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Resistance of Plasmodium falciparum to drugs such as chloroquine and sulfadoxine-pyrimethamine is a
major problem in malaria control. Artemisinin (ART) derivatives, particularly in combination with other
drugs, are thus increasingly used to treat malaria, reducing the probability that parasites resistant to the
components will emerge. Although stable resistance to artemisinin has yet to be reported from laboratory or
field studies, its emergence would be disastrous because of the lack of alternative treatments. Here, we report
for the first time, to our knowledge, genetically stable and transmissible ART and artesunate (ATN)-resistant
malaria parasites. Each of two lines of the rodent malaria parasite Plosmodium chabaudi chabaudi, grown in the
presence of increasing concentrations of ART or ATN, showed 15-fold and 6-fold increased resistance to ART
and ATN, respectively. Resistance remained stable after cloning, freeze-thawing, after passage in the absence
of drug, and transmission through mosquitoes. The nucleotide sequences of the possible genetic modulators of
ART resistance (mdr1, cg10, tctp, and atp6) of sensitive and resistant parasites were compared. No mutations
in these genes were identified. In addition we investigated whether changes in the copy number of these genes
could account for resistance but found that resistant parasites retained the same number of copies as their
sensitive progenitors. We believe that this is the first report of a malaria parasite with genetically stable and
transmissible resistance to artemisinin or its derivatives.

The resistance of Plasmodium falciparum to more available,
safe, and easily administered drugs, especially chloroquine and
pyrimethamine-sulfadoxine (SP), has become a serious obsta-
cle to the control of malaria. Artemisinin combination therapy
(ACT), using carefully matched drugs, is now the recom-
mended strategy both for clinical care and for the avoidance of
drug resistance (36). The identification and monitoring of
genes and mutations giving rise to resistance to artemisinin
and its derivatives are essential for the evaluation of this
strategy. While some of the genes involved in chloroquine
and pyrimethamine-sulfadoxine resistance are known (9,
14), those determining the responses to artemisinin have yet
to be identified. For instance, two genes, originally proposed
to modulate sensitivity to chloroquine in P. falciparum, have
also been investigated in the context of artemisinin resis-
tance. These are pfmdr1 and pfcrt, encoding membrane
transporter proteins, which are localized in the membrane
of the parasite’s food vacuole (6, 13). One particular muta-
tion in the latter (pfcrt K76T) has been strongly associated
with chloroquine resistance in a genetic cross, in allelic
replacement transfections (13), and in natural populations
of P. falciparum (9).

All artemisinin compounds induce a very rapid reduction of
parasitemia, starting almost immediately after administration,

killing all stages of the malaria parasite, including young ga-
metocytes (1, 30). Artemisinin and its derivatives contain a
stable endoperoxide bridge, which, it is suggested, is cleaved by
intraparasitic heme. The cleaved endoperoxide becomes a car-
bon-centered free radical which then functions as an alkylating
agent, reacting with both heme and parasite proteins (but not
DNA) (1, 18, 30). A previous study with P. falciparum sug-
gested that a sarcoplasmic and endoplasmic reticulum Ca2�

ATPase (SERCA)-type protein encoded by a gene denoted
pfatp6 might be the major chemotherapeutic target of these
drugs (11).

From natural populations of P. falciparum, a parasite’s in
vitro response to artemisinins may vary by manyfold, but even
the highest 50% inhibitory concentrations (IC50s) documented
thus far were not indicative of true resistance. When used as
monotherapy, artemisinin derivatives are associated with low
to moderate levels of recrudescence in vivo following single
treatment (17), possibly due to their extremely short elimina-
tion half-lives. However, reports of high treatment failure and
confirmed in vivo or in vitro resistance to these drugs have not
yet been documented. Nevertheless, in light of previous expe-
rience with all other antimalarial drugs and because large par-
asite populations are increasingly being exposed to artemi-
sinins, there is little doubt that resistance will develop (20a).
Little is known about genes that may modulate sensitivity to
these drugs, mainly because all attempts to select drug-resis-
tant mutants of stable phenotype in the laboratory have failed.
Nevertheless, a number of genes have been proposed as pos-
sible modulators of artemisinin susceptibility following exper-
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imental laboratory studies or field-based genotype-phenotype
association surveys on P. falciparum isolates.

Artemisinin-resistant strains have been produced in the ro-
dent malaria model Plasmodium yoelii (22, 27, 32), and shown
to contain significantly more translationally controlled tumor
protein (TCTP) than sensitive ones (2). However, the resis-
tance phenotype was unstable and it was unclear whether sen-
sitive and resistant strains were genetically related; hence a
causal relationship between TCTP levels and artemisinin re-
sistance remains to be established. For P. falciparum, allele
replacement studies and the analysis of progeny from a genetic
cross have shown that point polymorphisms in the pfmdr1 gene
were correlated with small changes in artemisinin sensitivity
(10, 26), although it is clear that they are not the major deter-
minants of sensitivity to the drug. Additionally, increased copy
number of pfmdr1 rather than single nucleotide polymor-
phisms was shown to be associated with reduced artesunate
sensitivity in vitro in two previous studies on fresh isolates from
Thailand (23, 24).

Ferrer-Rodriguez et al. (12) have recently reported that the
mdr1 gene of P. yoelii was overexpressed in artemisinin-resis-
tant lines, but in that case the resistant phenotype was only
transiently stable, preventing the establishment of a causal
association between artemisinin resistance and the mdr1 gene.
A previous study investigating the haplotypes of the pfcrt gene
from parasites of Asian, African, or South American origin
suggested that some polymorphisms in the pfcrt gene may
slightly reduce sensitivity to artemisinin (29).

Recent reports show that the inhibitory action of artemisinin
on P. falciparum ATPase 6 activity in Xenopus laevis oocytes
can be greatly influenced by site-directed mutagenesis of the
gene (e.g., L263E). Also, the relative sensitivities (IC50) of
Plasmodium vivax, P. falciparum, and Plasmodium berghei to
artemisinin correlate with the relative inhibitions of the en-
zyme (Ki) to artemisinin in the X. laevis oocyte system (31).

While the determination of the genetic basis of pyrimethamine
resistance and chloroquine resistance lagged far behind the emer-
gence of drug resistance, the present work aims at using the
rodent malaria model Plasmodium chabaudi chabaudi to identify
candidate genes before resistance to artemisinin and its deriva-
tives occurs.

The specific objectives of the work presented here were to
select artemisinin and artesunate mutants in the rodent ma-
laria parasite P. chabaudi chabaudi through prolonged expo-
sure of drug-sensitive lines to low and increasing levels of the
drug in mice and to study the possible involvement of the P.
chabaudi chabaudi orthologues of pfatp6, pfcrt, pfmdr1, and
pftctp in the selected mutant clones.

MATERIALS AND METHODS

Parasites and hosts. P. chabaudi chabaudi clones were maintained in 4- to
6-week-old laboratory CD1 female mice and transmitted through Anopheles
stephensi mosquitoes, as described by Walliker et al. (33). Mouse drinking water
was supplemented with 0.05% paraminobenzoic acid.

The parasite clones used to select artemisinin (ART) or artesunate (ATN)
resistance were pyrimethamine- and/or chloroquine-resistant mutants (4) de-
rived from a cloned isolate, P. chabaudi chabaudi clone AS-sens (Table 1).
Briefly, the original AS isolate was cloned by limiting dilution (AS-sens) and then
selected for resistance to pyrimethamine and recloned (4). This clone, designated
AS-PYR, was then selected for resistance to chloroquine and a line resistant to
six daily doses of this drug at 3 mg kg�1 obtained (28). This line was cloned and

denoted AS-3CQ. AS-3CQ was then subjected to further stepwise increases of
chloroquine, producing a line resistant to six daily doses of chloroquine at 15 mg
kg�1 (21). This parasite was cloned (AS-15CQ) and subjected to further incre-
ments in chloroquine pressure to select parasites that survived six daily doses of
chloroquine at 30 mg kg�1 (3, 21), which were cloned and termed AS-30CQ.
Chloroquine resistance in all parasites was shown to be a stable phenotype after
freeze-thawing, serial blood passages through mice in the absence of treatment,
and transmission through mosquitoes (3, 4, 21, 28).

Drug selection experiments and parasite cloning. To select for artemisinin or
artesunate resistance, P. chabaudi chabaudi clones AS-PYR, AS-15CQ, and
AS-30CQ were exposed to gradually increasing concentrations of artemisinin or
artesunate during several consecutive passages in mice.

We inoculated 107 infected red blood cells, diluted in 0.2 ml of citrate saline,
intraperitoneally into groups of three mice. Artemisinin and artesunate at the
chosen doses were freshly prepared in pure dimethyl sulfoxide and administered
orally 3 h later, and at the same time on the following 4 days. Blood smears were
taken every day from day 5 onwards and examined microscopically for parasites.
Smears were fixed with methanol and stained in 20% Giemsa for 20 min, after
which slides were washed and allowed to air dry. Parasitemia was calculated as
the percentage of infected red blood cells/number of total red blood cells in 10
to 15 microscopic fields. Parasites which survived drug treatment were sub-
inoculated into fresh mice and the treatment was repeated. In subsequent pas-
sages, drug concentrations were gradually increased. To discard the possibility
that potential increases in drug tolerance could be to due to increased virulence
attributed to multiple subinoculations, an untreated and unselected parasite line
was maintained in parallel and passaged in untreated mice the same number of
times as the drug selected line.

Drug tests and cloning of parasites. In order to compare the drug responses
of drug-selected parasites to those of unselected controls at given time points
during the selection procedure, groups of 5 mice were each inoculated intraperi-
toneally with 107 parasites (day 0). Three mice were treated orally with drugs at
various dosages, three hours after parasite inoculation on day 0, and at the same
time on the following 4 days; the remaining two mice were given dimethyl
sulfoxide only. Artemisinin or artesunate solutions were freshly prepared in
dimethyl sulfoxide just prior to administration. Blood smears were taken every
day from day 6 onwards, stained with Giemsa stain, and examined microscopi-
cally to determine the percent parasitemia in 10 microscopic fields.

Following these tests, drug-selected parasites showing a significant increase in
drug tolerance in comparison with unselected control lines were cloned by the
method of limiting dilution (28). Cloned parasites were retested for their re-
sponses to both artemisinin and artesunate.

Tests to evaluate the stability of drug resistance. To assess whether artemisi-
nin or artesunate resistance was a genetically stable feature, drug-resistant par-
asite clones were retested for their drug responses after each of three different
procedures: freeze-thaw cycles in liquid nitrogen, at least 10 blood subinocula-
tions in mice in the absence of drug treatment and transmission through Anoph-
eles stephensi mosquitoes.

A measure of resistance in the drug-selected parasite clones was established in
the following way. The minimum curative dose (MCD) of each drug was first
assessed in drug-selected parasites and untreated control lines. The MCD was
defined as the minimum dose of each drug that would prevent reappearance of
parasites in all five mice within each treated group at any time during the first 10
days of the follow-up period. A resistance index was determined using the
following equation: n-fold resistance � MCD drug-selected parasites/MCD
drug-unselected parasites.

DNA and RNA extraction and cDNA synthesis. Parasitized red cells were
harvested from mice under general anesthesia, when trophozoite stages were
most prevalent, into citrate saline (pH 7.2) and passed through a column of
fibrous cellulose powder twice (CF11; Whatman) to remove mouse leukocytes
(15). The resulting red blood cell pellet was washed twice in phosphate-buffered
saline and parasite DNA was extracted by overnight incubation in lysis solution

TABLE 1. Clones of P. chabaudi chabaudi considered in this study

Clone Drug response

AS-sens.........................Drug sensitive
AS-PYR .......................Pyrimethamine resistant, chloroquine sensitive
AS-15CQ......................Pyrimethamine resistant, intermediate

chloroquine resistant
AS-30CQ......................Pyrimethamine resistant, high chloroquine

resistant
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(10 mM Tris [pH 8.0], 50 mM EDTA, 0.1% sodium dodecyl sulfate, proteinase
K [1 mg/ml]) at 42°C. After phenol extraction, DNA was precipitated using
propan-2-ol and ammonium acetate (3 M) and dissolved in TE buffer (10 mM
Tris-Cl, 1 mM EDTA, pH 8.0). DNA samples were stored at �20°C.

Parasite RNA was extracted using a commercial RNA isolation kit (AquaPure
RNA isolation kit; Bio-Rad), following the manufacturer’s instructions. RNA
samples were stored at �70°C.

Parasite cDNA was synthesized using a RNA synthesis commercial kit (Fer-
mentas) according to the manufacturer’s instructions.

Identification of the P. chabaudi chabaudi tctp and atp6 genes. The DNA
sequences of the P. falciparum and P. yoelii tctp and atp6 genes were available
online at the NCBI/NIH database (http://www.ncbi.nih.gov) with the following
accession numbers: for P. chabaudi chabaudi tctp, NP_703454; P. yoelii tctp,
AF124820; P. falciparum atp6, AB121053; and P. yoelii atp6, AABL01001880. To
obtain the P. chabaudi chabaudi orthologues of these genes, these sequences
were retrieved and used in BLAST searches against the available P. chabaudi
chabaudi sequences (shotgun clones and genomic contigs), deposited at the P.
chabaudi chabaudi genome database (http://www.sanger.ac.uk). The two se-
quences giving significant hits were retrieved and used to design P. chabaudi
chabaudi-specific oligonucleotide primers to amplify overlapping DNA frag-
ments spanning the coding region, introns, and both 5� and 3� noncoding se-
quences (Table 2). These were then used in PCR amplifications containing either
P. chabaudi chabaudi genomic DNA or cDNA templates, as described below.

Amplification and sequencing of the mdr1, cg10, tctp, and atp6 genes of
P. chabaudi chabaudi. Genomic DNA or cDNA was used as the template in
50-�l PCRs, containing 0.2 �M of each oligonucleotide primer, 1� PCR buffer

(Promega), 2.5 mM MgCl2, 0.2 mM deoxynucleoside triphosphates, and 0.025
U/�l of Taq DNA polymerase. For amplification of the P. chabaudi chabaudi
mdr1 and P. chabaudi chabaudi cg10 genes, oligonucleotide primers and PCR
amplification conditions previously published were used (7, 16), based on DNA
sequences characterized prior to this study (P. chabaudi chabaudi mdr1,
AY123625; and P. chabaudi chabaudi cg10, AY304549).

PCR products were purified using the QIAquick PCR purification kit from
QIAGEN and sequenced using BigDye chain termination v3.1 (Applied Biosys-
tems). The sequencing reactions were analyzed by Macrogen. The primers used
in sequencing reactions were either those used for the initial amplification of the
fragments, or M13 forward and reverse primers where amplified DNA fragments
had been cloned into plasmid vectors. Gene and predicted amino acid sequences
were manually compiled, and then compared between drug selected and
unselected clones using an Internet-based interface denoted Multiple Se-
quence Alignment with hierarchical clustering (5), using default alignment
parameters (http://prodes.toulouse.inra.fr/multalin/multalin.html). Figure 1
shows the extent of sequence generated with respect to the coding regions of
the four genes.

Estimation of copy numbers of the P. chabaudi chabaudi mdr1, tctp, and atp6
genes. Real-time quantitative PCR (RTQ-PCR) was performed using a Roche
LightCycler (34). Ten-microliter reactions in LightCycler capillaries (Roche)
using FastStart DNA Master SYBR Green I kit reagents (Roche) were used
according to the manufacturer’s instructions. Magnesium chloride, primer con-
centration, denaturing, and annealing and elongation rates and times were varied
to determine the conditions under which only the specific amplicon was pro-
duced. The average amplification efficiencies of the reactions were closely

TABLE 2. Oligonucleotide primers for amplification of the atp6 and tctp genes from P. chabaudi chabaudi

Gene Sense Name Sequence (5�–3�) Nucleotides
covered

atp6 Sense 5�UTR 1F GAA ATA TTC ACA ACT CGT TTG GTC �4064 to ATG
Antisense 5�UTR 2R GAA ACT TCG ATC TAC AAA TTG G
Sense 5�UTR 3F CTA CAA GAG TTT AAA TCG GAT TC
Antisense 5�UTR 4R CTT GTA GAT GAC AAA TGC AGG
Sense 5�UTR 5F CGG AGC ACT GTC CTA TAT C
Antisense 5�UTR 6R CGT AGA AAA TGA TAG CAC GG
Sense 5�UTR 7F GAC GTT TGC CAT TCT CGT G
Antisense 5�UTR 8R CCC TTT TCT CAC ACA CAT AAA G
Sense 5�UTR 9F ATT TAG CTT ATC CAA TTT CTT TAC
Antisense 5�UTR 10R GTG TCA GTT TTC TAC AAT GC
Sense 5�UTR 11F AAA CAC TAT ATG GTA TTT ACG C
Antisense 5�UTR 12R CTG TGG ATT TAC AAA ATA ATT GAT C
Sense 5�UTR 13F CAT AAT GCC AAA AAA TGC GTA G
Antisense 5�UTR 14R GAG TAG GTT AGC CCT TTG AT
Sense 5�UTR 15F GCT TTT CGT CGC AGC ATA TG
Antisense 5�UTR 16R GTA AAA GTA GAT GAA AAT CGG

Sense 1F GTA GAA GAT GTT TTG AGA GCA G ATG to TAA
Antisense 2R CTG CAT ATT TAT CAA CAG AGC
Sense 3F AAA GCA GAA CAA AGT ATG TTA AC
Antisense 4R CTC CTC TTT GAC ATA GTT GAT ATT C
Sense 5F ATC AAA TGA CAG CTA CTG TTT TTC
Antisense 6R GAA TCA GTT AAT GAC CGT ACA TC
Sense 7F ATT GTA AAG GTG CAC CAG AA
Antisense 8R GCA ACT TCT CCA ATA TTA CTA C
Sense 9F GAA GCT ATT AAA GAA GGA CGA TG
Antisense 10R CAT TAA GCG CAT TGA ACA TTT CG
Sense 11F AGG CAA GTA CCT TAT CAT TAT CC
Antisense 12R GCG TCT TCA ATT TTT GAC CAT AC
Sense 13F GCT AGA ATA TTT GGG GTT G
Antisense 14R CCC CCA AAT TAT GAA TAT GC

Sense 3�UTR 1F CAA AGA ACT CGG GTA TGG TC TAA to 1114
Antisense 5�UTR 2R CAT CCC TAT GCA AAT GGC C
Sense 3�UTR 3F AAG GTG TGC GTA AAA TGA GG
Antisense 3�UTR 4R GAC ATA GGA AAG ACT GGT GAG

tctp Sense AAT GAT GAA GTA TGC TCT GAC TCA ATG to TAA
Antisense TGA TAT GTA AAC AAA TCT AGG AG
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matched because small differences can result in large errors in quantification
between samples. The average amplification efficiency, E, was determined from
the slope of the standard curves produced in each experiment using the equation
E � 10�1/slope.

PCRs where the amplicon doubles at every cycle have an optimal efficiency of
2.0 compared to reactions where no amplification occurs and efficiency is 1.0.
The gene copy number was assessed by RTQ-PCR. We used sequences within a
fragment of the merozoite surface protein of P. chabaudi chabaudi gene (MSP1)
(accession no. L22982) (20) as an internal calibrator, since msp1 is a single-copy
gene in P. chabaudi chabaudi. All samples were analyzed in replicate within each
LightCycler run. The fluorescence signal produced from the amplicon was ac-
quired at the end of the polymerization step at 72°C. The PCR conditions and
primer sequences for gene quantifications are presented in Table 3.

The genomic DNA samples used were the same as those used for gene
amplification and sequencing. The purity and quantity of DNA were determined
by fluorimetry, UV spectrophotometry, and electrophoresis of serially diluted
ethidium bromide-stained samples on agarose gels. Standards consisting of 10-
fold serial dilutions of genomic DNA were freshly prepared from concentrated
stocks for each RTQ-PCR experiment.

Samples of a 10-fold serial dilution of AS-15CQ, AS-30CQ, AS-ART (derived
from AS-30CQ selected for artemisinin resistance), and AS-ATN (derived from

AS-15CQ selected for artesunate resistance) genomic DNA in the range of 60 to
0.006 ng were used as quantification standards for the LightCycler calibration
curve. Maximum recovery filter tips (AXYGEN Scientific) and No Stick micro-
tubes (Alpha Laboratories) were used in these experiments.

The analysis of relative gene expression data was performed using the 2���Ct

method described in detail by Livak and Schmittgen (19); the control gene was P.
chabaudi chabaudi msp-1 and the target genes were the P. chabaudi chabaudi mdr1,
tctp, and atp6 genes. The average cycle threshold (Ct) was calculated for both control
and target genes and the �Ct (Ct target gene � Ct msp-1) was determined. ��Ct was
calculated for the relative quantification of the target gene as follows: ��Ct � (Ct

target gene � Ct MSP-1)� � (Ct target gene � Ct MSP-1)	, where � is the ART- or
ATN-resistant sample and 	 is the AS-30CQ or AS-15CQ sample. After validation
of the method, results for each sample were expressed in n-fold changes in � target
gene expression, normalized to msp-1 relative to the expression of 	, according to
the equation amount of target � 2���Ct.

RESULTS

Selection and cloning of artemisinin- and artesunate-resis-
tant parasites. Three related cloned lines of P. chabaudi
chabaudi, derived sequentially from a drug-sensitive cloned iso-

FIG. 1. Extent of DNA sequence obtained for each P. chabaudi chabaudi gene under study. The nucleotide sequences for each gene were
obtained for all parasite clones under study, AS-15CQ, AS-30CQ, AS-ATN, and AS-ART. Numbers refer to nucleotides 5� to the start codon ATG
(negative) or 3� to the termination codon (positive).

TABLE 3. PCRs for quantification of P. chabaudi chabaudi mdr1, tctp, and atp6 genes in comparison to msp1a

Gene Sense Primer sequence (5�–3�) MgCl2 concn/
primer concn

mdr Sense TCTCGACCAAATGTACCAATATA 3 mM/0.8 �M
Antisense GCATTAGTCATTTCTATATCATTTG

tctp Sense AATGATGAAGTATGCTCTGACTCA 4.5 mM/0.8 �M
Antisense CATTCCTTCTACTGCATCTTCAC

atp6 Sense AGGCAAGTACCTTATCATTATCC 4.5 mM/0.8 �M
Antisense GTGAAGAAGTAAAGATCCTATTG

msp1 Sense ACAGTAACACAAGAAGGAAC 3.5 mM/0.4 �M
Antisense GATACTTGTGTTGATGCTGG

a PCR amplification conditions: 40 cycles of 95°C for 600 min 95°C with a 0-min hold, cooling at 20°C/s to 63°C with a 7-min hold, heating at 20°C/s to 72°C with
a 7-min hold. Heating at 20°C/s to 95°C with 0-min hold, cooling at 20°C/s at 65°C and heating at 0.2°C/s to 95°C in a continuous acquisition mode produced the melting
curve.
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late denoted AS-sens, were used for the artemisinin or artesunate
resistance selection experiments (Table 1). These were (i) a chlo-
roquine-sensitive, pyrimethamine-resistant clone denoted AS-
PYR, (ii) a clone exhibiting intermediate-level chloroquine resis-
tance denoted AS-15CQ, and (iii) a highly chloroquine-resistant
clone denoted AS-30CQ.

The drug selection procedures involved administration of
subcurative treatment to infected mice with daily drug doses
given over a total period of 5 days. Attempts to establish stable
artemisinin or artesunate resistance in AS-PYR were unsuc-
cessful (data not shown). The clones AS-30CQ and AS-15CQ
were thus used to select for artemisinin and artesunate resis-
tance, respectively.

Initial drug testing revealed that the maximum dose of
artemisinin tolerated by the AS-30CQ parasites was 20 mg/kg/
day. Parasites that survived that initial dose were subinoculated
and subjected to successive increments in drug doses, as de-
scribed in Materials and Methods. AS-30CQ responded well to
this artemisinin selection procedure, and a line that tolerated a
daily dose of 300 mg/kg/day was selected after 15 passages (Fig.
2). Similarly, the AS-15CQ clone, which initially survived 10
mg/kg/day artesunate, tolerated gradual increases in artesu-
nate treatment well, and after 14 subinoculations under drug
pressure a population of parasites was selected which survived
treatment of 60 mg/kg/day (Fig. 2). At this stage, it was con-
sidered that a significant level of resistance had been achieved
and thus the artemisinin and artesunate selection procedures
were suspended.

Parasite lines containing populations of artemisinin- and
artesunate-resistant parasites were then subjected to cloning
by limiting dilution. Seven and five clones were successfully
established from the artemisinin- and artesunate-resistant par-
asite populations, respectively. Of these, one clone from each
line was chosen on the basis of its faster growth rate. The
artemisinin- and artesunate-resistant clones were designated
P. chabaudi chabaudi AS-ART and AS-ATN, respectively (Fig.
2). AS-ART and AS-ATN were tested for their responses to
artemisinin and artesunate, respectively, immediately after
cloning, and shown to retain the same phenotype as that of the
drug-resistant population from which they had been derived
(data not shown). These parasites were then used in subse-

quent studies to investigate further whether the observed drug
resistance was stable.

Stability of artesunate or artemisinin resistance. In order to
confirm whether an heritable genetic mutation underlies the
responses of AS-ART and AS-ATN to artemisinin and arte-
sunate, respectively, the stabilities of the drug resistance in
these clones were evaluated by measuring drug responses after
(i) multiple blood passages in the absence of the drug, (ii)
freeze-thawing of parasites in liquid nitrogen, and (iii) trans-
mission through a mosquito host, Anopheles stephensi.

AS-ART and AS-ATN parasite lines were therefore sub-
jected to 12 further passages in untreated mice, after which
they were tested for their drug responses. They both retained
tolerance to the corresponding drug (data not shown). Thus,
artemisinin and artesunate resistance in AS-ART and AS-
ATN, respectively, were shown to be stable phenotypes in the
absence of drugs.

AS-ART and AS-ATN parasite lines were deep-frozen in
liquid nitrogen, thawed after 1 week, and inoculated back into
mice. Again, the drug phenotypes remained unchanged in both
cases (data not shown).

Mice infected with AS-ART or AS-ATN were used to feed
A. stephensi mosquitoes. AS-ART was successfully transmitted
through mosquitoes on two separate occasions, and the result-
ing blood forms that developed in mice were renamed AS-
ARTA and AS-ARTB (Fig. 2). The MCDs of both AS-ARTA
and AS-ARTB were then assessed in parallel to the untreated
control line, AS-30CQ. AS-ARTB showed a 15-fold increase in
MCD to artemisinin relative to AS-30CQ (Table 4). Thus,
artemisinin resistance remained stable after transmission of
the resistant parasites through mosquitoes. In a similar fash-
ion, AS-ATN was also subjected to mosquito transmission and
showed a sixfold increase in MCD to artesunate relative to
AS-15CQ (Table 4). These assays showed that the sensitivity of
AS-ATN to artesunate was significantly lower than that of its
sensitive progenitor AS-15CQ; therefore we also consider ar-
tesunate resistance to be stable after the sporogonic cycle.

In summary, the artemisinin and artesunate resistance phe-
notypes of the drug-selected parasite clones were unaltered
after passage in the absence of drug pressure, after freezing
and thawing, and after transmission through laboratory mos-

FIG. 2. Artemisinin and artesunate selection procedure. Parasite clones (AS-30CQ and AS-15CQ) were passaged in the absence and presence
of gradually increasing doses of drug (artemisinin and artesunate, respectively). Initial drug sensitivities (20 or 10 mg/kg/day) decreased (to 300
or 60 mg/kg/day) after 15 and 14 passages, respectively. The drug responses after cloning, passage in the absence of drug (untreated), and
transmission through mosquitoes remained unchanged. Control selection procedures in the absence of drug are also shown.
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quitoes. We believe, therefore, that artemisinin and artesunate
resistance in the clones AS-ART and AS-ATN is genetically
encoded.

Cross-resistance to artemisinin and artesunate. In order to
evaluate whether the mechanisms of resistance to artemisinin
and to artesunate share similar features, the responses of AS-
ART to artesunate and AS-ATN to artemisinin were tested.
AS-ART showed a fivefold increase in the MCD to artesunate
relative to AS-30CQ, while AS-ATN showed a greater than
10-fold increase in the MCD to artemisinin relative to AS-
15CQ (Table 4). These tests therefore revealed that both
clones showed cross-resistance and that in both parasites there
were greater increases in artemisinin resistance (15- to 26-fold)
than for artesunate resistance (five- to sixfold). This suggests
that resistance to artemisinin and artesunate does share similar
features, at least in the parasite clones described here.

Identification and characterization of TCTP and ATP6 genes.
We wished to investigate whether the P. chabaudi chabaudi or-
thologues of P. falciparum TCTP and ATP6 play a role in the
resistance to artemisinin derivatives in P. chabaudi chabaudi. P.
chabaudi chabaudi-specific database sequences were used to de-
sign oligonucleotide primers for amplifying both genes (Table 5).

PCR amplifications were initially carried out using genomic
or cDNA from the drug-sensitive parasite clone AS-sens to
amplify and sequence an array of several overlapping PCR
fragments spanning the desired genes. Following alignment of
these fragments, full sequences from genomic and cDNA were
assembled and aligned in order to predict the exon-intron
structure. Coding sequences were translated using internet-
based bioinformatics tools at http://www.bioinformatics.org
/sms/, and predicted peptides aligned with their P. falciparum
protein homologues.

The P. chabaudi chabaudi tctp gene was first characterized in
the drug-sensitive parasite AS-sens (GenBank accession num-
ber AY304545). In AS-sens, the gene is encoded by a contin-
uous open reading frame containing 516 bp, which translates
into a predicted peptide of 171 amino acids. The predicted

AS-sens and P. falciparum amino acid sequences for TCTP
showed 90% identity between the two species, confirming that
the P. chabaudi chabaudi orthologue of the gene had been
successfully identified (Table 5). Subsequent comparisons of
the predicted amino acid sequence of P. chabaudi chabaudi
TCTP with that of P. yoelli and P. berghei orthologues show
amino acid identities of 97 and 98%, respectively.

The atp6 gene from AS-sens was similarly characterized
(GenBank accession number DQ171938) and was also found
to be similar to that of P. falciparum. The P. chabaudi chabaudi
atp6 gene has two introns (intron 1, 92 bp; intron 2, 90 bp)
located near the 3� end of the gene and in identical positions to
the predicted introns in the P. falciparum gene (Fig. 3). Trans-
lation of the coding sequence of the P. chabaudi gene resulted
in a predicted protein of 1,118 amino acids. This sequence
shares 72% identity with that of the P. falciparum orthologue
(Table 5). The NCBI Conserved Domain Search revealed that
this sequence contained a segment of 242 residues (107 to 348)
typical of a putative conserved domain of E1- and E2-type
ATPases. Additionally, PROSITE scanning (http://us.expasy
.org/prosite/) revealed a characteristic E1-E2 ATPase phos-
phorylation signature, DKTGTLT, between residues 358 and
364. E1-E2. ATPases are enzymes that form an aspartyl phos-
phate intermediate in the course of ATP hydrolysis and can be
divided into four major groups, one of which constitutes the
Ca2�-transporting ATPases and of which P. falciparum and P.
chabaudi chabaudi atp6 are members.

Amplification and sequencing of P. chabaudi chabaudi mdr1,
cg10, tctp, and atp6 in sensitive and drug-resistant parasites. In
order to identify possible point mutations in the cg10, mdr1,
tctp, or atp6 gene, in artemisinin- and artesunate-resistant par-
asites, AS-ARTB and AS-ATN, respectively, relative to AS-
30CQ and AS-15CQ, respectively, we proceeded to determine
the nucleotide sequences of these genes in sensitive and resis-
tant parasites (Fig. 1). Comparisons of coding regions and
introns between all parasites revealed that the sequences of all
genes in the mutants were found to be identical to those of the
sensitive parasites from which they had been derived. There-
fore, point mutations in mdr1, cg10, tctp, and atp6 were not
involved in the generation of artemisinin or artesunate resis-
tance at any stage in these lineages.

We also wished to determine whether mutations in noncod-
ing sequences lying proximal to the gene had been selected, in
view of the increasing evidence that P. falciparum atp6 may
play a role in the mechanism of action of artemisinin and in
possible changes of sensitivity to the drug. Such mutations may
affect the level of transcription. However, no differences in
nucleotide sequence between the resistant clones and their
sensitive progenitors were found in 4 kb of nucleotide se-
quence upstream or in 1 kb downstream of the gene.

Assessment of copy numbers of the mdr1, tctp, and atp6
genes of P. chabaudi chabaudi. After identification of oligonu-
cleotide primers (Table 3) and optimization of the real-time
PCR conditions, we investigated if ART and ATN resistance
could be related to changes in the gene copy numbers of the
mdr1, tctp, and atp6 genes. Differences in the relative number
of copies of each target gene were thus compared between the
artemisinin- and artesunate-resistant parasites AS-ARTB
and AS-ATN relative to their sensitive progenitors, AS-
30CQ and AS-15CQ, respectively.

TABLE 4. Resistance of P. chabaudi chabaudi AS-ATN
and AS-ARTBa

P. chabaudi
chabaudi

MCD ATN
(mg/kg/day)

MCD ART
(mg/kg/day)

n-fold
ATN

n-fold
ART

AS-15CQ 10 6
AS-ATN 60 160 6 26
AS-30CQ 8 20
AS-ARTB 40 300 5 15

a The absolute and relative drug sensitivities of AS-ATN and AS-ART after
blood passage in the absence of treatment, freeze-thawing, and mosquito trans-
mission are given.

TABLE 5. Comparison between predicted amino acid sequences of
the P. falciparum and P. chabaudi chabaudi tctp and atp6 orthologues

Gene P. falciparum
chromosome

Length (residues) % Identity

P. falciparum P. chabaudi
chabaudi Nucleotide Amino acid

tctp 5 516 516 84 90
atp6 1 3,687 3,357 72 72
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Three independent experiments were carried out; the mean
n-fold amplifications of genes in these experiments are pre-
sented in Fig. 4. There were no observed changes in the gene
copy numbers of the mdr1, tctp, and atp6 genes during the
selection for artemisinin and artesunate resistance, showing
that the phenotype of artemisinin and artesunate resistance is
not associated with an increase in the gene copy number of
mdr1, tctp, or atp6.

DISCUSSION

Although there have been considerable scientific advances
over the past hundred years, the overall burden of malaria is
currently increasing, especially in sub-Saharan Africa. In the
absence of a fully protective antimalarial vaccine, the control
of malaria relies principally on the use of drugs for treatment
or prophylaxis. Much of the increasing burden of malaria is
due to the spread of resistance of the major human malaria
pathogen, P. falciparum, to most drugs presently available.
Consequently, the World Health Organization and health au-
thorities in malaria-endemic countries are recommending new
therapies, based on the use of artemisinin derivatives, com-
bined with other drugs, the so-called artemisinin combination
therapy (35). Reports of resistance of natural populations of P.
falciparum to these drugs have not been forthcoming thus far,
but most agree that resistant parasites will occur in the future,
based upon previous experience with other antimalarial drugs.
In the light of this, understanding the mechanisms underlying
artemisinin resistance, before treatment failures are commonly
observed, will provide tools to evaluate prevent or delay its
appearance and spread.

The genetic basis of drug resistance in malaria may be
investigated in different ways. One of the most appropriate
is to use genetically stable resistant mutants selected through
drug pressure from cloned sensitive parasite lines. In this
way, drug-sensitive and drug-resistant parasites are geneti-
cally identical (isogenic) except for any mutations involved
in resistance; such mutations can then be pinpointed using
different approaches. Efforts to select genetically stable ar-
temisinin resistant mutants of P. falciparum, P. berghei, and
P. yoelii have yet to be successful.

We report here for the first time to our knowledge, malaria
parasites that have genetically stable and transmissible resis-
tance to artemisinin and artesunate. The successful selection of

these parasites and the fact that they can be transmitted
through Anopheles sp. mosquitoes is a significant achievement
for two main reasons. Firstly, these observations demonstrate
that malaria parasites are not only genetically and biologically
capable of sustaining stable resistance to artemisinins, but also
that this resistance can be selected through drug pressure.
Consequently it is conceivable that in human malaria, artemisi-
nin resistance may arise in the future due to extensive and/or
inappropriate drug usage; once it does, it may spread in the
parasite population and become established. Second, the re-
sistant P. chabaudi chabaudi parasites reported here can now
be used to investigate the genetic determinants of resistance to
these drugs.

We note that we were able to generate ART or ATN resis-
tance in clones (AS-15CQ and AS-30CQ) which were already
resistant to chloroquine, while efforts to generate ART or
ATN resistance from the chloroquine-sensitive clone (AS-
PYR) were abandoned when 10 passages in the presence of
drug failed to lead to observable decreases in parasite sensi-
tivity. This may be a result of a genetic potentiation of the
parasites’ ability to generate mutations in response to drug
treatment (called the accelerated resistance to multiple drugs
phenotype) (25) which might have occurred during the gener-
ation of the chloroquine resistant lines. Alternatively, it is
possible that the ART resistance phenotype is expressed only
in chloroquine-resistant clones. This would tend to suggest that
there is some functional interaction between the pathways
underlying chloroquine and artemisinin resistance. This inter-
pretation would be supported by showing that allelic replace-
ment of the wild-type allele of the gene (underlying ART
resistance) with the mutant allele decreases ART sensitivity in
chloroquine-resistant clones only. These questions have signif-
icant relevance to the practical lifetime of a drug in areas
where resistance to other drugs (or to chloroquine specifically)
is prevalent.

Previous to the present study, artemisinin resistance was
achieved in vivo in Plasmodium yoelii (22, 27, 32) but the resis-
tance phenotype in these parasites was lost upon removal of drug
pressure, suggesting one of two hypotheses: that resistance was
due to genetic mutations that are not sustainable by the parasites
and therefore lost in the absence of treatment, or that continuous
exposure of these parasites to artemisinin, triggered physiological
or epigenetic adaptations that increased the parasite’s tolerance
to the drug, but were manifested only in a transient manner and
were consequently lost after stopping drug treatment. In these
studies, two different genes, P. chabaudi chabaudi mdr1 (12) and
tctp (2), were suggested to be potential modulators of resistance
to artemisinin, as discussed in the introduction.

This study has shown that there are no changes in nucleotide
sequence or copy number for P. chabaudi chabaudi mdr1 in the
artemisinin- or artesunate-resistant parasites compared to
their sensitive progenitors. For tctp, we found that the P.
chabaudi chabaudi gene is very similar to its orthologue in the
other rodent malaria parasites as well as to the P. falciparum
tctp gene, in terms of both structure and amino acid sequence,
indicating a high degree of conservation among malaria spe-
cies. We then confirmed that there were no differences in
coding sequence or copy number of tctp in artemisinin- or
artesunate-sensitive and resistant parasites. These data indi-
cate that resistance to artemisinin derivatives in P. chabaudi

FIG. 4. Relative differences (n-fold) in gene copy number between
artemisinin- (AS-ART) and artesunate- (AS-ATN) resistant parasites
and their sensitive progenitors, AS-30CQ and AS-15CQ, respectively.
The vertical axis represents the mean n-fold gene number (gray bars)
and standard deviation (vertical lines) of each of the genes under study
normalized against that of MSP-1, generated after three independent
assays.
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chabaudi is not determined by changes in either the sequence
or the gene copy number of either the tctp or mdr1 gene.

In P. chabaudi chabaudi, we have previously demonstrated
that chloroquine resistance is independent of the P. chabaudi
crt orthologue cg10 (16). However, in light of the results with
the human malaria parasite (29), we wished to investigate
whether artemisinin or artesunate could have selected for mu-
tations in this gene in AS-ATN and AS-ARTB. We have shown
that the DNA sequences and copy numbers of P. chabaudi
chabaudi cg10 in artemisinin- and artesunate-resistant para-
sites are unchanged relative to their sensitive progenitors and
we conclude that the P. chabaudi chabaudi orthologue of P.
falciparum crt is not involved in the generation of artemisinin
or artesunate resistance in these parasites.

It has recently been suggested that a major chemotherapeutic
target of artemisinin in P. falciparum is a calcium-translocating
P-type ATPase of the SERCA type (11), encoded by a gene
denoted P. falciparum atp6. Thus, artemisinin derivatives inhibit
P. falciparum ATPase 6 activity in Xenopus oocytes and this pat-
tern of inhibition is altered by site-directed mutagenesis of resi-
dues predicted to lie close to the artemisinin-binding site (31).
Importantly, specific amino acid substitutions at residue 263
(263L, L263S, and L263A) in P. falciparum ATPase 6 influence
the Ki with respect to artemisinin inhibition in a manner which
parallels the IC50s of P. falciparum, P. berghei, and P. vivax, re-
spectively, from which these substitutions derive.

Since these results may indicate a possible role for ATPase
6 in the mode of action of artemisinin and in possible resis-
tance mechanisms, we characterized the SERCA homologue
of P. chabaudi chabaudi in artemisinin-sensitive and -resistant
parasites in order to investigate whether mutations or copy
number could determine the resistance phenotypes. The atp6
gene of P. chabaudi chabaudi was shown here to be structurally
very similar to its P. falciparum orthologue, a coding sequence
interrupted by two relatively small introns located near the 5�
end of the gene. In terms of the degree of conservation among
predicted protein sequence, the P. chabaudi chabaudi SERCA
showed 72 and 86% identity to its P. falciparum and P. yoelii
homologues, respectively.

Our observations demonstrated that the P. chabaudi chabaudi
atp6 sequence and copy number had remained unaltered follow-
ing selection with artesunate or artemisinin, implying that arte-
misinin treatment does not select mutations in the gene encoding
its putative chemotherapeutic target, or mutations which affect its
5� and 3� predicted promoter region. We note that the amino acid
residue at position 263, like that in P. berghei, is serine. Although
we are unable to measure the IC50 of artemisinin because of the
difficulties of propagating P. chabaudi chabaudi parasites in cul-
ture, we have shown that parasites AS-15CQ and AS-30CQ do
not appear to be very sensitive to artemisinin in vivo, as is the case
with P. berghei. The resistance phenotype which we have investi-
gated may therefore represent high-level artemisinin resistance,
which depends upon mutations in genes other than atp6.

There are, however, other reasons which may explain why
mutations in the P. chabaudi chabaudi atp6 gene did not me-
diate the resistant phenotype in the rodent malaria system.
Firstly of course, ATPase 6 may not be the target in either P.
chabaudi chabaudi or P. falciparum. The evidence supporting a
role for P. falciparum ATPase 6 in artemisinin sensitivity in P.
falciparum arises from an ex vivo heterologous system (Xeno-

pus oocytes). Inhibition of activity in such a system should not
imply antimalarial therapeutic activity in the mammalian host.
It is relevant to point out that the Ki for artemisinin inhibition
of P. falciparum ATPase 6 may be over an order of magnitude
greater than the IC50. This may suggest either concentration of
artemisinin in the host or the presence of other targets. Sec-
ond, the resistance mechanism may involve components dis-
tinct from the target molecules. However, the correspondence
between the inhibition of mutated P. falciparum ATPase 6 and
the relative sensitivities of P. falciparum, P. berghei, and P. vivax
does begin to suggest a role for this protein in the resistance
mechanism. Third, if P. falciparum ATPase 6 turns out to be
the major modulator of artemisinin responses in P. falciparum,
it is possible that the rodent malaria parasite P. chabaudi
chabaudi may reveal alternative mechanisms of resistance to
those of P. falciparum, as is the case with chloroquine resis-
tance (16).

This study is the first to report malaria parasites that present
resistance to artemisinin and artesunate, that are genetically
stable in the absence of drug pressure and transmissible
through malaria vectors. These parasites can now be used to
identify the genes underlying resistance to these important
classes of drugs, using high-throughput comparative genomic
studies based on genome-wide approaches. In this context, the
recently reported novel technique of linkage group selection
(8) is now considered the method of choice to identify the
mutations which underlie artemisinin resistance in this rodent
model of malaria. If relevant, the resulting information may be
used to prevent or monitor artemisinin resistance in human
malaria.
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