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Abstract

The emergence of drug resistance continuously threatens global control of infectious diseases, including malaria caused
by the protozoan parasite Plasmodium falciparum. A critical parasite determinant is the P. falciparum chloroquine
resistance transporter (PfCRT), the primary mediator of chloroquine (CQ) resistance (CQR), and a pleiotropic modulator
of susceptibility to several first-line artemisinin-based combination therapy partner drugs. Aside from the validated CQR
molecular marker K76T, P. falciparum parasites have acquired at least three additional pfcrt mutations, whose contri-
butions to resistance and fitness have been heretofore unclear. Focusing on the quadruple-mutant Ecuadorian PfCRT
haplotype Ecu1110 (K76T/A220S/N326D/1356L), we genetically modified the pfcrt locus of isogenic, asexual blood stage
P. falciparum parasites using zinc-finger nucleases, producing all possible combinations of intermediate pfcrt alleles. Our
analysis included the related quintuple-mutant PfCRT haplotype 7G8 (Ecu1110 + C72S) that is widespread throughout
South America and the Western Pacific. Drug susceptibilities and in vitro growth profiles of our combinatorial pfcrt-
modified parasites were used to simulate the mutational trajectories accessible to parasites as they evolved CQR. Our
results uncover unique contributions to parasite drug resistance and growth for mutations beyond K76T and predict
critical roles for the CQ metabolite monodesethyl-CQ and the related quinoline-type drug amodiaquine in driving
mutant pfcrt evolution. Modeling outputs further highlight the influence of parasite proliferation rates alongside gains
in drug resistance in dictating successful trajectories. Our findings suggest that P. falciparum parasites have navigated
constrained pfcrt adaptive landscapes by means of probabilistically rare mutational bursts that led to the infrequent
emergence of pfcrt alleles in the field.

Key words: Plasmodium falciparum malaria, drug resistance, evolutionary genetics, transfection, chloroquine, pfcrt
chloroquine resistance transporter.

Introduction (CQ), as validated through genetic linkage (Su et al. 1997)

Drug resistance in Plasmodium parasites continuously threat-
ens global efforts to control malaria, a leading infectious cause
of human morbidity and mortality. Malarial disease is caused
by asexual intraerythrocytic protozoan parasites belonging to
the genus Plasmodium, with life-threatening cases largely at-
tributed to infection with Plasmodium falciparum (White
et al. 2014). Among the most critical parasite determinants
of existing and emerging antimalarial drug resistance is the
P. falciparum chloroquine resistance transporter (PfCRT), a
424-peptide transmembrane protein with putative involve-
ment in nutrient transport and osmotic balance across the
parasite digestive vacuole (DV) membrane (Roepe 20171;
Ecker et al. 2012). Fittingly named for its direct role in con-
ferring resistance to the quinoline-type drug chloroquine

and allelic exchange (Fidock et al. 2000) studies, PfCRT has
gained recognition as a multidrug resistance transporter with
pleiotropic effects on parasite susceptibility to multiple first-
line antimalarials (Ecker et al. 2012; Park et al. 2012; Petersen
et al. 2015).

Coinciding with the demise of the short-lived Malaria
Eradication Program, the arrival of CQ resistance (CQR) her-
alded a dramatic increase in severe malaria cases (Trape
2001). A significant association between CQR and pfcrt was
observed in microsatellite typing studies of parasites isolated
during this period, which detected four distinct geographical
origins of CQR, namely Southeast Asia (with subsequent
spread into Africa), the Western Pacific, and two foci in
South America (Wootton et al. 2002). Factors that likely
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sustained subtherapeutic levels of CQ in the population and
thus facilitated the evolution of CQ-resistant pfcrt alleles in-
clude aggressive deployment of CQ as a monotherapy and
unregulated use of prophylactic chloroquinated salts (Payne
1988). Despite the setback of resistance to the eradication
campaign, CQ played a monumental role in reducing the
global burden of malaria (Wellems 2002). CQ continues to
be employed for the treatment of uncomplicated P. falcipa-
rum malaria in regions with no or low-level CQR (Okech et al.
2015) as well as to treat infection with the related malarial
parasite Plasmodium vivax (Amaratunga et al. 2014).

Mechanistically, CQ interacts with host hemoglobin-de-
rived heme in the DV, where it inhibits detoxification of
heme species that are otherwise toxic to parasites
(Combrinck et al. 2013). Mutant PfCRT facilitates CQR by
reducing the ability of CQ to access its heme target (Fitch
2004; Roepe 2009). This is accomplished by mutant PfCRT-
mediated CQ efflux out of the DV and may be further attrib-
uted to modulation of PfCRT native function (Roepe 2011;
Ecker et al. 2012; Summers et al. 2012). Chemical and molec-
ular features shared among clinically employed antimalarials,
including constituents of the first-line artemisinin-based com-
bination therapies (ACTs), collectively include the presence of
a CQ-like structural scaffold, accumulation of drug in the DV,
inhibition of heme detoxification, and/or drug activation via
heme (Hawley et al. 1998; Eastman and Fidock 2009).
Consistent with their ability to alter DV physiology, pfcrt al-
leles modulate susceptibility to the first-line ACTs and are
selected either for or against depending on the specific
drug regimen (Ecker et al. 2012). This is underscored by a
recent meta-analysis of the clinical efficacy of two widely
employed ACTs, artesunate-amodiaquine (AS-AQ) and arte-
mether-lumefantrine (ATM-LUM), which revealed a reduc-
tion in time to reinfection for parasites encoding mutant
PfCRT in patients treated with AS-AQ, and vice versa for
ATM-LUM (Venkatesan et al. 2014). Monitoring resistance
to ACT partner drugs is paramount due to the very short half-
lives of artemisinins, which leave their long-acting partner
drugs solely responsible for clearing any remaining parasites
(White 2008). Intriguingly, in vitro and field studies indicate
that pfcrt mutations may even modulate parasites’ suscepti-
bility to artemisinins themselves (Sidhu et al. 2002; Henriques
et al. 2014; Miotto et al. 2015).

Molecular and epidemiological investigations of the effect
of drug pressure on the pfcrt locus have historically centered
on a single-nucleotide polymorphism (SNP) encoding a ly-
sine-to-threonine substitution (K76T) that is highly prevalent
among CQ-resistant parasites (Ecker et al. 2012). In parasites
expressing CQ-resistant pfcrt alleles, targeted genetic rever-
sion of PfCRT K76T back to the wild-type residue abolished
CQR and its characteristic reversibility by the calcium channel
blocker verapamil (VP), in part by enhancing access of CQ to
its heme target (Lakshmanan et al. 2005). In line with these in
vitro findings, K76T has been associated with in vivo CQR and
has served as a sensitive, although not highly specific,
marker of CQ treatment failure (Djimde et al. 2001;
Goswami et al. 2014), in part due to pre-existing host immu-
nity in areas with high transmission (Djimde et al. 2003).

Mutant pfcrt-mediated CQR can also be augmented by sec-
ondary factors, including mutant pfmdr1 (Sa et al. 2009; Patel
et al. 2010). Of note, geographically distinct CQ-resistant iso-
lates consistently harbor at least three PfCRT mutations in
addition to K76T (Ecker et al. 2012; Summers et al. 2012; Baro
et al. 2013). These have been conventionally described as
compensatory mutations that arose to preserve the essential
function of PfCRT (Waller et al. 2003), although their precise
contributions to parasite drug resistance and fitness have not
been defined.

Antimalarial drugs exert selective pressures on multiple fac-
ets of the parasite life cycle, which collectively determine par-
asite fitness (Mackinnon and Marsh 2010; Rosenthal 2013).
Among these are growth of intraerythrocytic parasites, mos-
quito transmissibility, and within-host virulence, each of which
is influenced by the parasite’s pfcrt genotype (Ord et al. 2007;
Ecker et al. 2011; Mharakurwa et al. 2013; Lewis et al. 2014;
Tukwasibwe et al. 2014; Petersen et al. 2015). A notable exam-
ple is the mutational status of PfCRT residues 72-76 and its
association with the outcome of CQ cessation programs in
regions with high-level CQR. In regions in Africa (Mwai et al.
2009; Laufer et al. 2010; Mekonnen et al. 2014) and Asia (Wang
et al. 2005; Chen et al. 2008), where the CVIET PfCRT haplotype
(residues 72-76) predominates among CQ-resistant parasites,
removal of CQ pressure promoted regional resurgences of CQ-
sensitive parasites encoding the fitter, wild-type (CVMNK)
PfCRT haplotype. In contrast, in South America (Vieira et al.
2004; Gama et al. 2009; Griffing et al. 2010; Adhin et al. 2013)
and in select regions elsewhere (de Almeida et al. 2009; Mallick
et al. 2012; Khattak et al. 2013; Tan et al. 2014), the predom-
inant mutant PfCRT haplotype, SVMNT, persists despite a de-
cline in CQ use. The prospect that this haplotype is less
deleterious to parasites than CVIET (Sa and Twu 2010) is sup-
ported by recent in vitro studies, in which isogenic intraeryth-
rocytic parasites expressing the CVIET-encoding Dd2 pfcrt allele
demonstrated a higher fitness cost than parasites expressing
the SVMNT-encoding 7G8 pfert allele (Petersen et al. 2015).
Accordingly, as they acquire drug resistance—conferring muta-
tions, parasites traverse discrete adaptive landscapes, defined as
an organism’s fitness as a function of the mutational events
incurred (Olson-Manning et al. 2012). The ability to ascertain
evolutionary histories of pfcrt alleles and identify predictable
mutational pathways would be of particular relevance to re-
gion-specific treatment recommendations, which are routinely
informed by pfcrt genotypes.

To date, the adaptive landscapes of drug resistance alleles
consisting of n mutations have been explored through rigor-
ous combinatorial approaches, in which an experimental
proxy for fitness is determined for all 2" possible mutational
intermediates and used to quantify the accessibility of the n!
possible stepwise evolutionary trajectories leading to the full-
length resistance allele (Poelwijk et al. 2007; Hartl 2014).
Subsequent comparison of accessible trajectories can illumi-
nate preferred mutational pathways and uncover epistatic
interactions between mutant residues that may constrain
the evolutionary potential of a gene of interest (Weinreich
et al. 2006; Kogenaru et al. 2009). For Plasmodium, such com-
binatorial analyses have not previously been performed for
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PfCRT and have been limited to heterologous expression
studies that explored the mutational acquisition of dihydro-
folate reductase—mediated antifolate resistance (Lozovsky
et al. 2009; Brown et al. 2010; Costanzo et al. 2011; Jiang
et al. 2013).

The feasibility of mapping mutational trajectories accessi-
ble to P. falciparum parasites is greatly facilitated by recent
advances in genome editing strategies (de Koning-Ward et al.
2015). In this study, we utilized pfcrt-specific zinc finger nu-
cleases (ZFNs) to conduct a combinatorial genetic dissection
of the CQ-resistant South American pfcrt allele Ecu1110 dur-
ing the pathogenically relevant parasite asexual blood stage.
Consisting of the fewest number of mutations observed in a
CQ-resistant parasite, the Ecu1110 PfCRT haplotype (K76T,
A220S, N326D, I356L) is closely related to the highly prevalent
7G8 haplotype, which differs by the presence of a single ad-
ditional mutation (C72S). Here, we profiled the drug suscep-
tibility and in vitro growth of isogenic parasites expressing all
possible pfcrt alleles spanning the evolutionary transition
from CQ-sensitive (wild-type) to CQ-resistant (Ecu1110), as
well as the CQ-resistant pfcrt allele 7G8. These experimentally
derived genotype-phenotype relationships were subse-
quently applied to an evolutionary model in order to probe
the adaptive landscape of parasites as they acquire drug re-
sistance. This is the first combinatorial description of the
trade-offs experienced by P. falciparum parasites as they ac-
quire mutations in the pfcrt gene, a core determinant of an-
timalarial drug resistance.

Results

Generation of a Combinatorial Panel of pfcrt Alleles in
Isogenic Plasmodium falciparum Parasites

Surveys of PfCRT haplotypes in geographically distinct CQ-
resistant isolates of P. falciparum indicate that CQR requires
at least four mutations, namely K76T and at least three
accompanying nonsynonymous mutations (Ecker et al.
2012). Although this suggests that CQ-resistant parasites
necessitate compensatory mutations to maintain PfCRT
function, several key questions remain unanswered: Which
SNPs directly influence drug resistance, which neutralize
fitness costs, and which contribute in both regards? Are
there predictable mutational trajectories in the evolution
of PfCRT-mediated drug resistance? To address these ques-
tions, our study centered on the CQ-resistant Ecuadorian
pfcrt allele Ecu1110 (Fidock et al. 2000), which harbors four
mutations and is therefore amenable to a comprehensive
dissection of the genetic determinants of parasite drug re-
sistance and fitness.

To perform a combinatorial analysis of pfcrt, we used ZFNs
(supplementary fig. S1, Supplementary Material online) to
genetically engineer a series of intraerythrocytic parasites
encoding all 16 combinations of the 4 mutations that com-
prise the Ecu1110 allele. These are K76T, A220S, N326D, and
1356L, which we respectively refer to as Ecup, Ecug, Ecuc, and
Ecup, with the quadruple-SNP Ecu1110 haplotype repre-
sented as Ecuagcp (table 1). Due to the slow growth of the
Ecu1110 parasite strain in culture, we introduced the full set
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Table 1. Summary of PfCRT Haplotypes.®

PfCRT Residue
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PfCRT haplotype 356

GCo03 (wild-type)
Ecup

Ecug

Ecuc

Ecup

Ecuag

Ecuac

ECUAD

Ecugc

Ecugp

ECUCD

Ecuapc

Ecuapp

Ecuacp

Ecugcp

Ecu1110 (Ecupagcp)
7G8
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*Mutations different from the GC03 (wild-type) PfCRT haplotype are indicated in
gray. DNA substitutions encoding each PfCRT mutation are as follows:

C72S: TGT—AGT; K76T: AAA—ACA; A220S: GCC—TCGC; N326D: AAC—GAG
1356L: ATA—=TTA.

of combinatorial alleles into the South American recipient
strain 7G8. This line is derived from a Brazilian clinical isolate
(Burkot et al. 1984) and has been successfully used to modify
the pfcrt locus in recent ZFN-based studies (Pelleau et al.
2015). The highly prevalent, quintuple-SNP 7G8 PfCRT hap-
lotype is distinguished from Ecu1110 PfCRT by one additional
mutation (C72S; table 1) and was included in our allelic panel.
This parasite line, 7G8”“® (recombinant pfcrt allele indicated
in superscript), served as a control for ZFN-based modifica-
tion of pfcrt and was comparable with genetically unedited
7G8 parasites with regard to CQ susceptibility and growth
rates.

Our ZFN-based genetic engineering strategy is depicted
in supplementary figure. S1A, Supplementary Material on
line. Briefly, we constructed a donor plasmid for each com-
binatorial pfcrt allele (table 1), which was transfected into
7GS8 recipient parasites. Donor plasmid-enriched parasites
were subsequently transfected with a plasmid encoding
pfert-specific  ZFNs  that were previously validated
(Straimer et al. 2012). Homology-directed repair of DNA
breaks catalyzed by these ZFNs yielded the recombinant
pfert  locus  (supplementary fig. S1B, Supplementary
Material online). For each recombinant line, two individual
clones were isolated for subsequent analysis. Genetic editing
of the pfcrt locus was evaluated by diagnostic polymerase
chain reactions (supplementary fig. S1C, Supplementary
Material online), followed by sequencing of parasite
genomic DNA and cDNA using primers listed in supplemen
tary table S1, Supplementary Material online. Additionally,
pfert sequence integrity was monitored in all recombinant
parasite lines throughout the duration of all assays.
Phenotypic differences between parasite strains were not
attributable to levels of PfCRT expression (supplementary
table S2, Supplementary Material online).
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Effect of pfcrt Combinatorial Alleles on Parasite

CQ Susceptibility

To evaluate the contribution of PfCRT SNPs to parasite
resistance to CQ and its primary active metabolite, monode-
sethyl-CQ (md-CQ), we subjected our panel of pfcrt-modified
(table 1) isogenic parasite lines to flow cytometry-based drug
susceptibility assays and determined drug inhibitory concen-
trations that cause 50% (ICso) and 90% (ICqo) inhibition of
parasite growth. We also analyzed the genetically unmodified
reference lines GC03, Ecu1110, and 7G8 (corresponding
PfCRT haplotypes listed in table 1). Antimalarial 1C5, and
ICyo values are summarized in supplementary tables S3 and
S4, Supplementary Material online, respectively. For all strains
tested, drug responses were compared against those of iso-
genic 7G8““® parasites, which encode the wild-type (GC03)
pfert allele (table 1).

Our drug susceptibility findings for CQ (fig. 1A) and md-
CQ (fig. 1B) revealed that the CQR-associated mutation K76T
is insufficient for parasite CQR. Intriguingly, as compared with
7G8““® parasites, 7G85"* parasites exhibited significant md-
CQ hypersensitivity (mean 1Cs, values of 20.9 and 15.1nM,
respectively; supplementary table S3, Supplementary Material
online), highlighting a critical role for mutations beyond K76T
in conferring CQR. This is further corroborated by the md-CQ
responses of multiple lines with PfCRT haplotypes lacking
K76T (768EcuC’ 7GSECUD, 7GSECUBC, 768ECUCD, 7GSECUBCD),
which showed modest (1.5- to 2.5-fold) yet significant eleva-
tions in md-CQ ICs, as compared with 7G8o3 parasites (fig.
1B and supplementary table S3, Supplementary Material on
line). The reduced md-CQ susceptibility of these lines was
accentuated at the ICy, level (supplementary table S4,
Supplementary Material online).

To dissect the impact of specific SNPs on parasite drug
resistance, we compared the drug responses of PfCRT haplo-
type pairs differing at only one residue. For every combinato-
rial PfCRT haplotype, we determined the successive
contribution of each Ecu1110 PfCRT-specific SNP to CQ
and md-CQ resistance (supplementary table S5,
Supplementary Material online). We considered all instances
in which mutational acquisition conferred a significant
change in CQ or md-CQ IC5q as compared with the precursor
PfCRT haplotype. Invariably, in all such instances, Ecuc N326D
served to increase drug resistance. Ecup I1356L similarly con-
ferred increased drug resistance, with one exception
(Ecuc—Ecucp; supplementary table S5, Supplementary
Material online), whereby it decreased md-CQ resistance. In
contrast, Ecug A220S only increased resistance in the context
of triple-SNP PfCRT haplotypes, while conferring decreased
md-CQ resistance for double-SNP haplotypes. The muta-
tional milieu was likewise important for Ecu, K76T, which
decreased drug resistance for haplotypes leading up to the
triple-SNP stage, at which point it conferred increased resis-
tance. In addition, as compared with Ecuagcp, we observed
significantly increased CQ (fig. 1A; P < 0.001) and md-CQ (fig.
1B; P < 0.01) IC5q values for 7G8 PfCRT, indicating a direct
role for C72S, the sole distinction between these two haplo-
types (table 1).

A characteristic trait of in vitro parasite CQR is its revers-
ibility by VP, which was previously linked to the parasite pfcrt
locus via quantitative trait loci mapping (Patel et al. 2010). To
examine the roles of specific pfcrt mutations on VP reversibil-
ity of CQR, we assessed parasite susceptibility to CQ in the
presence or absence of 0.8 UM VP and computed the CQ
response modification index (RMI), defined as the ratio be-
tween the ICs, for CQ plus VP and the ICs, for CQ alone (fig.
1C and supplementary table S6, Supplementary Material on
line). Consistent with published VP reversibility profiles (Sa
et al. 2009), Ecu1110 and 7G8 reference parasites exhibited
comparable VP chemosensitization of CQR (1.5- to 1.9-fold
reductions in CQ RMI relative to the CQ-sensitive line GC03).
This finding was recapitulated by isogenic parasites expressing
the corresponding pfcrt alleles (1.7- to 1.8-fold reductions in
CQ RMI for 7G85“*BP and 7G8’® relative to 7G8°%).
Moreover, we noted direct roles for K76T and N326D in
the VP reversibility effect, as the mutational acquisition of
Ecup K76T by the Ecugcp PFCRT haplotype and the acquisi-
tion of Ecuc N326D by the Ecuagp haplotype both conferred
VP-reversible CQR to parasites encoding the resulting
Ecuapcp haplotype (P < 0.01 for both trajectories).

Effect of pfcrt Combinatorial Alleles on Parasite
Susceptibility to ACT Component Drugs
In view of the role of PfCRT as a determinant of parasite
multidrug resistance (Ecker et al. 2012), we investigated the
influence of combinatorial PfCRT haplotypes on parasite sus-
ceptibility to the artemisinin compound AS and the ACT
partner drugs AQ and LUM (fig. 2 and supplementary tables
S3 and S4, Supplementary Material online), which comprise
the widely used ACT formulations AS-AQ and ATM-LUM
(Eastman and Fidock 2009). The quinoline-type antimalarial
AQ is of particular interest due to its historical use in regions
with parasites harboring the Ecu1110 and 7G8 pfcrt alleles (Sa
and Twu 2010). Focusing on the clinically relevant metabolite
of AQ, monodesethyl-AQ (md-AQ), we observed substantial
overlap between parasites’ susceptibility to md-AQ (fig. 2A
and supplementary table S3, Supplementary Material online)
and md-CQ (figz 1B and supplementary table S3,
Supplementary Material online). This is consistent with
cross-resistance between CQ and AQ that is mediated in
part by PfCRT variants (Ecker et al. 2012). Similar to our re-
sults for CQ, K76T was insufficient to confer md-AQ resis-
tance (fig. 2A and supplementary table S3, Supplementary
Material online). Of note, an important role in mediating
md-AQ resistance was uncovered for Ecuc N326D, as acqui-
sition of N326D by any PfCRT haplotype lacking this muta-
tion consistently conferred elevated md-AQ ICsy and/or I1Cy,
values (supplementary tables S3 and S4, Supplementary
Material online). As 7G8’“® parasites showed significantly
higher md-AQ ICs, values than 7G8"***P parasites (P <
0.01), we also identified a contributory role for PfCRT C72S in
md-AQ resistance.

Treatment of parasite lines with the arylaminoalcohol
drug LUM yielded more subtle differences in drug response
(fig. 2B and supplementary table S3, Supplementary
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Fic. 1. CQresistance profiles of pfcrt-modified and reference parasite lines. Parasite growth inhibition was determined by flow cytometry after 72 h
exposure to serial dilutions of (A) CQ, (B) md-CQ, or (C) CQ in the presence or absence of 0.8 1tM VP. Bar graphs represent (A, B) mean * SEM 1Cs,
values or (C) mean = SEM CQ RMI values, equivalent to (ICso for CQ + VP)/(ICs, for CQ only). Results encompass 5-15 independent assays
conducted in duplicate. Statistical differences were determined via nonparametric Mann—Whitney U tests, using the mean ICs, value of wild-type
pfert-expressing 7G8°“°% parasites (dotted black line) as the comparator. The total number of pfcrt mutations encoded by parasite lines is
indicated in gray. When applicable, the y-axis was split to illustrate subtle, statistically significant differences in 1Cs, values. 1Cs, 1Coo, and CQ RMI
values are summarized along with corresponding statistical tests in supplementary tables S3, S4, and table S6, Supplementary Material online,
respectively. *P < 0.05; **P < 0.01; **P < 0.001. ***P < 0.0001.
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Material online). Compared with the 7G8“** line, we ob-

served a modest (1.4-fold), although significant, increase in
LUM susceptibility for 7G8”® parasites, in line with previous
reports that CQ-resistant PfCRT haplotypes confer in-
creased LUM susceptibility (Sisowath et al. 2009). We attrib-
ute the constricted range of observed LUM ICs, values to
the high sensitivity of the 7G8 genetic background to LUM
at baseline (Petersen et al. 2015). Our LUM susceptibility
findings nevertheless illustrate that pfcrt mutations exert
opposing forces on parasite LUM resistance (e.g,
7G85“A8C and 7G8F™ respectively, showed elevated and
reduced LUM IC, values, as compared with 7G8““%,; fig. 2B
and supplementary table S3, Supplementary Material
online).

Consistent with previous in vitro investigations (Sidhu
et al. 2002), our collection of combinatorial pfcrt alleles mod-
ulated parasite susceptibility to the artemisinin compound
AS (fig. 2C and supplementary table S3, Supplementary
Material online). As anticipated, full-length mutant pfcrt al-
leles significantly increased AS sensitivity (1.5- to 1.7-fold de-
crease in AS ICs, for 7G8"“**® and 7G8’® as compared
with 7G8°<%). Interestingly, K76T was sufficient to confer
increased parasite AS sensitivity (1.6-fold decrease in AS
ICs, for 7G85“* vs. 7G8“%). Additionally, increased parasite
AS resistance was afforded upon acquisition of Ecup 1356L,
with two distinct mutational trajectories (Ecuag—Ecuagp
and Ecupc—Ecupcp; fig. 2C and supplementary table S3,
Supplementary Material online) conferring significant eleva-
tions in AS ICs, values (P < 0.01 and P < 0.05, respectively).

Effect of pfcrt Combinatorial Alleles on In Vitro
Parasite Growth

As organisms acquire mutations in response to drug pressure,
they experience fitness constraints that affect the course of
their adaptive evolution. Accordingly, we evaluated the im-
pact of our set of combinatorial pfcrt alleles on the in vitro
growth of intraerythrocytic parasites, which serves as a proxy
for fitness (Hartl 2014; Hughes and Andersson 2015). To ini-
tiate the growth assays, we seeded cocultures with equal (1:1)
proportions of CQ-sensitive (wild-type pfcrt) green fluores-
cent protein (GFP)-positive (GFP™") reporter parasites and
pfert-modified  GFP-negative  (GFP™)  test  parasites.
Cocultures were established in the absence or presence of a
sublethal dose of CQ (7.5nM; 0.5 x CQ ICs, of CQ-sensitive
reporter line). Using flow cytometry, we regularly determined
the proportion of coculture expressing the test pfcrt allele
(GFP™ parasite population). The relative proportions of par-
asite populations were recorded every third day for ten gen-
erations (supplementary fig. S2A, Supplementary Material
online), natural log-transformed (supplementary fig. S2B,
Supplementary Material online), and subjected to a linear
regression analysis (Hartl 2014; Petersen et al. 2015). To quan-
tify parasite fitness costs, we derived the relative fitness (') of
a given parasite line as compared with isogenic, wild-type
pfcrt-expressing parasites (7G8““%%) in the absence of drug
pressure and computed the per-generation selection coeffi-
cient (s) for each line as per the relationship s = @’ — 1. Thus,
as compared with the wild-type pfcrt allele, s = 0,s > 0,and s

< 0 signify alleles that are selectively neutral, advantageous,
and disadvantageous, respectively.

As compared with the 7G8““®® parasite line, our isogenic,
pfcrt-modified parasites exhibited various degrees of in vitro
fitness (range of mean s values: —0.26 to 0.11), with the ma-
jority of pfcrt alleles conferring comparable (s = 0) or inferior
(s < 0) relative fitness (fig. 3 and supplementary table S7,
Supplementary Material online). A notable exception was
the Ecupap haplotype, which demonstrated significantly en-
hanced relative fitness (s = 0.07-0.11, i.e, 7-11% growth ad-
vantage per parasite generation). Although we did not
observe a selective advantage for any pfcrt alleles in the pres-
ence of 75nM CQ, this subtherapeutic CQ concentration
had a significantly deleterious impact on the growth of par-
asites encoding haplotypes Ecup, Ecug and Ecuag (fig 3 and
supplementary table S7, Supplementary Material online).
Notably, in this genetic background, PfCRT K76T was insuf-
ficient for CQR and had a deleterious impact on parasite
growth that was exacerbated by CQ. Interestingly, expression
of the full-length Ecu1110 PfCRT haplotype in the Ecu1110
genetic background was associated with a significant reduc-
tion in growth as compared with the 7G8 background
(14% per-generation growth disadvantage for Ecu1110 vs.
7G8 "M parasites, regardless of CQ pressure; P < 0.0001).
This suggests the presence of additional fitness-enhancing
genetic factors in the 7G8 genetic background.

We further examined the specific contribution of PfCRT
SNPs to in vitro parasite growth by identifying all instances
in which mutational acquisition conferred a significant
change in growth as compared with the precursor PfCRT
haplotype (supplementary table S8, Supplementary
Material online). In all such cases, K76T, A220S, and
N326D (Ecup, Ecug, and Ecug, respectively) had a deleterious
impact on parasite growth, with a single exception for Ecup
K76T (increased growth for Ecup—Ecuap; supplementary
table S8, Supplementary Material online). In contrast, Ecup
1356L consistently increased in vitro growth. Additionally, as
compared with Ecuagcp, 7G8 PfCRT conferred enhanced in
vitro growth (10% growth advantage per generation for
7G87%® vs. 7G8F“BP parasites, regardless of CQ pressure;
P < 0.0001). Thus, in this genetic background, the 7G8 hall-
mark mutation C72S (table 1) positively contributed to
both parasite drug resistance and growth rate.

Modeling the Evolution of pfcrt-Mediated CQR

The course of P. falciparum drug resistance evolution is
shaped by the adaptive landscapes parasites traverse as
they acquire drug resistance mutations. To further explore
pfert adaptive landscapes, we employed a modified compu-
tational model based on previously established algorithms
(Lozovsky et al. 2009; Brown et al. 2010; Kumpornsin et al.
2014), as detailed in Materials and Methods. Briefly, experi-
mentally derived drug resistance and growth data for isogenic
parasites encoding all pfcrt alleles spanning the transition
from CQ-sensitive (wild-type; GC03) to CQ-resistant
(Ecu1110) were used to simulate adaptive landscapes, and
the mutational pathway accessibility was subsequently deter-
mined for each landscape. Pathways were deemed accessible
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Fic. 2. Susceptibility of pfcrt-modified and reference parasite lines to first-line antimalarial compounds md-AQ, LUM, and AS. Parasite growth
inhibition was determined by flow cytometry after 72 h exposure to serial dilutions of (A) md-AQ, (B) LUM, or (C) AS. Bar graphs indicate mean
ICso values == SEM, as determined in 4-17 independent assays conducted in duplicate. Statistical differences were determined via nonparametric
Mann-Whitney U tests, using the mean ICs, value of wild-type pfcrt-expressing 7G8°“%® parasites (dotted black line) as the comparator. The total
number of pfcrt mutations encoded by parasite lines is indicated in gray. When applicable, the y-axis was split to illustrate subtle, statistically
significant differences in 1Csq values. 1Csy and 1Cqq values, numbers of assays, and corresponding statistical tests are summarized in supplementary
tables S3 and S4, Supplementary Material online. *P < 0.05; **P < 0.01; **P < 0.001. ****P < 0.0001.
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Fic. 3. In vitro growth of pfcrt-modified and reference parasite lines.
To assess parasite in vitro growth, cocultures initially consisting of a
1:1 ratio of a single GFP™ test (recombinant or reference) line and a
GFP " reporter line (R°") were monitored by flow cytometry for ten
generations. Three independent assays were conducted in duplicate
in the absence or presence of a sublethal dose of CQ (7.5 nM, equiv-
alent to 0.5 x CQ ICs, of CQ-sensitive R°™ line). The per-generation
selection coefficient (s) for each test strain was derived from parasite
growth curves (supplementary fig. S2, Supplementary Material on
line), as detailed in Materials and Methods. Shown are
mean % SEM s values for lines subjected to no drug or 7.5nM CQ.
The total number of pfcrt mutations encoded by parasite lines is
indicated in gray. Mean s values as well as results of interstrain and
intrastrain statistical tests are summarized in supplementary table S7,
Supplementary Material online.

only if each mutational step led to a progressive increase in
the total fitness (f7) of parasites. In our evolutionary model, f+
is composed of normalized parasite growth (fc) and drug
resistance (fp) indices as per the relationship fr = dafp +
(1—a)fc, where f represents normalized 1Cs, values, f; rep-
resents normalized relative in vitro growth values (') in the
absence of drug, and the drug pressure coefficient a repre-
sents drug inhibitory level. In our simulations, fp and f¢ indices
were generated from normal distributions based on the
means and standard error of the means (SEMs) of pfert al-
lele-specific ICso and ' values, respectively. Our model con-
siders the role of drug pressure in facilitating CQR evolution
via the drug pressure coefficient a (range 0-1). Thus, selection
is based solely on parasite growth rates for a = 0 and on
parasite drug resistance for a = 1. Inspection of the parasite

growth index (f) plotted as a function of the drug resistance
index (fp) based on simulations performed for CQ and
md-CQ (fig. 4) revealed comparable trade-off profiles for
the parent drug and its active metabolite, with no significant
correlation observed between f; and fp, as per Pearson’s cor-
relation analysis (CQ: R> = 0.057, P = 0.37; md-CQ: R> = 0.15,
P = 0.13).

Evolutionary modeling was first performed to determine
the realization probabilities for the mutational pathways (p)
leading from wild-type to the full-length Ecu1110 pfcrt
allele via sequential acquisition of single mutations
(0—1—2—3—4; fig. 5A). Modeling was performed for a
range of drug pressure scenarios by varying the coefficient a
from 0 to 1in 0.1 increments. For every a value, each of 10°
adaptive landscapes was subjected to 10° evolutionary excur-
sions (10° total excursions), and mutational pathway realiza-
tion probabilities were recorded for modeling based on CQ
(fig. 5B) and md-CQ (fig. 5C) data. The it pathway absolute
realization probability (P;) was calculated from the formula
Ni/Neowar Where N; is the number of times that the simulations
achieve the Ecupagcp allele by traversing pathway i, and Ny is
the total number of runs (see Materials and Methods).
Pathway realization probabilities for evolutionary modeling
of CQ and md-CQ resistance are reported in supplementary
tables S9 and S10, Supplementary Material online, respec-
tively. For both drugs, p20 (fig. 5A) showed the maximum
realization probability, with a >10-fold increase in predictive
ability for the active metabolite as compared with the parent
drug (943 x 1077 for CQ vs 139 x 10> for md-CQ).
Highlighting the important interaction between parasite re-
sistance (fp) and growth (f¢) in dictating drug resistance evo-
lution, the highest realization probabilities in both cases
occurred for simulations in which total parasite fitness (f1)
was informed by both fp and f indices (a = 0.8).

Based on total pathway realization probabilities for both
CQ and md-CQ modeling, the top two Ecu1110 pfcrt evolu-
tionary pathways were p20 and p19 (supplementary tables S9
and S10, Supplementary Material online), which feature Ecup
I356L as the first mutation acquired (fig. 5A). Remarkably,
although accessible trajectories were observed for both path-
ways for a wide range of drug pressure scenarios (supplemen
tary fig. S3, Supplementary Material online), many excursions
through these pathways were inaccessible due to the exis-
tence of adaptive valleys (i.e, fr not progressively increasing),
as highlighted by plots of mean f; values encompassing all
adaptive landscapes generated in our analysis for both CQ
(fig. 5D) and md-CQ (fig. 5E) modeling. Our data show that, of
the 10’ total excursions simulated for each a value for the
0—1—2—3—4 mutational scenario, CQ-directed and md-
CQ-directed evolution of the full-length Ecu1110 pfcrt allele
was respectively supported by <9.4 x 10” and <14 x 10°
excursions, with no appreciable effect on total parasite fitness
(fr) until the three-SNP intermediate (Ecuagp Or ECUacp).

In the scenario of CQR evolution via sequential acquisition
of single mutations (0— 1—2—3—4), three distinct muta-
tional intermediates spanned the transition from wild-type to
Ecu1110 pfert. Given the apparent adaptive constraints asso-
ciated with this evolutionary course, we next explored
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FiG. 4. Trade-offs between parasite in vitro growth and drug resistance. For each pfcrt-modified strain, relative growth (fg) in the absence of drug
pressure was plotted as a function of the parasite’s relative resistance (fp) to CQ or md-CQ. Calculation of f; and f; is detailed in Materials and

Methods.

trajectories in which up to three mutations were acquired
simultaneously, thus requiring fewer intermediates. These
scenarios could occur with pre-existing alleles and/or with
pressure from other antimalarials. Evolutionary modeling
was performed as for the 0—1—2—3—4 mutational sce-
nario, with 10° total evolutionary excursions examined for
various drug pressure scenarios (range of a values: 0 to 1).
Results for CQ and md-CQ mutational pathways requiring
either two (0—1—2—4; 0—1—3—4; or 0—2—3—4) or
one (0—1—4; 0—2—4; or 0—3—4) intermediate steps are
illustrated in supplementary figs. S4 and S5, Supplementary
Material online, respectively. Pathway probabilities are listed
in supplementary tables S9 and S10, Supplementary Material
online. Consistent with our results for the 0—1—2—3—4
mutational scenario, the top realized pathways overwhelm-
ingly featured initial acquisition of Ecup 1356L and/or Ecuc
N326D. Notably, for both CQ and md-CQ modeling, muta-
tional sequences 0—1—3—4 and 0—3—4 vyielded realiza-
tion probabilities up to ~10°-fold greater than those for the
0— 1—2—3—4 scenario (e.g, compare total probabilities for
p1-24 and p71-p74 in supplementary tables S9 and S10,
Supplementary Material online). This suggests the possibility
that rare bursts of multiple mutations facilitated the emer-
gence of CQR-conferring pfcrt alleles.

Modeling of md-AQ-Directed pfcrt Evolution

Given the known cross-resistance between CQ and AQ and
the historical use of AQ in South America, where the Ecu1110
and 7G8 PfCRT haplotypes are common (see Discussion), we
also explored the impact of AQ drug pressure on Ecu1110
pfert evolution. Similar to the CQ and md-CQ evolutionary
modeling, we performed evolutionary modeling for md-AQ,
the primary active metabolite of AQ. Our results are shown in
supplementary figure S6, Supplementary Material online, for a
range of mutational scenarios, with pathway probabilities de-
tailed in supplementary table S11, Supplementary Material
online. Indicating extensive overlap between CQ and AQ in
directing pfcrt evolution, the majority (77.8%) of top path-
ways based on md-AQ modeling (supplementary table S11,
Supplementary Material online) coincided with top pathways
as identified by md-CQ modeling (supplementary table S10,
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Supplementary Material online). A role for md-AQ in aiding
pfert evolution is further evident from comparisons of total
realization probabilities associated with different quinoline-
type drugs (table 2). As compared with CQ and md-CQ, md-
AQ-directed pfcrt evolution yielded, respectively, upwards of
>10-fold and >100-fold increases in accessibility for the se-
quential, single-step mutational scenario (0—1—2—3—4;
see p23 in table 2). Similar to CQ and md-CQ, for scenarios
in which mutational intermediates were skipped due to si-
multaneous acquisition of more than one mutation, md-AQ-
directed evolution was comparably associated with a substan-
tial increase in pathway accessibility (e.g, compare p23 and
p73 in table 2 and compare total probabilities for p1-24 and
p71-p74 in supplementary table S11, Supplementary Material
online).

It is noteworthy that the CQR-conferring 7G8 pfcrt allele
remains the most prevalent allele in South America, despite
declines in CQ and AQ use in this region (Vieira et al. 2004; Sa
and Twu 2010). As 7G8 pfert is distinguished from the Ecu1110
pfert allele by the presence of a single additional mutation
(C72S; table 1), our modeling of Ecu1110 pfcrt evolution
may be used to draw inferences about the evolution of the
highly prevalent 7G8 allele. Collectively, our data indicate that,
in the 7G8 genetic background, PfCRT C72S confers increased
parasite resistance to the quinoline compounds CQ, md-CQ,
and md-AQ, while simultaneously enhancing parasite growth.
Thus, we postulate that the top mutational pathways identi-
fied for the evolution of Ecu1110 pfcrt also represent muta-
tional paths leading to the evolution of 7G8 pfcrt.

Discussion

In this study, we harnessed ZFN-based combinatorial genetics
and computational evolutionary modeling to probe the evo-
lutionary trajectories accessible to parasites as they acquire
mutations in the pfcrt gene, the primary determinant of CQR
and a key modulator of susceptibility to several currently
deployed antimalarials (Ecker et al. 2012). Our simulations
revealed pronounced biological constraints associated with
the evolution of Ecu1110 pfcrt, a prototypical CQ-resistant
allele comprised of four mutations, the smallest number re-
quired for resistance (Fidock et al. 2000). Among the
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Fic. 5. Modeling of CQ and md-CQ-directed pfcrt evolution. (A) Schematic of the 24 theoretical pathways (p1-p24) leading from wild-type
(GC03) to Ecu1110 (ABCD) PfCRT via the sequential (i.e, 0—1—2—3—4) acquisition of single mutations A, B, C, and D. These correspond to
Ecu1110 PfCRT constituent mutations K76T, A220S, N326D, and 1356L, respectively. Accessibility of mutational pathways for (B) CQ-directed and
(C) md-CQ-directed evolutionary modeling. Briefly, adaptive landscapes were simulated based on experimentally derived parasite drug resistance
and growth indices and used to quantify the realization probability for a given mutational pathway (see Materials and Methods). Simulations
explored the effect of drug pressure (a), from a = 0 (no pressure, i.e, growth rates fully dictate trajectory) to a = 1 (full pressure, i.e,, parasite
resistance fully dictates trajectory). Heat map color intensity corresponds to log;,-transformed pathway realization probability. Adaptive land-
scapes illustrating the interplay of total parasite fitness (fr), mutations acquired, and extent of drug pressure (a). With regard to the total realization
probability for all a values, the top two realized (D) CQ-directed and (E) md-CQ-directed mutational pathways are p19 and p20. Shown are
trajectories for each of these mutational pathways based on mean f values, which encompass the complete set of simulated adaptive landscapes
for each drug. Accessible (i.e., fr increases progressively) and inaccessible (i.e, fr valleys are present) trajectories are indicated by thick lines/circles
and dotted lines/crosses, respectively. Plots of representative accessible mutational trajectories are shown in supplementary figure S3,
Supplementary Material online.

pathways based on the sequential accumulation of single pfdhfr gene (supplementary table S12, Supplementary
mutations leading to the Ecu1110 allele, the maximum real- Material online) showed a maximum realization probability
ization probabilities for CQ and md-CQ resistance were, re- of ~3 x 1074 (Kumpornsin et al. 2014). These findings are
spectively, ~5 x 10~ and ~10~° (supplementary tables S9 consistent with historical records showing that the evolution
and S10, Supplementary Material online). In comparison, ear- of drug-resistant forms of pfcrt in natural parasite popula-
lier modeling of pyrimethamine resistance evolution medi- tions occurred more rarely than for mutant pfdhfr
ated by the sequential gain of up to four mutations in the (Wongsrichanalai et al. 2002).
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Table 2. Representative pfcrt Mutational Trajectories Accessible to Quinoline Drug Resistance Evolution.?

Mutational intermediates

Total realization probability

Pathway 0 1 2 3 4 cQ md-CQ md-AQ

p20 wT D AD ACD ABCD 28 % 10°° 38 x10°° 1.1x10°%
p23 wT D CD ACD ABCD 8.8 x 1077 32x10°° 1.5 x 107*
p47 wT D — ACD ABCD 23 x 1073 7.9 x 103 3.9 x 1072
p73 wT — — ACD ABCD 23x 107" 5.4 % 107" 51 x 10"

Note.—0-4, number of mutations comprising the given PfCRT haplotype; —, skipped mutational intermediate; WT, wild type (GC03); D, EcuD; AD, EcuAD; ACD, EcuACD;

ABCD, EcuABCD (Ecu1110).

*Total realization probabilities for the collectively most accessible mutational pathways (p) identified in modeling of CQ, md-CQ, and md-AQ resistance evolution (supple
mentary tables S9-511, Supplementary Material online). Shown are the two most accessible pathways for the 0—1—2—3—4 mutational scenario, as well as the most
accessible pathways for the 0—1—3—4 and 0—3—4 scenarios. PfCRT haplotypes are listed in table 1.

Our modeling of pfcrt evolution uncovered multiple adap-
tive valleys (fig. 5D and E) associated with the sequential ac-
quisition of single mutations, such that the gain of a
subsequent mutation generally constrained resistance evolu-
tion by reducing the total parasite fitness (fr). We conse-
quently examined scenarios in which two or more
mutations were acquired simultaneously. This analysis re-
vealed pathways with vast increases in accessibility (up to a
maximum total realization probability of ~2 x 10" and ~5
x 10~ for CQ and md-CQ, respectively; supplementary ta
bles S9 and S10, Supplementary Material online). As the fix-
ation of pfcrt alleles bearing one to three mutations has not
been documented in the field, we hypothesize that pfcrt-me-
diated CQR arose through mutational bursts with brief pe-
riods of intervening growth, whereby one or more mutations
were acquired and expanded during a short time window
prior to the acquisition of additional mutations. Based on
our combined ICs, and growth data, the most likely scenario
would be the near-simultaneous emergence of three to four
mutations. Although this would be an exceptionally infre-
quent event, we note several months of intermittent in vitro
pressure of a CQ-resistant P. falciparum strain (K1) with the
antimalarial halofantrine selected for a pfcrt variant with three
additional point mutations (Johnson et al. 2004).

Mathematical modeling of the acquisition of multiple mu-
tations in response to selective pressure has previously shown
that the temporality of mutational events, population size,
and duration of evolution might jointly facilitate the emer-
gence of mutations with a frequency significantly greater than
the cumulative product of single-mutation rates, previously
estimated to be ~10~? for P. falciparum (Zheng 2003; Bopp
et al. 2013; Claessens et al. 2014). In the absence of evidence
for hypermutator P. falciparum lineages (Bopp et al. 2013;
Brown et al. 2015), the emergence of Ecu1110 pfcrt in the
low-transmission setting of South America can be attributed
to the convergence of multiple factors, including the extent of
drug pressure on parasite populations, monoclonality of in-
fections, rate of genetic exchange between strains during sex-
ual stage development in the mosquito vector, and host
immunity (Hughes and Andersson 2015). Of note, our model
did not specifically investigate mutational reversion and con-
version events (Palmer et al. 2015), which could help over-
come suboptimal peaks in the pfcrt adaptive landscape.
Additional pfcrt mutations might also have been acquired

1564

via meiotic recombination between intermediate alleles in
P. falciparum sexual stages.

Our analysis of the Ecu1110 and 7G8 pfcrt allelic variants
leads us to speculate on the evolution of the Dd2 allele, which
carries eight point mutations and dominates in Southeast
Asia. This allele, or a similar isoform, earlier spread from
Asia into Africa, resulting in the widespread loss of CQ efficacy
(Wellems 2004). We postulate that the Dd2 allele occurred
via one or more major bursts of multiple mutations in a very
limited number of parasites that spread under selective CQ
pressure. Resultant population bottlenecks would have con-
sequently diminished the effective population size, reduced
competition with fitter wild-type parasites, and enabled mu-
tant parasites to traverse fitness valleys toward high-level re-
sistance (DePristo et al. 2005). We note that the Dd2 allele,
while more CQ-resistant than the 7G8 allele, demonstrates a
significant fitness cost (Lewis et al. 2014; Petersen et al. 2015).
Evidence of ongoing selection is provided by the emergence
in Cambodia of the Cam734 pfcrt allele that harbors nine
mutations (of which five are not found in Dd2) and that,
while less CQ-resistant than Dd2, confers a level of parasite
fitness comparable with the wild-type allele (Petersen et al.
2015).

Prior combinatorial modeling of pfdhfr evolution in yeast
has shown that in vitro growth rates can serve as a robust
assessment of organismal fitness (Brown et al. 2010). In the
absence of a comprehensive way to account for all biological
characteristics that impact fitness during the complex
Plasmodium life cycle, we quantified the parasite growth in-
dex (f¢) associated with specific pfcrt mutations. Our analysis
was performed within the pathogenically relevant setting of
asexual blood stage infection, during which parasite numbers
can rapidly increase and be exposed to drug pressure. The
critical role of the f- parameter and its interplay with parasite
drug resistance (fp) is demonstrated by the modulation of
evolutionary pathway accessibilities by the drug pressure co-
efficient a, which governed the relative influence of f; and f;
in dictating pfcrt evolution (fig. 5). Our study illuminates mu-
tational determinants of asexual blood stage parasite fitness.
Most notably, Ecup 1356L consistently contributed to en-
hanced in vitro parasite growth and was the most accessible
primary mutational step in our CQ and md-CQ evolutionary
excursions. Interestingly, this mutation also increased AS 1Cs,
values (fig. 2C), evoking the recent association of the 1356T
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mutation in Southeast Asia with k13-mutant artemisinin-re-
sistant parasite populations (Miotto et al. 2015).

Recent studies with P. falciparum parasites differing in their
pfert allele have found that CQR-conferring PfCRT isoforms
cause the accumulation of high levels of hemoglobin-derived
peptides in the parasite DV, which was associated with a
deleterious impact on parasite growth (Lewis et al. 2014).
Future studies with our combinatorial pfcrt variants can be
used to address the impact of specific mutations on hemo-
globin digestion. Given that the evolution of pfcrt-mediated
CQR also required successful transmission of variant PfCRT
isoforms to the mosquito vector, examining the effect of
specific pfcrt mutations on transmission is equally merited.
This is of interest in light of rodent malaria studies that dem-
onstrated a transmission advantage associated with the ex-
pression of the 7G8 pfcrt allele in CQ-treated gametocytes
(Ecker et al. 2011).

Our genetic dissection recalls important insights from re-
cent studies of CQ transport mediated by PfCRT isoforms
heterologously expressed in either X. laevis or S. cerevisiae
(Summers et al. 2014; Callaghan et al. 2015). In agreement
with both studies, we observed Ecua K76T to be insufficient
for CQR and uncovered direct contributions to CQR by ad-
ditional PfCRT mutations, in particular Ecuc N326D.
Crystallographic insights, presently lacking for PfCRT or its
homologs, indicate that even seemingly conservative substi-
tutions (e.g, isoleucine to leucine, as in 1356L) can significantly
impact a protein’s structure and function (Wu et al. 2015). In
addition to PfCRT I356L, the apparent need for mutational
acquisition of basic, polar, and acidic side chains at residues
76, 220, and 326, respectively, suggests specific electrostatic
and conformational requirements for PfCRT-mediated CQR.
Our findings clarify previous discussions about the role of
non-K76T mutations, which have been surmised to solely
compensate for a loss of native PfCRT function (Hastings
et al. 2002; Cooper et al. 2005; Egan and Kuter 2013). Of
note, in vitro and field-based studies have also observed
that parasites harboring the conventional CQR marker
K76T can acquire novel PfCRT mutations (e.g, C101F or
C350R) that abolish resistance to CQ (Eastman et al. 20171;
Pelleau et al. 2015), emphasizing the need for caution in in-
terpreting the CQ susceptibility status of isolates based on
incomplete pfcrt genotypes.

Interestingly, as compared with Ecu1110 PfCRT, which
lacks the C72S mutation, 7G8 PfCRT conferred decreased
rates of CQ transport (Summers et al. 2014; Callaghan et al.
2015), yet increased the degrees of CQR and in vitro growth
in P. falciparum. It is noteworthy that, in studies of isogenic
parasite lines encoding variant PfCRT haplotypes from the
Philippines (PH1 and PH2) that likewise only differ at res-
idue 72, C72S conferred increased parasite CQR, yet in that
case reduced parasite growth (Petersen et al. 2015).
Collectively, these findings underscore the impact of the
overall mutational milieu on the roles of specific pfcrt mu-
tations. Furthermore, they raise the prospect that certain
mutations may alleviate CQ-mediated inhibition of native
PfCRT function without having a direct impact on drug
transport.

In selecting the geographically related 7G8 parasite genetic
background (Burkot et al. 1984) for our combinatorial anal-
ysis, we aimed to single out the specific contributions of and
interactions between pfcrt mutations in the evolution of the
quintuple-SNP 7G8 pfcrt allele that is widespread throughout
South America. Of note, we did not observe desired allelic
replacement events in our initial efforts to engineer pfcrt al-
leles (namely Ecu and Ecupgcp) in GCO3 (CQ-sensitive) par-
asites, which were derived from an earlier genetic cross
between HB3 (CQ-sensitive) and Dd2 (CQ-resistant) parasites
(Wellems et al. 1990). Consistent with this, previous allelic
exchange studies have unmasked the incompatibility of pfcrt
alleles with certain genetic backgrounds (Valderramos et al.
2010). As point mutations in the gene encoding the DV-res-
ident P. falciparum multidrug resistance gene 1 (PfMDRT1)
transporter have previously been found to modulate pfcrt-
mediated CQR in some parasite strains (Sanchez et al. 2010),
we speculate that pfmdr1 may serve as a secondary genetic
determinant of CQR evolution. It is conceivable that pfmdr1
mutations might modulate the accessibility of pfcrt muta-
tional trajectories, akin to the recently documented capacity
of the GTP cyclohydrolase 1 (gch1) gene to enhance the ac-
cessibility of pfdhfr mutational trajectories in the evolution of
pyrimethamine resistance (Kumpornsin et al. 2014). It re-
mains to be determined whether PfMDR1 mutations
$1034C and D1246Y (Mehlotra et al. 2008), present in 7G8
but not Ecu1110 parasites, might partly account for the dif-
ferent in vitro growth rates observed between parasites
encoding identical (Ecu1110) pfcrt alleles in these two genetic
backgrounds. With the availability of validated genetic engi-
neering strategies targeting both pfmdr1 (Veiga et al,, submit-
ted) and pfert, further exploration of the epistatic interactions
between these two critical drug resistance loci is now possible.

In our analysis, the Ecu1110 PfCRT haplotype was identi-
fied as an accessible mutational precursor of the quintuple-
SNP 7G8 haplotype, which was relatively more CQ-resistant
and less deleterious to parasite growth. Our data support the
rise of the 7G8 PfCRT haplotype in multiple geographical loci,
where the Ecu1110-type haplotype has also been docu-
mented albeit at far lower frequencies (Nagesha et al. 2003;
Vieira et al. 2004), as well as the ultimate success of the 7G8
PfCRT haplotype in spreading across vast tracts of the ma-
laria-endemic world (Sa and Twu 2010). To date, 7G8 pfert is
at or near fixation in South America (Vieira et al. 2004; Griffing
et al. 2010) and the Western Pacific (Koleala et al. 2015) and
has been identified in some surveys of parasites from Africa,
the Indian subcontinent, and Southeast Asia (Gama et al.
2010; Khattak et al. 2013; Chauhan et al. 2014; Tan et al.
2014). Notably, prior CQ and AQ use has been documented
in each of these geographical regions, leading to the earlier
conjecture that AQ might have driven the selection for 7G8
pfert (Sa et al. 2009; Beshir et al. 2010). Considering interindi-
vidual variability in peak blood CQ concentration achieved in
response to the standard CQ dose of 25 mg/kg (Ducharme
and Farinotti 1996), the long terminal elimination half-life of
CQ (Gustafsson et al. 1983), as well as the deployment of
prophylactic chloroquinated and/or amodiaquinated salts
(Payne 1988), we posit that the evolution of mutant pfcrt
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was likely facilitated by sustained subtherapeutic drug con-
centrations in these populations. It is notable that in our
delineation of pfcrt mutational pathways, md-CQ, the active
metabolite of CQ, was associated with a higher pathway pre-
dictive ability. A comparison of the pharmacology of CQ and
md-CQ in the setting of the parasite DV will be essential to
contextualizing these differences. To our knowledge, the ac-
cumulation of md-CQ in the parasite DV of CQ-resistant
versus CQ-sensitive strains has yet to be explored.

Beyond CQR, our results also corroborate the pleiotropic
role of PfCRT in modulating responses to critical first-line
ACT component drugs and shed light on the opposing se-
lective pressures exerted by these compounds. Notably, par-
asites encoding 7G8 pfcrt exhibited significant, high-level
cross-resistance between CQ and md-AQ (the active metab-
olite of AQ), whereas their susceptibility to both AS and LUM
was significantly increased as compared with wild-type pfcrt-
expressing parasites. Accordingly, sole use of the ACT formu-
lation AS-AQ in geographical regions where the 7G8 PfCRT
haplotype is established should be avoided. A contributory
role for AQ in facilitating pfcrt evolution of the drug-resistant
Ecu1110 and 7G8 alleles is further supported by the shared
subset of mutational trajectories that were favored by CQ and
AQ in our analysis.

Our combinatorial evolutionary modeling sheds light on
the capacity of P. falciparum parasites to produce and sustain
very rare bursts of mutational events. In part due to selective
pressures from one or more antimalarial agents acting upon
an immutable host factor (e.g, heme), such mutational
events were likely responsible for generating stably persisting
drug-resistant pfcrt alleles that ultimately caused the global
loss of CQ efficacy. Of particular concern is the recent emer-
gence of artemisinin resistance in Southeast Asia, driven
largely by point mutations in the k13 gene that arose in ge-
netically distinct parasite subpopulations (Miotto et al. 2013;
Avriey et al. 2014; Straimer et al. 2015; Takala-Harrison et al.
2015). These clonal expansions of k13-mutant parasites sug-
gest the selection of several favorable genetic backgrounds,
resulting in population bottlenecks that might have facili-
tated parasite progression via fitness valleys (Miotto et al.
2015). Compounding this situation is the even more recent
advent of piperaquine resistance, which is now leading
to treatment failures with the first-line regimen
dihydroartemisinin—piperaquine (Saunders et al. 2014; Duru
et al. 2015; Amaratunga et al. 2016). The genetic basis of
piperaquine resistance is presently elusive, partly because of
clonal subpopulation structures that hinder initial genome-
wide association studies to pinpoint causal resistance deter-
minants. Genetic and drug susceptibility profiling of newly
resistant strains can also inform the selection of drug regi-
mens that exert opposing selective pressures as a means to
constrain the evolution of multidrug-resistant parasites.
Given the central role of chemotherapy in alleviating the
worldwide burden of malaria, leveraging genomic surveillance
of malarial parasites with evolutionary and population genetic
principles will facilitate detection of selection signatures that
could compromise the efficacy of our present arsenal of an-
timalarial drugs.
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Materials and Methods

Parasite Cultivation

Plasmodium falciparum—infected human erythrocytes were
cultured at 4% hematocrit in 0.5% Albumax Il (Invitrogen)-
supplemented RPMI-1640 culture medium (Straimer et al.
2015) at 37 °C, 5% 0,/5% CO,/90% N, Genetic modification
of the parasite pfcrt locus is detailed in supplementary meth
ods, Supplementary Material online.

Drug Susceptibility Assays

To assess in vitro drug susceptibility, parasites were dispensed
into 96-well plates containing a 2-fold dilution series of CQ *
0.8 LM VP, md-CQ, md-AQ, LUM, or AS, prealiquoted with a
BioTek Precision Pipetting System. Parasites were incubated at
2% final hematocrit in culture medium containing 50 mM
HEPES  (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid).
After 72 h, parasites were stained with SYBR Green | and
MitoTracker Deep Red, and growth was determined using an
Accuri C6 flow cytometer (Ekland et al. 2011). Drug inhibitory
concentrations that cause 50% (1Cs,) or 90% (ICo0) inhibition of
parasite growth were calculated as previously described
(Valderramos et al. 2010). Reversibility of CQR by 0.8 uM VP
is expressed as the CQ RMI, equivalent to the quotient of the
CQ + VP ICq, divided by the CQ ICs, (Mehlotra et al. 2001).
Statistical significance was determined via nonparametric
Mann-Whitney U tests using GraphPad Prism 6 software.

In Vitro Growth Assays

In vitro fitness of recombinant and reference parasite lines was
assessed in 1:1 coculture assays with the fluorescent reporter
line NF54°“F" (R, To generate R, a cassette encoding the
enhanced GFP (eGFP) fluorescence probe flanked by 5’ hsp70
and 3’ hsp86 untranslated regions (UTRs) was genomically
integrated into CQ-sensitive (wild-type pfcrt) NF54-attB para-
sites via attB x attP-based recombination catalyzed by the
mycobacteriophage Bxb1 integrase (Adjalley et al. 2010). The
robustness of this fluorescence reporter line was recently vali-
dated in vitro in fitness studies conducted in blood stage par-
asites (Baragana et al. 2015). Assays were initiated by preparing
cocultures consisting of R (GFP™) and a single pfcrt-modi-
fied test line (GFP™) in a 1:1 ratio with respect to final para-
sitemia of each line. Using flow cytometric detection of eGFP,
expressed by the reporter line, as well as the far-red fluorescent
dye SYTO61, which facilitates differentiation between unin-
fected and infected red blood cells (Fu et al. 2010), the GFP™
proportion of parasites was monitored for ten generations and
used to derive the per-generation selection coefficient (s) for
each test strain, as described in Supplementary methods,
Supplementary Material online. Statistical significance was as-
sessed via two-way analysis of variance (ANOVA) with Sidak’s
post hoc test using GraphPad Prism 6 software.

Modeling of pfcrt Evolutionary Trajectories

In our mutational model, the total fitness associated with
each pfert allele (fy) was derived from the relationship fr =
afp + (1—a)fc, where fp is the fitness index attributable to
drug resistance, f is the fitness index attributable to parasite
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growth in the absence of drug, and a is the drug pressure
coefficient (range for each parameter: 0 to 1). The fp index is
equivalent to the ICs, value for a parasite line, normalized to
the highest 1C5, value observed among all combinatorial lines
for a given drug. Similarly, the f; index is equivalent to the
relative in vitro growth (') of a parasite line in the absence of
drug, normalized to the highest observed «’ value. Thus, in
the case of full drug pressure (a = 1), the highest f; value is
ascribed to the pfcrt allele that confers the highest degree of
resistance, whereas in the completely drug-free environment
(a = 0), the highest fr value is shown by the pfcrt allele that
confers maximum parasite growth.

We adapted previously established methods (Lozovsky
et al. 2009; Brown et al. 2010; Kumpornsin et al. 2014) to
explore seven distinct mutational scenarios that lead to the
evolution of Ecu1110 pfcrt from the GCO03 (wild-type) pfcrt
allele. These mutational scenarios are as follows:
0—1—2—3—4 0—1—2—4 0—1—3—4 0—2—3—4
0—1—4 0—2—4; and 0—3—4, where each number cor-
responds to the number of total mutations acquired. For all
hypothetical pfcrt alleles comprising each mutational sce-
nario, adaptive landscapes were generated by random sam-
pling of f5 and f¢ values from normal distributions based on
pfert allele-specific means and SEMs. To examine the role of
drug pressure on mutational pathway accessibility, the drug
pressure coefficient a was varied from 0 to 1, in increments of
0.1. We note that fr and the experimentally derived growth
selection coefficient s were in agreement (R> = 0.974) for
growth experiments performed with 7.5nM CQ (a = 0.04).
Evolutionary excursions along each landscape were then sim-
ulated by randomly choosing one or more mutations, de-
pending on the mutational scenario. The probability of a
new mutant allele occurring is equal to the total fitness dif-
ference (Afy) between the new allele and the precursor allele.
In our simulations, a uniform random number (r) was se-
lected. The new allele was accepted only if r < Afr. A new
mutant was only accepted if its fr value was larger than that of
its precursor allele. To calculate pathway probabilities, we
simulated 10° normal-distributed adaptive landscapes and
explored each with 10° independent iterations. The pathway
probability was then calculated from the formula P; = N,/
Neowar Where P; is the probability that parasites evolve along
pathway i, N; is the number of times that the simulations
achieve the Ecuapcp allele by traversing pathway i, and Ny is
the total number of runs (N = 10° in our analysis). All
simulations were performed using MATLAB software.

Supplementary Material

Supplementary tables S1-512, figures S1-S6, methods are
available at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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