the genetic basis of resistance to the
antifolate drugs emerged as extensive analyses were undertaken of the known target
dihydrofolate reductase (dhfr) and dihydropteroate synthase (dhps) genes in sensitive and
resistant parasites. Correlations of sequence alterations with resistance to pyrimethamine and
sulfadoxine were soon refined into proofs of a causal relationship, mainly by expression and
purification of the various polymorphic recombinant enzymes and measurement of their
altered drug-binding properties (Table 1). These studies were reinforced by the powerful
methodology of parasite transfection, newly developed in 1995, which demonstrated that
insertion of the resistant-type dhfr sequences into the genome of sensitive parasites resulted
in predicted levels of pyrimethamine resistance, an approach later used to consolidate
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similar data for dhps mutations and mutations involved in resistance to the quinoline drugs
[3-5].

Compared with the situation for the antifolates, unravelling the genetic basis of chloroquine
resistance (CQR) was a much more substantial undertaking because the likely target genes
were completely unknown. The bold approach taken by the Wellems group at the National
Institutes of Health (http://www.nih.gov/) [6,7] began with a genetic cross of two cloned
parasite populations (chloroquine-sensitive and chloroquine-resistant) during the sexual
stage in the mosquito, and subsequent isolation of recombinant asexual progeny in a primate
host. Phenotypic typing of progeny and mapping of their recombination loci pointed to a key
gene residing within a 36-kb span on chromosome 7 [8]. Sequencing along this region
identified several potential open reading frames (ORFs) that were analysed for
polymorphisms correlating with the chloroquine-resistance (CQR) phenotype in P.
falciparum strains from around the world. Some 15 years after the original cross, and
following further detective work involving detailed transcriptional analysis of this locus, a
highly fragmented ORF of 13 exons was eventually revealed, mutations in which showed
complete linkage to the CQR phenotype in the 40 laboratory-adapted strains examined at
that time [9]. Moreover, the genomic locus of this ORF exhibited the most pronounced
sequence evolution during recent times, consistent with the geographically near-universal
deployment of chloroquine since its introduction in the mid-1940s [10]. The gene involved,
named pfcrt for ‘P. falciparum chloroquine resistance transporter’, is polymorphic in up to
15 nucleotide positions, as catalogued thus far, but only one amino acid change, K76T, has
been found consistently in chloroquine-resistant parasites. However, a second alteration,
A220S, also shows extremely strong linkage, possibly compensating for changes in the
normal function of the CRT protein induced by K76T, and is likely to have a modulating
effect on the level of resistance (Table 1). cDNA versions of pfcrt from resistant parasites
transfected into sensitive parasites bestow the resistance phenotype, with the status of codon
76 confirmed as being especially important [7]. This is reflected in many recent field
studies: for example, in West Africa where all chloroquine-resistant strains examined carried
both the K76T and A220S changes, compared with ~40% prevalence in random
pretreatment samples [11]. Indeed, no chloroquine-resistant isolate has yet been
characterized that carries the wild-type lysine at position 76. However, it was observed
recently that some sensitive strains can also carry the K76T mutation [12,13], emphasizing
the need for still finer analysis of the complex mutational patterns seen in pfcrt.

The identification of the CRT protein as the key player in CQR, although undoubtedly a tour
de force of persistence and insight, marked a new beginning, rather than an end, to the story.
Bioinformatics analyses indicate that CRT belongs to a previously undefined collection of
proteins within a superfamily of drug and metabolite transporters [14,15]. It was proposed
that the crucial K76T mutation would alter the selectivity of CRT such that chloroquine
could efficiently exit the food vacuole in which it acts, a prediction that has received recent
experimental support [13,16]. It now seems clear that the positive charge of K76 normally
prevents efflux of the diprotonated form of chloroquine (the predominant form in the acidic
vacuole), an effect that is lost on mutation to T or other nonbasic residues. However,
mutations that restore a positive charge to the pore can compensate for the loss of that
carried by K76 and, thus, reverse the CQR phenotype, as is seen in at least one of the
apparently anomalous sensitive strains mentioned earlier, in which an S163R alteration
accompanies K76T [13].

Cross-resistance
Early studies, particularly from Southeast Asia, had reported that cross-resistance was
apparent among some chloroquine-resistant parasites to related antimalarials such as the
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arylaminoalcohols quinine, mefloquine and halofantrine, suggesting that these drugs were
also acting on the parasite food vacuole. Another approach to investigating resistance
involving these drugs was, therefore, to search for an ATP-binding cassette (ABC)-type
membrane transporter that could alter the flux of drugs targeted to this vacuole. This was
based on an analogy with mammalian tumour cells that exhibit multidrug resistance in
which the P-glycoprotein is upregulated and mediates an ATP-dependent expulsion of a
wide range of inhibitors. This can be reversed by Ca2+-channel blockers such as verapamil,
and the fact that CQR levels in P. falciparum could also be diminished by verapamil lent
further credence to this approach. One gene, pfmdr1, with significant similarity to the
human multidrug resistance (mdr) gene exhibited polymorphisms that were apparently
linked to CQR in some (but not all) studies [17,18]. Nevertheless, the localization of its gene
product, P-glycoprotein homologue 1 (Pgh1), on the surface of the food vacuole indicated
that it was appropriately placed to modulate intracellular concentrations of chloroquine and
other inhibitors – a conclusion supported both by transfection studies [19] and recent field
studies (e.g. Ref. [12]). Many such studies support the conclusion that there is a reciprocal
relationship between CQR and resistance to the arylaminoalcohols [18]. Importantly,
whereas pfmdr1 might have a significant but subsidiary role in CQR, its amplification to
copy numbers of up to five seems to be a primary mechanism whereby parasites can become
more resistant to mefloquine and other arylaminoalcohols [20]. However, changes in pfcrt
alone can also lead to similar patterns of resistance to these drugs [13] and seem to be the
primary determinant in the reversal of CQR by verapamil [16]. It is also now apparent that
putative parasite transporters other than pfcrt and pfmdr1 can influence the precise level of
sensitivity to these antimalarial drugs [21].

New drugs and drug combinations
Just as the addition of sulfadoxine to pyrimethamine in the early 1960s extended the useful
life of pyrimethamine by decades, it is now clear that judicious combination of inhibitors
can not only prolong efficacy but also give rise to highly potent treatments. A new
combination of the old antifolate drugs chlorproguanil and dapsone (LapDap) has recently
been introduced into Africa as a cheap treatment for parasites resistant to sulfadoxine–
pyrimethamine [22]. The endoperoxide artemisinin, in the form of artesunate, was originally
deployed in areas of multidrug resistance from 1994 onwards in Southeast Asia, where it has
been used successfully in combination with mefloquine. Resistance to combination therapies
based on artemisinin has yet to be seen in the field, and the rapid manner of killing by
artemisinin means that the probability of resistant parasites emerging is much lower than for
slower-acting drugs [23]. Nevertheless, resistance to artemisinin derivatives has been seen in
the laboratory and it is important to know how this class of compound functions because
such knowledge forms a crucial basis for dealing with resistance [24]. Heterologous
expression and fluorescence localization studies indicate that artemisinins inhibit the Ca2+-
dependent ATPase PfATP6 on membranous structures in the cytoplasm of the parasite and
around the food vacuole (but not within it) after activation by iron (as Fe2+) [25]. However,
this might not be the only target, given the propensity of these compounds to form
promiscuous free radicals that can alkylate proteins and other molecules [25,26].
Importantly, it has recently been shown in heterologous in vivo expression studies that
mutations in the key residue L263 in the inhibitor-binding site of PfATP6 can abolish
sensitivity to artemisinins. This not only supports the notion that this protein is the principal
drug target but also provides insight into the likely mechanism of eventual clinical
resistance, in addition to pointers as to how derivatives of this family of inhibitors might be
adapted most effectively in future [26,27].

In addition to mefloquine, the short-half-life artemisinin derivatives are being combined
with several other antimalarials such as amodiaquine, sulfadoxine–pyrimethamine,
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lumefantrine and piperaquine, all of which operate on longer time scales [28,29], to
eradicate parasites that escape the rapidly metabolized artemisinin and to minimize the
likelihood of drug-resistant parasite forms emerging [30]. However, the fact that the Pgh1
transporter influences sensitivity to artemisinins and several of these other drugs is a
potential cause for concern [18].

The 2-hydroxynaphthoquinone derivative atovaquone is another recently introduced
inhibitor licensed for use as a clinical antimalarial in combination with the biguanide
proguanil (as Malarone). Atovaquone functions as a structural analogue of coenzyme Q in
the mitochondrial electron-transport chain and can collapse the organellar membrane
potential. This arises from inhibition of cytochrome b in complex III of the chain, without
affecting human mitochondria [31]. Studies of atovaquone used as monotherapy revealed
rapid emergence of resistance [32], and point mutations in the cytochrome b gene are
associated with considerable reductions in parasite susceptibility to the drug both in vitro
and in vivo [33,34]. However, in combination with proguanil, there is clearly protection
against early onset of resistance, and Malarone has been used successfully for several years,
especially by travellers to Southeast Asia confronted with multidrug-resistant parasites,
although the expense of this drug combination mitigates against its wide-scale use.
Proguanil is metabolized in most people to the triazine cycloguanil, an anti-DHFR inhibitor
that would not be expected to be efficacious against most Southeast Asian parasites, and
although the basis of the synergy between the two components of Malarone is not yet clear it
seems to involve the parental biguanide compound rather than its metabolic product.
Although apparently still completely effective as a prophylactic, some cases of resistance to
Malarone treatment have been reported [34-36], not all of which could be associated with a
mutated cytochrome b gene [37], indicative of possible alternative routes to resistance.

Monitoring the situation in the field
Another important experiment that the passing of two decades has made possible is
assessing the effect of long-term drug withdrawal in a given area. The recent discovery of
the key K76T codon change in pfcrt has enabled stored samples to be retrospectively
monitored for the frequency of this change. It was found that, after cessation of chloroquine
use in Malawi in 1993, prevalence of the resistant genotype decreased from 85% in 1992 to
13% in 2000 [38], with a comparable reduction seen in China in 2001 following withdrawal
in 1979 [39]. A similar reversion to wild type has been observed in the dhfr gene following
the introduction of bednets and, thus, reduced usage of pyrimethamine–sulfadoxine in an
area of Tanzania [40]. This re-emergence of sensitivity to the older drugs offers another
encouraging strategy for deploying current antimalarials more effectively and, thus,
restraining costs considerably.

The extensive studies of gene polymorphisms associated with drug resistance have led to a
battery of PCR-based tests for parasite resistance to chloroquine, the antifolates and other
antimalarials [41-43]. However, typing of molecular markers gives only a likely, rather than
certain, outcome of a treatment regime because the latter is also strongly dependent on the
level of host immunity and other factors such as patient compliance and nutritional status.
Nevertheless, the availability of such markers to monitor resistant parasite populations
provides a powerful tool to rationalize or change the deployment of a given drug regime
[17,42]. Analysis of variable sequences flanking the coding regions of key genes also
provides considerable insight into the evolution and spread of drug-resistant strains [44,45].
However, the process of converting this knowledge into modified, licensed drugs that can
overcome resistant forms will be a much longer-term process but it should provide an
important complementary approach to the eventual deployment of entirely new classes of
drugs that are targeted, for example, to recently discovered metabolic pathways in the
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apicoplast [46] or the mitochondrion [47]. Nor should it be forgotten that, in many
situations, particularly in Africa, financial circumstances can override scientific
considerations to a large degree, adversely affecting the likelihood that successful drug
combinations will be efficiently deployed [48]. There is little doubt that malaria drug
resistance will continue to be a topic of major importance during the next 21 years and that
Trends in Parasitology will have plenty more to report as those years pass by.
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Figure 1.
Approximate dates of introduction of antimalarial drugs as clinical agents, and observations
of treatment failure. Quinine (Q) has been used in Europe since the 17th century and
resistance to it was observed sporadically from the early 20th century. By 1965, consistent
reports of treatment failure were appearing, mainly from Southeast Asia. Quinine is now
reserved for use as a drug of last resort. CQR had spread to essentially all of sub-Saharan
Africa by 1988. Despite a rapid spread of pyrimethamine (Pyr)-sulfadoxine (SDX)
resistance in Southeast Asia from the mid-to-late 1960s onwards, this combination has been
used widely and successfully, albeit with diminishing efficacy, to combat chloroquine (CQ)-
resistant parasites in Africa since the early 1990s. Artemisinin was used in Chinese field
trials as monotherapy in the 1970s. High rates of recrudescence were observed because of
the very short half-life of the drug in human plasma (~4 h), although there are also reports of
parasites from clinical cases with reduced sensitivity to artemisinins in vitro. Artemisinin
derivatives are now used clinically only in combinations with other antimalarial drugs – no
clinical resistance to these has yet been observed. Mefloquine (Mef) resistance had been
reported in some field trials in the early 1980s. Atovaquone (Ato) is now used clinically
only as atovaquone– proguanil (PG) combination (Malarone). LapDap (chlorproguanil–
dapsone) can overcome many Pyr–SDX-resistant infections but it targets the same enzymes
as this combination and is not 100% efficacious. Other abbreviations: Art, artemisinin and
derivatives; comb, combinations; Hal, halofantrine; LD, LapDap; R, resistance.
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Table 1

Genetic changes in P. falciparum associated with resistance to current drugs in clinical use as antimalarials

Drug Gene(s)a,b encoding
target(s)

Principal amino acid changes associated with resistance
levels in the fieldc

Refsf

Sulfadoxine, dapsone dhps S436A/F, A437Gd, K540E, A581G, A613S/T [3,5]

Pyrimethamine, trimethoprim dhfr N51I, C59R, S108Nd, I164L or C50R, N51I, S108Nd, I164L [3,5]

Proguanil, chlorproguanil dhfr A16V, S108Td or N51I, C59R, S108Nd, I164L [3,5]

Chloroquine crt C72S, M74I, N75D/E, K76Td, A220S, Q271E [7,9,11-13,16]

Chloroquine mdr1 N86Yd, Y184F, S1034C, N1042D, D1246Y (subsidiary effect
relative to crt mutations)

[18,19]

Mefloquine, quinine, halofantrine,
lumefantrine

mdr1 Copy number >1; wild-type N86 (can also be affected by
mutations in crt to differing degrees in different strains)

[18-20]

Tetracycline, doxycycline (mt protein synthesis) Not yet characterized

Atovaquone cytb Y268S/Ne [34-36]

Artemisinin and derivatives atp6 Clinical resistance to combinations not yet observed; atp6
likely to be eventual principal determinant, with L263 a
key residue

[26,27]

Artemisinin and derivatives mdr1 Clinical resistance to combinations not yet observed;
status of mdr1 might affect precise sensitivity levels

[18-20]

a
Known targets (it cannot be excluded that there are as yet unidentified additional targets).

b
Abbreviations and gene products: atp, ATPase; crt, chloroquine resistance transporter; cytb, cytochrome b; dhfr, dihydrofolate reductase; dhps,

dihydropteroate synthase; mdr, multidrug resistance; mt, mitochondrial.

c
The most commonly observed mutations associated with resistance in the field.

d
Key mutations; the relative importance of the other mutations is not assessed or indicated here. Some of these probably function as compensatory

mutations to maintain function of the target protein, rather than directly affecting drug binding.

e
Observed in several of the very small number of clinical failures using Malarone reported to date.

f
Representative references only; numerous studies have reported many of the mutations listed.
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