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The in vitro selection of antimicrobial resistance in important pathogens can provide critical information on the
genetic basis of drug resistance, and such information can be used to predict, anticipate and even contain the
spread of resistance in clinical practice. For instance, the discovery of the role of pfmdr1 in mefloquine resist-
ance in malaria parasites resulted from in vitro studies. However, the in vitro selection of resistance is difficult,
challenging and time consuming. In this review, we discuss the key parameters that impact on the efficiency of
the in vitro selection of resistance, and propose strategies to improve and streamline this process.
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Introduction
The control of malaria rests on the use of mosquito vector
control and antimalarial chemotherapy. However, the latter
strategy is hampered by the emergence of antimalarial resist-
ance. Currently, there is no antimalarial drug that malaria
parasites have not developed resistance against. Worryingly,
there is evidence that malaria parasites in Cambodia are becom-
ing resistant to artemisinin derivatives,1 providing a potential
threat to artemisinin-based combination therapy (ACT), the
cornerstone of current treatment. This emphasizes the need to
reduce drug resistance selection pressure by withdrawing mono-
therapies,2 to develop new and affordable drug combinations,
and to understand the mechanisms that underlie resistance to
existing antimalarials. This could lead to: (i) the development
of simple means of tracking the selection and spread of resist-
ance; and (ii) the design and discovery of new and more
potent antimalarials.

To study mechanisms of resistance, one needs to obtain well-
characterized drug-resistant strains. However, such strains are
not generally available for most antimalarials. Murine malaria—
Plasmodium berghei, Plasmodium chabaudi, Plasmodium yeolii
and Plasmodium vinckei—have been used as surrogates for
Plasmodium falciparum to study the mechanisms of drug
resistance by inducing resistance in vivo. This approach has led to
the selection of drug-resistant parasite lines and subsequent
studies on mechanisms of drug resistance.3 However, for drugs
such as chloroquine and probably artemisinin, mechanisms of
resistance in murine and P. falciparum malaria are different,
highlighting the limitations of the murine malaria model.4 – 8

The development of the in vitro system for the routine culture
of P. falciparum in 1976 provided a tool to induce resistance
in vitro.9 In 1978, Nguyen-Dinh and Trager10 reported for the
first time the selection of chloroquine resistance in vitro. This
study heralded a new era and showed that selection of anti-
malarial resistance could be achieved in vitro in P. falciparum,
thus permitting the study of the mechanisms of antimalarial
resistance even before drugs were used in clinical practice.
While this approach has been used to select some drug-resistant
strains (see Table 1), it has not yet been used to study most of
the antimalarials that are either in clinical use, such as the arte-
misinin derivatives, lumefantrine and piperaquine, or drugs in the
pipeline and likely to be used in the near future, such as tafeno-
quine and pyronaridine.1,11 – 13

Among these drugs, artemisinins are the most important.
Indeed, this drug family is currently the backbone of malaria
therapy as they form the basis of ACTs, and artesunate is replacing
quinine in the treatment of severe malaria.14–16 A major concern is
that resistance to this drug family is now emerging in South East
Asia. Strategies are being put in place to predict, control and
contain the emergence of artemisinin resistance.1,17 These strat-
egies would be enhanced if the mechanism of resistance was
identified and a simple marker developed for epidemiological
studies. PfATPase6 has been proposed as the molecular target
and polymorphisms have been associated with artemether resist-
ance,18 but this has not been confirmed elsewhere.1 Consequently,
in the absence of well-characterized drug-resistant strains, the
mechanism of artemisinin resistance still awaits characterization.
Could the in vitro culture system permit the selection of stable
resistant parasites to these important antimalarials?
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Table 1. Summary of main findings of in vitro selection of resistance to antimalarials in P. falciparum strains

Drugs Strains (drug resistance profilea) Ric (IC50)

Ratio of
HDCd

per IC50

after
drug

pressure

Time
required
to select

resistance
(months)

Stability: period of
drug-free culture

(months) Work carried out on parasite lines: main finding Ref.

CQ FCR3 (CQ and CG resistant) NM NM 4 1 NM 10
FAC8 (CQ resistant) 2.34 (83 ng/mL) 1.23 NM 1 deamplification of pfmdr1 in association with CQ

resistance
34

HB3 (PM resistant) 1.64 (28 ng/mL) 1.74 30 NM DNA amplification in chromosomes 3 and 12;
deamplification in chromosome 3 after drug
removal

39

106/01 (CQ susceptible)b 12 (37 nM) 0.23 2 NM evidence that the presence of pre-existing
mutations in pfcrt lead to a rapid selection of
the key 76 mutation

38

MFQ FCK (CQ resistant) 16 (8 nmol/L) 0.5 3 NM NM 27
Smith (CQ, PM and SD resistant) 3.4 (3.5 mg/L) inverse relationship between MFQ and CQ 28
Camp (CQ susceptible) 2.4 (4.9–12 mg/L) 1.66 .1e 6 and cryopreservation
W2 (CQ, PM and SD resistant) 4.6 (4.5 nM) 1.93 22.4 12 1. inverse relationship between CQ and MFQ

activity
21

2. identification of pfmdr1 as MFQ resistance
marker

K1 (CQ, PM and SD resistant) 4.07 (22.4 ng/mL) 0.8 NM NM 1. MFQ resistance associated with pfmdr1
overamplification

29

W2mef (CQ, PM, SD and MFQ resistant) 1.41 (58.88 ng/mL) 1.08 NM NM 2. evidence of inverse relationship with CQ
W2mef (CQ, PM, SD and MFQ resistant) 1.07 (15.2 ng/mL) 148.1 18 NM evidence of cross-resistance with HFT and QN and

inverse relationship with CQ
26

HFT T9.96 (CQ susceptible) 3.3 (6.6–22 nM) 0.45 6 6 and cryopreservation cross-resistance with QN but inverse relationship
with CQ

71

K1 (CQ and SD resistant) 9 (2.2 nM) 0.4 2

PM FCR3 NM (15 nM) NM 7 DNA amplification (chromosome containing dhfrf) 40

5FO W2 100 (2 nM) 1 2 NM evidence that resistance emerges quicker in
already resistant strains

63

FCR3 NM 1 2 NM

ATV W2 30 (3 nM) 1.1 2 NM evidence that resistance emerges quicker in
already resistant strains

63

K1 837 (13.6 nM) 1.6 NM ,3 evidence that mutations in cytochrome b are
associated with ATV resistance

46

BMS-3888891 Dd2 (CQ, QN, PM and SD resistant) 12 (10 nM) NM 2.66 NM evidence that resistance is associated with point
mutation in protein farnesyl transferase

51
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The selection of in vitro resistance is very slow; it can take
months or even years for a stable drug-resistant line to
emerge. This limitation combined with the difficulties of the
in vitro culture technique (risk of contamination of cultures and
slow parasite growth) might explain why for many antimalarials
no stable resistant strains have been reported up to now.
A recent review has presented the methods and application of
the in vitro and in vivo selection of resistance.19 In the current
paper, we have reviewed work carried out on the in vitro selection
of resistance for the past 30 years. This review has identified the
key parameters that are critical in the success of this process. We
propose strategies to streamline the in vitro selection of anti-
malarial drug resistance.

First and benchmark work
The first work on the selection of P. falciparum in vitro was
reported in 1978 by Nguyen-Dinh and Trager10 using the then
newly developed method of malaria culture, the Petri dish
method.9 A Gambian (West Africa) strain (FCR3), whose growth
was completely inhibited at a concentration of 100 ng/mL
chloroquine, was grown in the presence of increasing chloro-
quine concentrations, starting from 10 ng/mL. After 15 cycles
(2 months), a parasite line that could grow in the presence of
100 ng/mL chloroquine was selected. This resistant phenotype
was stable, since the parasite could grow in drug-free medium
for several weeks without losing the selected phenotype. This
work was perceived as a landmark, as it opened up the possi-
bility that resistance could be selected against antimalarials
in vitro.

How to interpret the data on the in vitro
selection of resistance
We focused our review on publications that provided sufficient
information on the in vitro selection experiment, including IC50

values (concentration that inhibits 50% of parasite growth), the
protocol used and stability information. We reviewed 16 publi-
cations and summarize the results in Table 1.

Right shift of the dose–response curve

In vitro, drug activity is assessed by growing the parasite in the
presence of various drug concentrations (serial dilution). The
equation for the parasite growth rate as a function of the drug
concentration generates a sigmoid dose–response curve, from
which are deduced IC50/IC90 values (inhibitory concentrations
that inhibit 50% or 90% of parasite growth). Resistance is
defined by a right shift of the curve (Figure 1). The shape of
the shift can be parallel, with the same maximum parasite
killing effect (Emax) as the parent strain, or this shape could
change, with a reduced maximum parasite killing effect
(Figure 1).20

We define the resistance index (Ri) as the ratio of the IC50 of
the resistant line to that of the parent strain. Thus, the higher the
Ri, the higher the level of resistance. However, a low Ri does not
necessarily mean a low level of resistance. As shown in Table 1,
Ri values can vary from 1 to .800. It is clear that an Ri of 100
indicates high-level resistance (found on strain W2 after drugTa
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pressure of atovaquone and 5-fluoro-orotate) (Table 1). An Ri of
,10 may indicate an intermediate resistance level. However, it is
interesting to note that the mefloquine-resistant parasite line
(from W2), which was used to identify the mechanism of meflo-
quine resistance, had an Ri of only 4.6 (Table 1), implying that
even a small right shift of the curve could be associated with
resistance.21,22 In vivo, the relationship between the degree of
resistance and the resulting therapeutic responses is complex,
and depends on parameters such as the host immune response
and the pharmacokinetic and pharmacodynamic properties of
the drug.68

Variation of in vitro assay data

There is interlaboratory (interassay) variation of IC50/IC90. The
culture conditions, mainly the initial parasitaemia, haematocrit,
the time of incubation, the timepoint when the label is added
(hypoxanthine for instance), the use of normal or substitute
serum and the gas mixture composition, have been singled out
as influencing the test.23,24 A right shift as a result of interassay
variation could be wrongly interpreted as reflecting resistance.
Therefore, any right shift is considered valid only if all in vitro
culture parasite parameters are maintained constant.

Instability of the resistant phenotype

The resistant phenotype is stable when it remains unchanged
after growing parasites in drug-free medium. In Table 1, in
studies in which stability was reported, parasite lines remained
resistant when grown in the absence of the drug during time
periods varying from 2 weeks to 1 year and, in two studies, resist-
ance remained unchanged after parasite cryopreservation. The
unstable phenotypes could be associated with reduced parasite
fitness, explaining why, once drug pressure is removed, the phe-
notype reverts to normal. For instance, a recent study has shown
that parasites grown under mefloquine pressure expressed mul-
tiple pfmdr1 copy numbers and that these parasites had a sig-
nificantly decreased survival fitness compared with parasites
with a single pfmdr1 copy number.25

Existence of more than one parasite population during
drug pressure

We computed the ratio of the highest drug concentration at
which the parasite grew normally during the selection
process with the parasite drug IC50 after drug selection
(highest drug concentration tested/IC50, Table 1). This ratio is
expected to be ,1, since it represents the ratio of a subinhibi-
tory concentration (thus, ,IC50) divided by the IC50. In 7/15
strains, this ratio was �1.1. The most striking data were
observed with W2mef on mefloquine,26 showing a ratio
.148. This indicates that this parasite line could grow in the
presence of a drug concentration 148 times higher than its
own IC50. This led to the discovery that, in fact, there were
two parasite populations with different IC50 values—one with
a lower value, which corresponds to the dominant population,
and another minor population, with a higher IC50 value. The
second population is the one that persists when parasites are
cultured in the presence of high drug concentrations. When
determining IC50 values, drug pressure is removed and,
because of the fitness disadvantage conferred by the
drug-resistant phenotype, the minor population is replaced by
the dominant and drug-susceptible one, reflecting low IC50

values. Since the determination of IC50 values is based on the
use of a ‘monophasic’ drug–response curve, only one IC50 is
obtained, which represents the dominant population.
However, the presence of two populations in a mixture can
be identified using a ‘biphasic’ drug–response curve.26

Figure 2 summarizes the graphic representation of the use of
a biphasic drug–response curve leading to the identification
of two populations.26 Thus, a ratio of .1 indicates the exist-
ence of at least two parasite populations and selection
emerges on the backdrop of the minor population, which
gradually becomes dominant as the drug-pressure experiment
continues.

Emax100
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curve’s sharpe
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Log drug concentration
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Figure 1. Drug–response as a function of the concentration. Any right
shift of the curve denotes an increase in the IC50 and, thus, the
resistance. The shift can be parallel or the shape of the curve and the
maximum effect (Emax) could change. Reproduced from Trends in
Parasitology, 18(10), White NJ, The assessment of antimalarial drug
efficacy, 458–64, 2002, with permission from Elsevier.20
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Figure 2. Dose concentration–response of an in vitro-selected
mefloquine (MFQ)-resistant line that could grow in the presence of
.1200 ng/mL mefloquine. The dose–response was analysed using a
modification of the logistic logarithmic function that permits evaluation
of a biphasic concentration–response relationship. Two parasite
populations with different IC50s can be defined from this graph, yet the
use of a monophasic concentration–response would have generated
one single IC50 (inhibitory concentration that kills 50% of parasites).
Reproduced, with permission, from Peel et al. (Figure 4b).26

Review

393

JAC



How useful has in vitro resistance been?
The main objective of inducing in vitro resistance is to generate
parasite lines that can be used to study the mechanism of resist-
ance. How much has already been done with the P. falciparum
cell lines that were selected in vitro?

Mefloquine and chloroquine

The first selection of in vitro mefloquine resistance was carried
out in the early 1980s.27,28 In 1988, Oduola et al.21 selected
the mefloquine-resistant strain W2mef, from the parent strain
W2. The analysis of P-glycoprotein pfmdr1 between W2 and
W2mef led to the discovery of the association between amplifi-
cation of this gene and mefloquine resistance.22 Thereafter, the
WEHI group (Walter and Eliza Hall Institute) induced mefloquine
resistance against the K1 strain and further against the W2mef
line, and confirmed the involvement of pfmdr1 in mefloquine
resistance.29 Since then, these findings have been supported in
field isolates30 – 33 and in rodent malaria.5

The aforementioned studies and the one by Barnes et al.34 on
the selection of chloroquine resistance (Table 1) showed the
existence of an inverse relationship between the pfmdr1 copy
number (mefloquine resistance) and chloroquine susceptibility.
This prompted further investigations into pfmdr1 polymorphism
in relation to chloroquine susceptibility. Several single nucleotide
polymorphisms in this gene have been associated with chloro-
quine resistance and it has now been established that this
gene plays an ancillary role in chloroquine resistance, the key
gene being pfcrt.30,35 – 37

The use of in vitro-selected chloroquine-resistant parasite
lines has also led to a better understanding of the mechanisms
of chloroquine resistance. Chloroquine resistance was induced in
the Sudanese strain 106/1.38 This strain contains seven
mutations associated with chloroquine resistance in pfcrt (at
codons 74, 75, 220, 271 and 371), but the key one, at codon
76, is wild type (lysine), while chloroquine-resistant isolates
have threonine at this codon. This strain was chloroquine suscep-
tible. By subjecting it to chloroquine pressure for 2 months, a
chloroquine-resistant line was selected. Subsequent genetic
analyses demonstrated that this selected chloroquine-resistant
phenotype was associated with the presence of a mutation at
pfcrt codon 76 (from lysine to isoleucine or asparagine).
Though this mutated amino acid was not threonine, this study
confirmed the critical role of the mutation at codon 76 in chlor-
oquine resistance.

The HB3 strain was used to select chloroquine resistance and
further analysis demonstrated the existence of DNA amplifica-
tion in chromosomes 3 and 12 in this parasite line.39 It is inter-
esting to note that neither pfmdr1 nor pfcrt are located on
chromosomes 3 or 12. Since the mechanism of chloroquine
resistance is known to be multifactorial, other genes might be
involved; however, no further studies have been carried out on
these cell lines.

Pyrimethamine

Banyal and Inselburg40 selected FCR3 parasite lines resistant to
pyrimethamine. This phenotype was found to be associated
with DNA amplification on chromosome 4 in a region

corresponding to the dihydrofolate reductase–thymidine
synthase gene (dhfr-ts).41,42 It was also found that these para-
site lines harbour a point mutation at codon 223 of the dhfr
domain,42 in line with the role of this gene in pyrimethamine
resistance.43 – 45

Atovaquone

This drug has been combined with proguanil to form Malaronew,
one of the most potent antimalarial prophylactic agents. Atova-
quone binds to cytochrome b (Cyt b), leading to the inhibition of
mitochondrial electron transfer, and mutation in Cyt b has been
associated with atovaquone resistance in vivo.46 Using drug
pressure on the K1 strain, Korsinczky et al.46 selected parasite
lines resistant to atovaquone, with Ri varying from 76- to
837-fold. Sequencing of the Cyt b gene of these parasites
showed point mutations at codons 275, 272, 280, 281, 284
and 280, and these codons are located in the binding pocket
of atovaquone to Cyt b.46 Interestingly, the mutation at 268,
which is commonly found in atovaquone-resistant field isolates,
is also located in this binding pocket.47 – 49

BMS-388891

This compound is an inhibitor of protein farnesyl transferase
(PFT), which catalyses the transfer of the farnesyl group to the
C-terminus of a specific set of proteins, including those that
are essential in cell multiplication, and the blockade of this farne-
sylation is associated with cell death.50 Inhibition of the PFT
enzyme is a good drug target against malaria, and many inhibi-
tors have been synthesized and evaluated as potential antima-
larials.50 – 52 Eastman et al.51 induced resistance to an inhibitor
of PFT, BMS-388891, by culturing the Dd2 strain in the presence
of continuous drug pressure. Within 80 days, a line with a 12-fold
decreased activity was selected and genetic analyses have
shown the existence of a point mutation at codon 837 of PFT.
Thus, polymorphism in the PFT enzyme could be associated
with in vivo resistance to inhibitors of PFT in the clinical setting.

Azithromycin

The macrolide azithromycin, along with erythromycin, has
proved to be active against P. falciparum, and several clinical
trials of azithromycin and erythromycin alone or in combination
with chloroquine, quinine or artesunate have been conducted.
These macrolide agents are promising antimalarials, especially
in the treatment of malaria in pregnancy.53 – 58 An azithromycin-
pressure experiment on Dd2 and 7G8 strains led to the selection
of resistant lines within 21 days, and these lines showed cross-
resistance to erythromycin.59 This phenotype was associated
with point mutations in P. falciparum apicoplast-encoded riboso-
mal protein L4 (pfRpL4), one of the proteins that form the 50S
ribosomal subunit,59 in line with the macrolide resistance mech-
anism in bacteria.59 Though azithromycin and erythromycin are
still experimental drugs, the use of laboratory-induced resistant
lines has led to the identification of drug resistance genes
before these drugs enter clinical use. The ease with which in
vitro resistance to macrolides has been selected in vitro may
indicate that the selection and spread of in vivo resistance may
be rapid. This drug is still in clinical evaluation against malaria
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and it remains to be seen whether this prediction will be
confirmed in vivo.

This information clearly demonstrates the value of
drug-resistant parasite lines selected in vitro. For instance,
pfmdr1, one of the genes central to resistance to quinoline or
quinoline-related drugs, was identified using in vitro-selected
drug resistance parasite lines. The use of the same approach
has led to the confirmation of pyrimethamine and chloroquine
mechanisms of resistance. Work on the macrolide azithromycin
and an inhibitor of PFT has demonstrated that it is possible to
understand the mechanism of drug resistance before the drug
is used in the clinical setting, and before resistant parasites are
found in the field.51,59 In theory, the same could be achieved
with any other antimalarial drugs.

Are there strains more prone to becoming drug
resistant?
Early reports using murine malaria indicate that a strain resistant
to one drug is more amenable to give rise to resistant lines to
another drug, compared with strains that are fully drug suscep-
tible. Pyrimethamine- and chloroquine-resistant parasites were
more easily generated from drug-resistant strains than from
drug-susceptible ones in P. chabaudi and P. vinckei.60 – 62 Evidence
that the same phenomenon prevails in P. falciparum has been
provided by Rathod’s group.63 They induced resistance to atova-
quone and 5-fluoro-orotate against the multidrug-resistant
strain W2 (cycloguanil, pyrimethamine and sulfadoxine resist-
ant), FCR3 (pyrimethamine and cycloguanil resistant), HB3 (pyr-
imethamine resistant), 3D7 (sulfadoxine resistant) and the fully
drug-susceptible D6. They demonstrated that W2 was more
prone to generate drug-resistant parasite lines than FCR3 and
that the latter was more prone than 3D7. Not a single resistant
line was obtained from the fully drug-susceptible D6. The W2
strain acquired resistance to these drugs with a frequency 10-
to 1000-fold higher than the frequency in other strains. This
phenomenon was named ‘accelerated resistance to multidrug
(ARMD)’ and is different to the known multidrug-resistant pheno-
type.63 ARMD is characterized by the ability of a strain to gener-
ate a drug-resistant clone when put under drug pressure. This
results from the high mutation rate during parasite multipli-
cation. The low efficiency of the mechanisms of DNA repair has
been proffered as one of the factors that contribute to this
ARMD phenotype.19,64

For instance, HB3 is susceptible to almost all antimalarial
drugs, except pyrimethamine. It has one single point mutation
at codon 108 in dhfr65 and, thus, has a low level of pyrimetha-
mine resistance. As shown in Table 1, chloroquine drug pressure
for 30 months gave rise to a line with an Ri of only 1.64, a value
that is among the lowest in Table 1. On the other hand, high level
of drug-resistant phenotype does not necessarily imply a higher
ability to generate drug-resistant lines. This is the case for
W2mef. This parasite line is resistant to many antimalarials
and is, thus, more prone to generate resistant clones (as dis-
cussed earlier). However, it could not generate resistant clones
when subjected to mefloquine drug pressure (Ri,2, see
Table 1).26,29 The reason could be that it was already mefloquine
resistant, as a result of pfmdr1 being overexpressed. W2mef,
therefore, needed to develop new and additional mechanisms

to cope with the higher mefloquine concentration, explaining,
at least partially, the difficulties in generating stable clones
with higher mefloquine resistance. This is supported by the fact
that, in vivo, no new mechanisms of mefloquine resistance
have been reported other than pfmdr1 amplification. Thus, the
ability of a parasite to generate resistant lines will vary from
one strain to another.

What should be considered when designing
an ‘in vitro drug selection’ study?
The following are critical parameters that have to be considered
when setting up the experiment.

Initial strains

Strains are different; there are those that are more prone to gen-
erate resistant parasite lines than others, and these are called
ARMD strains (see previous section). Thus, in vitro selection for
resistance should focus on drug-resistant strains/isolates.

Initial parasitaemia

One of the key parameters in the success of these experiments is
the initial parasitaemia. Work in animals has shown that the
higher the initial parasitaemias, the higher is the chance of
selecting drug-resistant mutants. For instance, Ramakrishnan
et al.66 could select sulfadiazine resistance in P. berghei in mice
at 10% parasitaemia, but failed to do so at 1%. The most inter-
esting evidence was provided in humans, where it was shown
that the chance of developing pyrimethamine resistance after
a single-dose treatment was associated with the size of the
parasite population.67

Genetic events that confer de novo drug resistance (gene
point mutations or copy number variations) are spontaneous
and rare, and are drug independent. In vitro, parasites undergo
mitotic nuclear division exclusively. Thus, the chance of obtaining
a mutant strain that will confer drug resistance will be a function
of the number of mitotic events and, thus, the size of the para-
site population.

The generation of de novo resistance is also dependent upon
the rate at which parasites generate drug-resistant clones. Since
this rate, the per-parasite resistance frequency (PRF), varies
depending on the mutation (or the gene), different drugs will
have different rates; if resistance involves one single gene, the
PRF is likely to be higher than when resistance is multifactorial.
For instance, in vivo, the PRF for pyrimethamine, atovaquone
and mefloquine has been estimated to be 1011, 1012 and 1014,
respectively; chloroquine has been proposed to be �1019; and
values ,1018 have been proposed for artemisinin.68 Interest-
ingly, in general, PRF rates are found to be higher in vivo, e.g.
atovaquone-resistant mutants arise at a frequency of 1 in
105,63 and the rate with mefloquine is 1 in 108 and 1 in 1013

when resistance is associated with one and two/three pfmdr1
copy numbers, respectively.25 Thus, different drugs will have a
different chance to encounter a drug-resistant clone in vitro.

There are �5�1016–5�1017 circulating parasites in the
human population.2 If such numbers of parasites could be put
into a flask to induce in vitro resistance, one could expect that
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resistance strains would emerge against any given drug, since, in
theory, resistant strains would already be present in the popu-
lation. Generally, cultures are carried out in small flasks
(15 mL) containing 5 mL of the culture suspension [2% haema-
tocrit, equivalent to 100 mL of red blood cells (RBCs)]. Assuming
that 10% parasitaemia could be reached after culture, only 108

infected RBCs could be obtained using such flasks.
For drugs such as atovaquone with a higher PRF, chances are

high that a resistant clone will emerge after some mitotic
events with a starting parasitaemia of 108; thus, under these con-
ditions, atovaquone resistance would be relatively easy to select,
as shown in Table 1. On the other hand, for drugs with a low
PRF, such as artemisinin, a starting parasitaemia of 108 will not
be favourable to the selection of resistance. Thus, current exper-
imental conditions do not favour the emergence of resistant
mutants against drugs with a low PRF. Thus, experiments should
be carried out under conditions where a higher parasite number
could be used. There should not be a limitation of parasite
number, apart from that imposed by the experimental conditions.

Use of current multidrug-resistant strains

One of the characteristics of ARMD strains is that they are multi-
drug resistant. The more drugs that parasites have been exposed
to, the higher their chance of harbouring an ARMD phenotype.
The current strains used in selection of resistance studies were
collected 20–30 years ago. For instance, W2, the most com-
monly used strains to induce resistance, were collected in the
1970s. Since then, parasites have been exposed to new antima-
larials. It is reasonable to state that the current multidrug strains
are more prone to generate resistance than strains collected
30 years ago. Consequently, the selection of resistance should
also include contemporary parasite strains to maximize the
chance of obtaining drug-resistant clones. Parasites from
malaria-endemic areas where drug resistance is high, for
instance South East Asia, should be considered. Another
approach would be to use genetically modified parasites that
are more prone to generate new mutants. Such parasites could
be those with impaired DNA repair mechanisms;64 however,
they are not available yet.

Time of experiment

The success of the selection of resistance depends on the length
of the experimental time period. The longer the selection of
resistance takes, the higher the chance of obtaining resistant
lines. In theory, for any drug, resistance will eventually emerge
when given sufficient time. The question is therefore how long
the process should take or when to stop.

The process can stop for two reasons. The first could be that
parasites have reached the limit of acceptable concentration
beyond which they can no longer grow. Alternative drug-free
and short exposures to high drug concentrations could overcome
this limitation.26 The second reason, which is more common, is
that the process is stopped by the experimenter. For instance,
two experiments in which the authors failed to select artesunate
(an artemisinin derivative) and ferroquine resistance were
stopped within 1 month of drug pressure.6,69 As we discussed,
for a drug such as artemisinin, which has the lowest PRF, it
would be surprising that resistant parasites would emerge

in vitro within 1–2 months. Thus, it is reasonable to expect
that more time, even in terms of years, would be required to
induce in vitro resistance against this drug. It is therefore critical
that the experimenter bears these considerations in mind when
setting up drug resistance studies. For instance, Aly et al.70

selected a parasite line resistant to the endoperoxide N-89
after 2 years of continuous drug pressure. However, this
N-89-resistant strain was susceptible to the endoperoxide arte-
misinin, indicating that the mechanisms of resistance between
these drugs are different.

Conclusions
Thirty years ago, the first report that chloroquine resistance could
be induced in vitro heralded a new era with the expectation that
antimalarial-resistant parasite lines could be obtained, allowing
study of the mechanism of resistance before drugs reached
clinical use. Although the approach has been used to discover
and/or confirm the mechanism of resistance to various antimalar-
ials, including mefloquine, chloroquine and pyrimethamine, it is
surprising to note that for important drugs such as artemisinin
or lumefantrine, which now form the backbone of malaria treat-
ment, no well-characterized resistant parasite lines exist, limiting
investigations on their mechanism of resistance. Yet the use of
an in vitro system could allow the selection of resistant parasites
against any antimalarials. Attempts have been made to select
resistance to artemisinin in vitro, but in vain. The selection of resist-
ance is challenging and time consuming. Our review of the litera-
ture shows that strategies exist to streamline this process. With the
development of new molecular technologies, such as Solexa Illu-
mina and 454-sequencing, which allow high-throughput DNA
sequencing and whole transcriptome analysis, it is now possible
to study drug resistance mechanisms by exploring the parasite
whole genome variation at a relatively low cost and in a short
time period. However, the challenge remains the generation of
drug-resistant parasite lines.
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