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Objectives: Drug resistance confers a fitness advantage to parasites exposed to frequent drug pressure, yet these
mutations also may incur a fitness cost. We assessed fitness advantages and costs of artemisinin resistance in
Plasmodium falciparum in vitro to understand how drug resistance will spread and evolve in a competitive
environment.

Methods: Genotyping of SNPs, drug susceptibility assays and copy number determination were used to assess the
impact of artemisinin resistance on parasite fitness. An artemisinin-resistant clone (C9) selected in vitro from an
isogenic parental clone (D6) was used to conduct competitive growth studies to assess fitness of artemisinin resist-
ance. The resistant and susceptible clones were mixed or grown alone in the presence and absence of drug pressure
(dihydroartemisinin or pyrimethamine) to quantify the rate at which artemisinin resistance was gained or lost.

Results: We experimentally demonstrate for the first time that artemisinin resistance provides a fitness advantage
that is selected for with infrequent exposure to drug, but is lost in the absence of exposure to artemisinin drugs. The
best correlations with artemisinin resistance were decreased in vitro drug susceptibility to artemisinin derivatives,
increased copy number of Pf3D7_1030100 and an SNPin Pf3D7_0307600. An SNP conferring an E208K mutationin
the kelch gene (Pf3D7_1343700) was not associated with resistance. Furthermore, we observed second-cycle ring-
stage dormancy induced by pyrimethamine, suggesting that dormancy is a fitness trait that provides an advantage
for survival from antimalarial drug stress.

Conclusions: Artemisinin-resistant P. falciparum have a fitness advantage to survive and predominate in the popu-
lation even in the face of infrequent exposure to artemisinin drugs.

Introduction

Artemisinin-resistant Plasmodium falciparum appears to have
emerged independently many times in south-east Asia. First
described in Cambodia and along the Thai-Myanmar border as
a prolonged parasite clearance phenotype following treatment
with an artemisinin drug combination,”> artemisinin resistance
appears to be spreading throughout south-east Asia.* Multiple
point mutations in the propeller domains of Pf3D7 1343700,
the kelch gene on chromosome 13 (K13), have been associated
with the delayed parasite clearance phenotype in vivo and have
provided a molecular marker for tracking the spread of artemisinin
resistance.>® While evidence suggests the independent emer-
gence of artemisinin resistance across geographic locations in
Asia, emergence appears to be dependent on the genetic back-
ground of preexisting mutations in the parasite.” Parasites in
south-east Asia have historically been associated with multidrug
resistance, and given that artemisinin combination therapy (ACT)
has been the primary treatment option globally for more than a
decade, parasites have most likely evolved mechanisms to resist
multiple classes of antimalarial drugs.

Selection of antimalarial drug resistance often occurs early
after introduction to clinical use and can be conferred by a single
point mutation.®° In contrast, a complex series of mutations may
be required as compensation for fitness costs or to enhance
higher levels of resistance. For instance, antifolate resistance is
associated with a sequential accumulation of point mutations in
dhfr or dhps that are associated with reduced susceptibility to
antifolate drugs.'® Resistance arose from a single point mutation
that was followed by multiple compensatory point mutations that
increased resistance levels. Similarly, for chloroquine resistance at
least four mutations in Pfcrt are necessary for resistance, with the
pivotal mutation being K76T. Once these resistance-associated
mutations are present in a population, they can spread rapidly
due to fitness advantages over WT parasites in the presence
of drug pressure. For both chloroquine and pyrimethamine,
resistance-selective sweeps occurred that rapidly spread across
malaria-endemic regions.!* ~13

Although drug resistance confers a fitness advantage for para-
sites exposed to frequent drug pressure, these mutations also
may incur a fitness cost.® For example, after chloroquine efficacy
fell to low levels in Malawi, chloroquine use was discontinued and
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sulfadoxine/pyrimethamine was used as the primary therapy.
Remarkably, chloroquine susceptibility in Malawi returned a dec-
ade later'* and this was attributed to re-expansion of susceptible
parasites when chloroquine drug pressure was removed.*”

The selection process for artemisinin resistance appears to be
more complicated than was observed with chloroquine and anti-
folate resistance; therefore, it is not well understood how resist-
ance to ACTs will spread and how long it will take for resistance
to emerge in Africa. Natural selection is likely to be the determin-
ant of combination therapy resistance due to the parasite’s
requirement to survive two antimalarials simultaneously, includ-
ing a long-lasting partner drug.'® Therefore, the subsequent
spread of resistance to ACTs must include mutations beneficial
to resist multiple antimalarials and therefore may be associated
with a significant fitness cost. These fitness costs are hypothetical
at present since fitness associated with artemisinin resistance has
not been determined experimentally.

Fitness costs of drug resistance can be measured in vitro to
understand how drug resistance will spread and evolve in a
competitive environment.® In vitro models allow for more precise
control and higher throughput to predict the spread of resistance
in the field."” In vitro models of fitness can more easily project
the spread of antimalarial drug resistance due to the selective
nature of antimalarial drug resistance and the major role that
intraerythrocytic-stage parasites have in the spread of drug resist-
ance.'®'? While host and environmental factors play a role in the
dissemination of antimalarial drug resistance in the field, in vitro
models provide significant insights into the relative advantages of
parasite resistance versus fitness costs.

In this study we used an artemisinin-resistant clone selected
from an isogenic parental clone to conduct fitness experiments
in the presence and absence of drug pressure and to quantify
the rate at which artemisinin resistance can be gained or lost in
a competitive environment. By using a combination of pyro-
sequence analysis of multiple SNPs, copy number determination
and in vitro drug susceptibility assays, we experimentally demon-
strate for the first time that artemisinin resistance incurs a fitness
cost that is selected for with infrequent exposure to drug, but is
lost in the absence of artemisinin drug pressure.

Materials and methods

Artemisinin-resistant P. falciparum culture in vitro

P. falciparum clone D6 (Sierra Leone) and an in vitro-selected artemisinin-
resistant clone derived from D6 were cultivated using previously described
methods.?® The artemisinin-resistant progeny used in this study were
derived as previously reported. In brief the resistant progeny from D6
were initially selected with small increments of artelinic acid (AL) up to
80 ng/mL (D6.AL80).%* D6.AL80 then was subjected to artemisinin pres-
sure up to 2400 ng/mL four times and cloned by limiting dilution.?? A sin-
gle clone, C9, was exposed one additional time with 2400 ng/mL
artemisinin and maintained in culture in the absence of drug pressure
for over 400 days. C9 maintained a stable in vitro resistance phenotype
in the absence of drug pressure as described by Tucker et al.?

Fitness study design

Asynchronous D6 and C9 were co-cultured in a 1:1 (D6/C9) ratio and also
maintained as monocultures. Parasite cultures were maintained between
2% and 5% parasitaemia at 4% haematocrit in complete medium

supplemented with 10% heat-inactivated AB+ human plasma. D6/C9,
D6 and C9 cultures at 2% parasitaemia each were exposed to 700 nM
dihydroartemisinin or 10 uM pyrimethamine or were sham treated
(0.25% DMSO) for 48 h. Following treatment, cultures were washed
three times with RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) and
observed daily for growth. Every 24 h following 48 h of drug exposure,
medium was changed and blood smears were made. When parasite cul-
tures recovered and parasitaemia exceeded 5%, cultures were diluted to
2% parasitaemia. The remaining parasitized blood pellet was frozen at
—20°C for genomic DNA extraction and analysis. Parasites were exposed
to drug four times with a 21 day grow-out period between each exposure;
between exposure two and three there was a 42 day grow-out period. As
noted above, parasitaemia was maintained between 2% and 5% during
the grow-out period.

Recrudescence assay following drug exposure

Following a drug-exposure cycle, parasitaemia was determined every 24 h
using microscopy. The ratio of ring, trophozoite and schizont-infected red
blood cells/total red blood cells was used to determine parasitaemia for
each timepoint. Dormant and dead parasites were not included in the
calculation.

Drug susceptibility assay using radioisotope
addition at Ty

Susceptibility to artemisinin derivatives was determined using a modified
[*H]hypoxanthine incorporation assay.?? [*H]hypoxanthine was added to
cultures at the start of the assay when drug was added and allowed to
incorporate for 48 h. Parasites were harvested at 48 h to determine ICsg.
For pyrimethamine, ICso was determined traditionally, by adding
[*Hlhypoxanthine 24 h after drug exposure.”?

Genomic DNA extraction

Parasitized red blood cells were frozen at —20°C for at least 24 h and
treated with 0.5% saponin to free parasites from red blood cells.
Parasite pellets were frozen for 12-24 hin Tris EDTA buffer. Thawed pellets
were treated with 4% SDS and 20 mg/mL RNase (Life Technologies, Grand
Island, NY, USA). Equal volumes of phenol/chloroform/isoamylalcohol
(25:24:1) were added and extracts were spun at 14000 rpm for 5 min at
room temperature and then the upper aqueous phase was transferred to a
new tube. This separation step was repeated with chloroform/isoamylalcohol
(24:1) and chloroform, respectively. The final aqueous transfer was treated
with 3 M potassium acetate and 100% ethanol. Pellets were washed with
100% ethanol and suspended in Tris EDTA buffer. Genomic DNA was quan-
tified using a Nanodrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA).

Real-time quantitative PCR to determine gene copy
number

Previously C9 was found to have an amplified region of chromosome 10,
whereas the parent clone has only one copy of genes in this region.?*
Pf3D7_1030100 is in the amplicon and C9 has two copies, whereas parental
D6 maintains one copy. Therefore in this study we used real-time quantita-
tive PCR to assess the copy number of D6, C9 and the D6/C9 mixed culture
following the second and fourth drug-exposure cycles. We used the primer
sequences in Table S1 (available as Supplementary data at JAC Online). In
brief, Brilliant IT QPCR SYBR Green 2x mastermix (Stratagene, La Jolla, CA,
USA) and 30 nM ROX were used to amplify Pf3D7_1030100 at a final primer
concentration of 200 nM. The relative copy number was determined by the
standard curve method comparing threshold cycle values of gene of interest
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to ldh using MX3000P real-time quantitative PCR system (Stratagene).
Average copy number was calculated from three replicates with a confi-
dence interval >95% (GraphPad Prism).

Determination of SNP frequency by pyrosequencing

PCR and sequencing primers were designed using Biotage Pyrosequencing
Assay Design software (Charlottesville, VA, USA) to amplify SNP-containing
genes. Primer sequences and SNP details are listed in Table S1. A 5’ biotin
label was added to the PCR primer running in the opposite direction to the
sequencing primer. Each 50 pL PCR mixture contained 31.5 pL of sterile
water, 10 wL of 5x HF buffer, 1 pL of 10 mM dNTPs, 2 plL each of forward
and reverse primer (10 wM), 0.5 pL of Phusion Hot Start IT DNA polymerase
(Fisher Scientific, Pittsburg, PA, USA) and 2 pL of template DNA. Thermal
cycling conditions were 98°C for 30 s (initial denaturation), followed by
40 cycles of denaturation at 98°C for 10 s, annealing at the temperature
indicated in Table S1 for 30 s and extension at 72°C for 50 s, followed by a
final extension at 72°C for 7 min, and a final hold at 4°C. PCR products
(10 pL) were visualized using QiAxcel (Qiagen, Valencia, CA, USA).

Sequencing primer (0.6 uM) was diluted in annealing buffer (Biotage,
Charlottesville, VA, USA) and 40 L of the mixture was aliquotted into a
96-well PSQ plate. The binding reaction mixture consisted of 4 pL of
streptavidin-coated sepharose beads (GE Healthcare) and 51 L of binding
buffer. In each well of a round-bottom PCR plate, 55 pL of the binding mix-
ture was added to 25 pL of PCR product and mixed at 14000 rpm for
10 min. Using the Vacuum Prep Workstation (Biotage, Charlottesville, VA,
USA) the Sepharose-bound PCR products were captured with the
Vacuum Prep Tool immediately after being mixed and washed as follows:
70% ethanol for 10 s; denaturing buffer (0.2 M NaOH) for 10 s; and wash-
ing buffer (10 mM Tris-acetate, pH 7.6) for 15 s. The vacuum was released
and the Sepharose-bound PCR products were released into the PSQ plate
containing sequencing primer. The plate was incubated at 80°C for 2 min
and allowed to cool to room temperature. Plates were read on a Pyromark
Q96 ID pyrosequencer (Qiagen) in AQ mode using a Pyromark Gold Q96
reagent kit. Assays were completed three times for each DNA template
and the average percentage of WTallele was plotted over time. In addition
standard curves were established for each SNP using ratios of D6/C9 gDNA
(Figure S1).

Results

Competitive fitness of artemisinin-resistant
and -susceptible clones

Understanding fitness costs associated with artemisinin resist-
ance is of extreme importance due to the potential spread of
resistance globally. An in vitro model to determine fitness cost
associated with artemisinin resistance has not been previously
described yet could provide essential information to elucidate
how efficiently artemisinin resistance will spread. Therefore in
these studies we assessed the fitness of artemisinin resistance
in vitro in competitive growth experiments. We used a stable
artemisinin-resistant clone (C9) derived from a cloned parent
(D6) following repetitive pulse exposures to artemisinin drugs
in vitro.?? C9 is artemisinin-resistant as evidenced by its ability
to survive repeated exposure to 2400 ng/mL artemisinin and
reduced susceptibility to multiple artemisinin derivatives in vitro.
An advantage of using these cloned parasites is that they are
derived from an isogenic background® and, following resistance
selection, several molecular markers were identified that allowed
us to discriminate between the resistant and susceptible clones in
mixed population growth studies. In preliminary studies we iden-
tified several SNPs (see Table S1) and a copy number variant (CNV)

on chromosome 10 that were present in the C9 (resistant) clone.*
By using these markers, we were able to quantify the phenotypic
responses associated with the prevalence of C9 genotypes in a
heterogeneous population.

We first assessed fitness in a competitive growth experiment in
which an asynchronous parent clone (D6) and its artemisinin-
resistant progeny (C9) were mixed equally (1:1) at the beginning
of the study. In direct comparison with both susceptible and
resistant clones grown in monocultures, we exposed the cultures
to four cycles of drug pressure (21 or 42 days apart) with
dihydroartemisinin or pyrimethamine; as a control we also
included a sham treatment with 0.25% DMSO. Following the
first pulse exposure to dihydroartemisinin, the resistant C9 clone
recovered from ring-stage drug-induced dormancy earlier than
D6 (Figure 1), as reported previously.?? Conversely D6 and mixed
cultures recrudesced a day later, although the mixed culture
recovered to higher parasitaemia faster than D6. Following the
first exposure to pyrimethamine there was no difference in recov-
ery between the susceptible, the resistant and the mixed parasite
populations (Figure 1). The resistant C9 clone recovered earlier
than D6 following dihydroartemisinin pressure in all but the
third drug-exposure cycle. Importantly, the parasites were not
synchronized at any time of the experiment; therefore, mixed
asexual stages were present and these ratios may be different
between cultures at the time of drug exposure. Interestingly,
the C9-resistant clone recovered from dormancy earlier than sus-
ceptible parasites only following exposure to dihydroartemisinin;
these results suggest enhanced survival of resistant parasites
and the potential of resistance to spread when exposed to artemi-
sinin drugs. In contrast, when exposed to a drug that acts through
a different target (e.g. pyrimethamine), artemisinin-resistant
parasites recover from dormancy similarly to susceptible para-
sites. In all sham-treated cultures parasites grew normally with-
out any evidence of the dramatic reductions in parasitaemia seen
with dihydroartemisinin or pyrimethamine exposure (data
not shown).

Pyrimethamine induces second-cycle ring-stage
dormancy

The ring stages of P. falciparum exposed to artemisinin arrest devel-
opment and enter a state of dormancy characterized by a pro-
longed period of no proliferation and reduced metabolic activity
followed by recrudescence in vitro.?»?>?® The artemisinin-induced
dormant ring stages express a characteristic phenotype (condensed
nuclei and reduced cytoplasm) and these dormant rings have been
shown experimentally to be the source of recrudescence in
vitro.?»?>?% In this study, exposure to dihydroartemisinin induced
ring-stage dormancy as expected (Figure 2). In contrast, following
pyrimethamine exposure, the ring-stage parasites continued devel-
opment into late schizogony, where the drug effect was maximal.
Interestingly, pyrimethamine exposure also reduced parasitaemia
in the cultures similarly to dihydroartemisinin, and this effect
was followed by subsequent recrudescent growth (Figure 1).
Recrudescence following pyrimethamine exposure has been previ-
ously described,?”*® yet the mechanism by which the parasite sur-
vives pyrimethamine exposure is not known. By examining the
artemisinin-resistant (C9) or -susceptible (D6) clone morphology fol-
lowing drug exposure, we discovered that pyrimethamine induced
ring-stage dormancy in the subsequent cycle of development
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Figure 1. Recrudescence following antimalarial drug exposure. Recrudescence following four exposures to dihydroartemisinin or pyrimethamine was
assessed by microscopy of Giemsa-stained blood smears. Asynchronous artemisinin-resistant (C9) and parent D6 ring-stage parasites were co-cultured
1:1 and exposed to 700 nM dihydroartemisinin or 10 uM pyrimethamine for 48 h; data for sham exposure with 0.25% DMSO are not shown. C9 and the
mixed culture recovered up to 2-3 days earlier than D6 when exposed to dihydroartemisinin. When exposed to pyrimethamine mixed culture,

recrudescence was similar to that of drug-susceptible D6 in monoculture.

after drug exposure. That is, the parasites were not arrested in the
first ring stage when drug was applied, but following development
to mature schizonts, some schizonts successfully produced mero-
zoites that invaded new erythrocytes and then arrested as dormant
ring stages (Figure 2). The morphologies of pyrimethamine-
and dihydroartemisinin-induced dormant rings were similar, as
was the period of dormancy induced by both drugs following 48 h
of exposure. This is the first demonstration of drug-induced

second-cycle dormancy by any antimalarial drug other than artemi-
sinin derivatives.

Drug susceptibility assays confirm resistance
phenotypes in competitive growth studies

The artemisinin-resistance phenotype in vitro was measured using
a modified assay that includes addition of [3H]hypoxonthine at the
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Figure 2. Pyrimethamine induces second-cycle ring-stage dormancy.
P. falciparum exposed to pyrimethamine enter ring-stage dormancy in
the subsequent life cycle of development. Late-stage parasites were
observed 24 h following 10 uM pyrimethamine exposure to ring-stage
parasites progressing the same as untreated parasites. Ring-stage
dormant parasites were observed 48 h after starting pyrimethamine
treatment. This is in contrast to ring-stage-induced dormancy by
dihydroartemisinin in which dormant parasites are observed 24 h
following 700 nM dihydroartemisinin exposure to ring-stage parasites.
PYR, pyrimethamine; DHA, dihydroartemisinin.

start of the assay when the drug is added??; pyrimethamine sus-
ceptibility was measured by traditional drug-susceptibility methods
in which [*H]hypoxanthine was added 24 h after the drug. By using
these drug susceptibility methods we were able to assess the
prevalence of artemisinin-resistance phenotypes in the fitness
competitive growth studies. We found that the mixed population
was equally resistant to artemisinin derivatives to the C9 resistant
clone by the end of the study after exposure to four pulse cycles of
dihydroartemisinin (Figure 3). Conversely, resistance was lost and
the mixed population was equally susceptible to D6 by the end of
study in the absence of dihydroartemisinin pressure or following
pyrimethamine exposures. Pure C9 resistant clones also main-
tained resistance to artemisinin derivatives in vitro in the presence
or absence of artemisinin drug pressure as expected (Figure 3).2?
Interestingly, the degree of C9 resistance to artemisinin derivatives
in vitro was similar to that of K13 propeller mutants from Cambodia
and Thailand.?® Sensitivity to pyrimethamine was maintained in
this experiment for all parasite cultures.

Prevalence of SNPs in competitive growth studies

Next we assessed the relative proportions of resistant and suscep-
tible genotypes in the parasite cultures following each drug or
sham exposure. Resistant and susceptible parasites in co-culture
were quantified by pyrosequencing SNPs previously identified in
artemisinin-resistant C9 (Figure S1). In this study we quantified
SNPs on chromosomes 3 (Pf3D7_0307600; conserved protein
with unknown function), 7 (Pf3D7_0700900; RESA-like protein,
pseudogene) and 13 (Pf3D7_1343700, K13) to discriminate
between C9 and D6 genotypes in the competitive growth fitness
studies.

The Pf3D7_0307600 SNP allele frequency of mixed culture
reached almost 80% following recovery from dihydroartemisinin
exposure (Figure 4). Conversely in the absence of dihydroartemisi-
nin pressure, the percentage of the WT allele became increasingly
abundant over time. This was most likely due to artemisinin-
resistant parasites recovering from dihydroartemisinin-induced
dormancy faster than susceptible parasites??°; however, due
to apparent fitness costs associated with artemisinin resistance,
WT parasites outgrew resistant parasites in the absence of dihy-
droartemisinin exposure. C9 produces fewer merozoites than
D6,?? thus allowing D6 to outgrow C9 in the absence of artemisi-
nin pressure. These results suggest a positive, although not cau-
sal, association of the Pf3D7 0307600 SNP with artemisinin
resistance.

The apparent fitness costs of artemisinin resistance were further
evident in D6 and C9 monocultures treated with dihydroartemisinin
compared with pyrimethamine. C9 recovered from drug-induced
dormancy earlier than D6 only when exposed to dihydroartemisinin.
Furthermore, this was evident in the Pf3D7_0307600 SNP frequency
of the mixed culture immediately following recovery from
pyrimethamine-induced dormancy (Figure 4). There were 60% WT
alleles in co-cultures immediately following recovery, reaching 95%
when grown in the absence of drug pressure prior to the next pyri-
methamine exposure cycle. Artemisinin-resistant and -susceptible
parasites recovered similarly from pyrimethamine-induced ring-
stage dormancy. In addition Pf3D7_ 0307600 SNP frequency
increased in the mixed population remarkably quickly following a
dihydroartemisinin exposure cycle, yet diminished to nearly 100%
WT (D6) after just one exposure to drug.

We also assessed the prevalence of an SNP in Pf3D7_0700900
that was identified in C9. The prevalence of the Pf3D7_0700900
SNP was significantly reduced in the mixed culture by the end of
the study, with most parasites having WT sequence regardless of
drug exposure.

The prevalence of an SNP in K13 (Pf3D7_1343700) is of interest
given that previous studies demonstrated a correlation between
mutations in the propeller domains (>440 amino acids) of K13
with clinically relevant resistance that is expressed as a slow para-
site clearance phenotype in vivo. The SNP identified in the
artemisinin-resistant C9 clone results in a non-synonymous change
at amino acid 208 of K13 (E208K) that has not previously been
observed in the field and is outside the propeller domains asso-
ciated with artemisinin-resistance mutations. Interestingly, the
prevalence of Pf3D7_ 1343700 SNP in C9 and the mixed cultures
was similar to that observed for Pf3D7_0700900 (Figure 4). That
is, the WT allele appeared to increase in C9 or mixed cultures
after dihydroartemisinin exposures, and by the end of the study
the K13 SNP was no longer prevalent in any of the cultures exposed
to dihydroartemisinin. These results suggest that neither the
Pf3D7_1343700 nor Pf3D7_0700900 SNPs are strongly associated
with the artemisinin-resistance phenotype in vitro. It is important
to note that the SNP discrimination for the K13 SNP in mixtures
of D6 and C9 was not as good as that for the other SNPs
(see Figure S1), thus the SNP calls were binary (D6 or C9).

Pf3D7_1030100 copy number and artemisinin
resistance

The artemisinin-resistant C9 clone has two copies of a multigene
amplicon on chromosome 10%*; therefore we also assessed the
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Figure 3. Artemisinin-resistant phenotypes correlate with prevalence of resistant genotypes in mixed populations. In vitro drug susceptibility assays (n=2)
were performed on the clones before the experiment (pretreatment) and on the D6, C9 and mixed cultures following recovery from the fourth drug or sham
exposure. Reduced susceptibility of C9 to AL, artemisinin and dihydroartemisinin was observed in the absence of dihydroartemisinin exposure. The mixed
culture also demonstrated reduced susceptibility to artemisinin derivatives in the dihydroartemisinin-exposed groups, but not in the sham group or the
pyrimethamine-exposed group. PYR, pyrimethamine; QHS, artemisinin; DHA, dihydroartemisinin.

relative proportion of resistant and susceptible clones by copy
number analysis of Pf3D7_1030100, a pre-mRNA-splicing factor
ATP-dependent RNA helicase located within the amplified region
of chromosome 10. In this study, the artemisinin-resistant C9
clone maintained two copies of Pf3D7_1030100 in the presence
or absence of dihydroartemisinin or pyrimethamine drug pressure
over the course of the study (Figure 5). Once recovered from the
second dihydroartemisinin exposure, the mixed culture had two
copies of Pf3D7_1030100, but only one copy when exposed to
pyrimethamine or no drug pressure. In addition following the
fourth drug-exposure cycle, two copies of Pf3D7_1030100 were
found in mixed culture only when exposed to dihydroartemisinin.
These results suggest a positive association of increased
Pf3D7_1030100 copy number and the artemisinin-resistance
phenotype assessed by drug-susceptibility assays.

Discussion

Antimalarial drug exposure ultimately leads to the emergence of
resistant parasites. All too often resistance is selected quickly due
to SNPs in target genes or transporters or via amplification of
regions of the genome that confer an advantage for parasites
exposed to drugs. The ease and speed of resistance development
varies with the target, the specific chemotype of drug used, the
presence of preexisting cross-resistance and the duration of
exposure to the drug in vitro and in vivo. As resistant organisms
emerge, they have a competitive advantage over susceptible
organisms when exposed to the drug, yet often the genetic altera-
tions that confer resistance come at a cost to the parasite in the
absence of drug pressure. Therefore without drug pressure, the

less-fit resistant genotypes can be outcompeted by WT parasites.
In areas of low endemicity and high drug pressure (e.g. south-east
Asia), even the less-fit resistant genotypes can be selected for at
such a rate as to reach fixation in a population. An example of this
is stable chloroquine and pyrimethamine resistance in Thailand
where these drugs have not been used for primary treatment of
falciparum malaria in decades. Conversely, in high transmission
areas resistance may emerge multiple times, yet the relative
absence of drug pressure plus the massive genetic diversity of sus-
ceptible parasites mean that they outcompete the resistant para-
sites. Obviously this is a complex, yet critically important issue,
specifically for the future utility of artemisinin drugs. Resistance
has emerged in south-east Asia and some data suggest that
K13 mutations have emerged independently in both Asia and
Africa, although K13 mutations associated with slow clearance
in vivo have only been reported in Asia thus far."*° Clearly the rela-
tive fitness of artemisinin-resistance traits and the potential for
even soft selective sweeps of artemisinin-resistant P. falciparum
require urgent attention.

In this study we have assessed the fitness of an in vitro-selected
artemisinin-resistant clone in competitive growth experiments with
its isogenic parent (D6). The clear advantage of this approach is
that the clones are genetically homogenous with the exception
of SNPs and CNVs that arose during selection of resistance. In add-
ition we were able to use three SNPs and a CNV on chromosome 10
to quantify the resistant C9 genotype in relation to the susceptible
D6 parental clone. Finally we had a drug resistance phenotype that
allowed us to assess the relative shifts in population structure
and to correlate with the molecular markers. The results of the
competitive growth studies demonstrate a fitness advantage of
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Figure 4. Artemisinin-resistant allele frequency. Allele frequency of SNPs was assessed by pyrosequence analysis and is plotted as the percentage of WT (D6) SNP found at each timepoint
in the competitive growth experiment. Drug or sham exposures were for 48 h and are denoted as bars. The SNPs quantified were on chromosomes 3 (Pf3D7_0307600; conserved protein
with unknown function), 7 (Pf3D7_0700900; RESA-like protein, pseudogene) and 13 (Pf3D7_1343700, K13). The Pf3D7_0700900 and Pf3D7_1343700 SNPs were lost in C9 and the mixed
culture in the absence of dihydroartemisinin pressure. Conversely, the Pf3D7_0307600 SNP persisted throughout the study in C9 and the mixed culture exposed to dihydroartemisinin. The
K13 SNP was maintained in artemisinin-resistant C9 over four consecutive treatments plotted as proportion of WT allele. DHA, dihydroartemisinin; PYR, pyrimethamine.
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Figure 5. Increased copy number of Pf3D7_1030100 is associated with
artemisinin resistance in P. falciparum. The artemisinin-resistant clone (C9)
has an amplified region on chromosome 10 that includes Pf3D7_1030100,
a pre-mRNA-splicing factor ATP-dependent RNA helicase; therefore, the copy
number of Pf3D7_1030100 was analysed by real-time PCR (n=3) following
the second and fourth drug- or sham-exposure cycles in the competitive
fitness experiment. After recovery from the second exposure, one copy of
Pf3D7_1030100 was observed in the absence of dihydroartemisinin
exposure in mixed cultures. Artemisinin-resistant C9 maintained two copies
of Pf3D7_ 1030100 in the absence of artemisinin exposure. Co-cultured
parasites maintained two copies of Pf3D7_1030100 only when treated with
dihydroartemisinin.

the resistant parasite with infrequent pulse exposures to dihydroar-
temisinin. The period between drug exposures was either 21 or
42 days, which is equivalent to ~11 or 22 asexual parasite genera-
tions. Conversely, the artemisinin-resistant parasites incurred fit-
ness costs and were outcompeted in the absence of drug
pressure or with a drug that has a different mechanism of action
and resistance (pyrimethamine). These studies demonstrate for

the first time the relative fitness of artemisinin-resistant P. falcip-
arum and provide contextual information about the potential for
this resistance to spread.

There is no gold standard method for assessing antimalarial
drug fitness. The competitive growth experiments offer perhaps
the most direct comparison of fitness of resistant and susceptible
organisms at the level of the parasite.? This approach has been
used successfully to demonstrate fitness of cytochrome b and
pfmdr1 mutants using similar approaches™!’” and in some cases
to correlate with in vivo fitness.®!’ Despite the advantages of our
approach to assess fitness, there are some limitations that must
be considered. First the resistance mechanism(s) selected in C9
may differ from artemisinin-resistant genotypes that have
emerged in south-east Asia. The artemisinin-resistant parasites
in Asia have mutations in the propeller regions of K13 that are
associated with slow clearance in vivo; the in vitro-selected
clone has a K13 SNP, but it is not in the propeller region. Despite
this difference, the in vitro-selected clone (C9) expresses the same
degree of cross-resistance to several artemisinin derivatives in
vitro as artemisinin-resistant clones with K13 propeller SNPs.?°
These results suggest a similar mechanism of resistance that is
not associated with K13 SNPs. A direct comparison of resistant
and susceptible clones from Asia would provide an interesting
comparison with our results, but the inherently different growth
rates between isolates and the fact that some artemisinin-
resistant P. falciparum from Cambodia have altered asexual life
cycles?®3! will make competitive growth studies difficult to inter-
pret. More importantly the ultimate goal is to understand the rela-
tive fitness of artemisinin resistance in the clinic and how often
and how fast these resistant genotypes can emerge and spread.
Modelling studies of artemisinin use in south-east Asia suggest
that mostly effective drug coverage in this hypoendemic region
is rapidly selecting for the most resistant parasites and that the
“last man standing” will be the genotypes most resistant to
ACTs.*? Our data support this contention, especially since rela-
tively infrequent drug exposures are enough to give a fitness
advantage to the artemisinin-resistant parasite.

Interestingly, the best correlation of artemisinin resistance in our
study was with three measured phenotypes or genotypes: in vitro
drug susceptibility in a modified assay format; a CNV on chromo-
some 10; and an SNP in Pf3D7_0307600. In comparison, SNPs in
two other genes, including K13 in C9, were lost during the competi-
tive growth studies and appear to be unrelated to the artemisinin-
resistance phenotype. The C9 resistant clone was selected from
the D6 parent by numerous pulses of AL and artemisinin, followed
by recovery and growth before another drug-exposure cycle.
During this selection process a limited number of mutations were
observed in C9 versus D6.°%** These included the three SNPs and
the chromosome 10 CNV used to monitor resistant genotypes in
our study. It isimportant to note that SNPs or CNVs can arise in long-
term culture even in the absence of drug pressure*?; therefore, the
molecular markers we used could be neutral and not linked to the
resistance phenotype. That appears to be the case for the SNPs in
Pf3D7 1343700 and Pf3D7_0700900. The prevalence of these
SNPs decreased over time following exposure to dihydroartemisinin,
even though the artemisinin resistance phenotype persisted. In
contrast, the Pf3D7_0307600 SNP was linked to the artemisinin-
resistance phenotype and the CNV on chromosome 10. Further stud-
ies are required to determine whether the SNP in Pf3D7_ 0307600 is
causally associated with artemisinin resistance.
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Conversely, we identified a strong positive association of arte-
misinin resistance with a duplicated region on chromosome 10, as
exhibited by quantitative analysis of Pf3D7_1030100 copy num-
ber. The C9 clone maintained two copies of Pf3D7_ 1030100
throughout the study, in either the absence or the presence of
dihydroartemisinin or pyrimethamine drug pressure. In addition,
the increased copy number of Pf3D7_1030100 was selected for
in the mixed culture exposed to infrequent pulses of dihydroarte-
misinin. Furthermore, this molecular marker provided the best
correlation with resistance as assessed by in vitro drug susceptibil-
ity to four different artemisinin drugs (Figure 3). The association of
this CNV and the artemisinin resistance phenotype is intriguing,
yet we do not know if any of the genes in the amplicon have a dir-
ect role in conferring artemisinin resistance. In a previous study
of clonal variation in transcriptional responses, one stock of 3D7
had a 56 kb amplicon on chromosome 10 that covered from
Pf3D7_ 1028700 to Pf3D7_1030300 and increased expression
2-fold of five of six genes analysed within the duplicated region.**
This observation is interesting given that, in a different study, 3D7
was identified as having reduced susceptibility to artemisinin
drugs in vitro,*® although it is not known if that stock of 3D7
had a CNV on chromosome 10. The potential role of chromosome
10 CNVs in artemisinin resistance and dormancy certainly
deserves further study.

Exposure of ring stages of P. falciparum to artemisinin deriva-
tives induces a cell-cycle arrest that is time of exposure and dose
dependent. The drug-induced ring stages are known as dormant
rings given their ability to persist for days to weeks in a non-
replicating state before recovery and normal asexual growth
resumes. Previously we have confirmed artemisinin-induced dor-
mancy in both drug-resistant and drug-susceptible P. falcip-
arum.?*?° These dormant ring-stages have distinct physiological
differences from normal rings, as shown by up-regulation of fatty
acid and pyruvate metabolism?® and maintenance of mitochon-
drial membrane potential that is linked to the viability of dormant
rings.>® In this study we observed ring-stage dormancy with subse-
quent recrudescence following exposure of resistant, susceptible or
mixed cultures to both dihydroartemisinin and pyrimethamine.
Although recrudescence following pyrimethamine drug pressure
has been observed previously,”’*® the mechanism for parasite sur-
vival was not known. By observing parasite morphology following
pyrimethamine drug exposure, we observed for the first time induc-
tion of second-cycle ring-stage dormancy. The difference in induc-
tion of dormancy between dihydroartemisinin and pyrimethamine
is that only artemisinin drugs induce dormancy immediately upon
exposure to ring stages. Conversely, under pyrimethamine pressure
the rings progressed through the asexual cycle until late schizogony
(segmenters) when development was arrested in most parasites.
An unknown proportion of these segmenters produced viable mer-
ozoites that invaded new erythrocytes and then arrested as dor-
mant rings. Although our data suggest that a similar state of
ring-stage dormancy is induced by dihydroartemisinin and pyri-
methamine, additional studies are required to fully characterize
the pyrimethamine-induced dormant rings. Regardless, these
observations may explain the results of previous studies with pyri-
methamine?”?® and suggest a more broadly adaptive fitness
advantage of dormancy for parasite survival. We hypothesize
that ring-stage dormancy is a fitness trait that provides an
advantage to P. falciparum survival to stress, especially from anti-
malarial drugs. The potential role of second-cycle dormancy and

recrudescence in resistance development should be investigated
with additional antimalarial drugs.

The relative fitness associated with artemisinin resistance is of
critical importance, given our current reliance on ACTs as the first-
line therapy for malaria worldwide. Although new promising drugs
are in clinical trials, there are no new therapies that can immedi-
ately replace the loss of ACTs; therefore, fitness and its role in the
emergence and spread of this resistance trait need additional
scrutiny. What our data show is the fitness advantage of
artemisinin-resistant genotypes to survive and predominate the
population even in the face of infrequent drug exposure. What
we could not measure in this study are other important traits
that could enhance the spread of these genotypes. In particular,
the transmission potential of artemisinin-resistant P. falciparum is
of critical importance. Previous studies suggest enhanced trans-
mission potential of resistant parasites by earlier commitment
to produce gametocytes as well a competitive advantage of
resistant parasites to survive drug exposure long enough to trans-
mit the traits to the next generation. Clearly, if artemisinin-
resistant parasites are more fit to transmit to mosquitos, the
effects we observed will be amplified in the field. These are intri-
guing biological questions that more importantly have immediate
relevance to the malaria elimination and eradication efforts. Data
from these competitive fitness studies offer an opportunity to
model the fitness of artemisinin resistance and to begin to assess
these fitness advantages and costs in vivo.
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