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S3 Text: Roles of PfMDR1 in modulating the parasite’s response to 

a range of antimalarial drugs. 

 

PfMDR1 is involved in altering the response of the malaria parasite to a range of structurally diverse 

antimalarial drugs. The impacts of both amino acid mutations and pfmdr1 copy number variation on 

drug resistance are discussed below in the context of our findings on the capacities of different field 

PfMDR1 isoforms to transport antimalarial drugs. 

 

Mefloquine 

The amplification of pfmdr1 has been correlated with reduced parasite susceptibility to mefloquine 

(though this is not always the case [1]), whereas the N86Y, N1042D, and D1246Y mutations have 

been associated with increased sensitivity to the drug [2-12]. There does not appear to be an 

association between altered mefloquine susceptibility and Y184F or S1034C [13, 14]. Our datasets 

revealed that in the Xenopus oocyte system, the capacity for mefloquine transport via PfMDR1 

isoforms decreases in the order: PfMDR1NYSND > PfMDR1NFSDD > PfMDR1FYSND > PfMDR1YFSND = 

PfMDR1YYSND > PfMDR1NFCDY (Fig 2b and S1 Data). The reduced mefloquine transport activities of 

the mutant PfMDR1 isoforms would lead to less of the drug entering and accumulating within the DV, 

and thus a greater proportion of mefloquine remaining in the cytosol. Indeed, several of these mutant 

isoforms have been linked to increases in the parasite’s sensitivity to mefloquine [2-12]. For example, 

the introduction of the N86Y mutation into PfMDR1NYSND — yielding PfMDR1YYSND — caused a 

significant reduction in the protein’s ability to transport mefloquine (Fig 2b, Fig 3b, and S1 Data), 

consistent with the linkage of this polymorphism to mefloquine-sensitive phenotypes in a recent 

genetic cross [10]. A smaller decrease in mefloquine transport is observed when the N86F mutation is 

introduced into PfMDR1NYSND (yielding PfMDR1FYSND; Fig 2b and S1 Data). This is in accordance with 

the findings of two independent studies that demonstrated that N86F was associated with mefloquine 

resistance in vitro [7, 11]. Furthermore, the impacts of N1042D and D1246Y are evident in the 

PfMDR1NFSDD and PfMDR1NFCDY isoforms, with both proteins having lower mefloquine transport 

activities than PfMDR1NYSND (Fig 2b and S1 Data). This is consistent with previous studies that 

reported an increase in the in vitro mefloquine susceptibility of parasites expressing a pfmdr1 allele 

containing one or both of these mutations [2, 4, 12]. 
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Our findings are therefore consistent with a scenario in which mefloquine exerts its primary 

antimalarial activity in the cytosol (the cytosolic 80S ribosome has been reported as a target [15]) as 

this is the most parsimonious explanation for why a reduction in mefloquine transport into the DV 

would increase the killing effect of mefloquine (Fig 7). This model also provides a mechanistic 

explanation for why the amplification of wild-type pfmdr1, which results in the overexpression of 

PfMDR1NYSND [6, 9, 14, 16, 17], results in mefloquine resistance. Higher levels of PfMDR1NYSND in the 

DV membrane will significantly increase the rate of mefloquine transport from the cytosol into the DV, 

resulting in the sequestration of the drug away from its cytosolic target(s). Our observations also 

indicate that the targets previously proposed for mefloquine inside the DV (such as the detoxification 

of heme [18]) play secondary roles, or perhaps no role, in the antimalarial activity of mefloquine. 

 

An analysis of the relationship between the rates of mefloquine transport via the six field PfMDR1 

isoforms and the corresponding in vitro parasite responses to mefloquine revealed a strong positive 

correlation (Fig 5b and S3 Table; Pearson correlation coefficient = 0.97; P = 0.006). That is, PfMDR1 

isoforms with relatively high capacities for mefloquine transport tended to be present in the parasites 

that had relatively high mefloquine IC50s (and thus increased resistance to the drug), whereas those 

isoforms with low capacities for mefloquine transport tended to be present in the parasites with low 

mefloquine IC50s (and thus increased sensitivity to the drug). However, the data point for Dd2 is an 

outlier to this trend and we found that the correlation was significantly improved by its exclusion. The 

Dd2 strain typically harbors 2–4 copies of pfmdr1 [3, 14, 19], whereas the other parasite strains 

included in our analysis possess a single copy of the gene. Thus, the variations in pfmdr1 copy 

number between the different Dd2 strains is likely to underlie, at least in part, the significant variations 

in the level of mefloquine resistance reported for Dd2 parasites in different studies (the mefloquine 

resistance indices for Dd2 strains range from 0.61 to 2.12; S3 Table). The presence of multiple copies 

of pfmdr1 is known to result in the overexpression of PfMDR1 and the degree of overexpression 

correlates positively with the pfmdr1 copy number [11, 20-23]. Furthermore, although the 

PfMDR1YYSND and PfMDR1FYSND isoforms have reduced capacities for mefloquine transport, these 

deficiencies are likely to be increasingly counterbalanced by higher levels of the transporter at the DV 

membrane as the pfmdr1 copy number increases from 2 to 4. Hence, when considered in the context 

of our datasets as well as the mechanistic model we are proposing for the role of PfMDR1 in 
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mefloquine resistance (Fig 7), it is perhaps not surprising that a range of mefloquine responses are 

observed between different Dd2 strains. Overall, the strong correlation between the rate of mefloquine 

transport via a given PfMDR1 isoform and the in vitro mefloquine response of the corresponding 

parasite strain indicates that PfMDR1 contributes to mefloquine resistance by decreasing the cytosolic 

concentration of the drug, which in turn is consistent with mefloquine having its primary target in the 

cytosol [15]. 

 

Lumefantrine 

Parasites with reduced susceptibility to mefloquine also tend to display a decrease in sensitivity to 

lumefantrine [22, 24-27]. For example, polymorphisms such as N86Y and D1246Y, which have been 

linked with increased mefloquine sensitivity, are also associated with increased susceptibility to 

lumefantrine [5, 14, 28-36]. Moreover, N86 is frequently selected over N86Y in response to 

artemether-lumefantrine treatment [28-35, 37]. As might be expected from these shared trends, we 

found that the order in which lumefantrine transport activity decreased across the six field isoforms 

was similar to that observed for mefloquine: PfMDR1NYSND > PfMDR1NFSDD = PfMDR1YYSND > 

PfMDR1FYSND = PfMDR1YFSND > PfMDR1NFCDY (Fig 2a and S1 Data). However, it is worth noting that 

whilst PfMDR1NFCDY exhibits the lowest transport activity in both datasets, it is a particularly poor 

transporter of mefloquine. The other notable point of difference is PfMDR1YYSND; it ranks equal second 

for lumefantrine transport activity but equal fourth for mefloquine transport activity. 

 

Given the association between mutations in PfMDR1 and increases in the parasite’s sensitivity to 

lumefantrine, our demonstration of reduced lumefantrine transport via the mutant isoforms indicates 

that it is the reduction in the sequestration of lumefantrine within the DV, and its concomitant 

accumulation with the cytosol, that underpins the parasite’s increased sensitivity to lumefantrine. 

Hence, our results support a scenario in which lumefantrine exerts its primary antimalarial effect 

outside of the DV (Fig 7). 

 

As was the case for mefloquine, we observed a strong positive correlation between the rates of 

lumefantrine transport via the PfMDR1 field isoforms and the in vitro lumefantrine responses of 

parasites carrying these isoforms (Fig 5a and S3 Table; Pearson correlation coefficient = 0.76, P = 
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0.078). This relationship indicates that PfMDR1’s contribution to lumefantrine resistance is similar to 

its role in mefloquine resistance; overexpression of PfMDR1NYSND will increase the sequestration of 

lumefantrine within the DV, whereas the reduced transport capacities of the mutant isoforms will 

increase the concentration of lumefantrine within the cytosol. The access of lumefantrine to its primary 

antimalarial target is evidently decreased by the former and increased by the latter (Fig 7). Further 

mechanistic insights into the roles played by PfMDR1 mutations in the parasite’s response to 

lumefantrine may be gained by determining the drug transport activities of other PfMDR1 field 

isoforms (e.g. the NFSND, NYSNY, YYSNY, and YFSNY variants). 

 

Chloroquine 

Mutations in PfCRT are the primary determinant of chloroquine resistance in P. falciparum. However, 

polymorphisms in pfmdr1 can increase the level of chloroquine resistance exhibited by parasites 

carrying mutant isoforms of PfCRT. Our datasets show that the capacity of PfMDR1 for chloroquine 

transport decreases in the order: PfMDR1NYSND > PfMDR1NFSDD > PfMDR1YFSND = PfMDR1YYSND = 

PfMDR1FYSND > PfMDR1NFCDY (Fig 2c and S1 Data). Hence, all of the mutant field isoforms have lower 

capacities for chloroquine transport than wild-type PfMDR1. Points of similarity between the 

chloroquine, mefloquine, and lumefantrine profiles include PfMDR1NFSDD (which ranks second — or 

equal second — in all three datasets) and PfMDR1NFCDY (which exhibits the most dramatic reduction 

in drug transport activity relative to wild-type PfMDR1). However, overall the chloroquine dataset 

shares more similarities with the profile obtained for piperaquine (see below) than it does with the 

patterns observed for mefloquine and lumefantrine. 

 

A previous attempt by Sanchez et al. [38] to express PfMDR1 in Xenopus oocytes indicated that 

PfMDR1NYSND was capable of chloroquine transport, but no transport was detected via PfMDR1NFSDD, 

PfMDR1YYSND, or PfMDR1NFCDY. Since the rate of PfMDR1NYSND-mediated chloroquine transport 

detected by Sanchez et al. [38] (~15 fmol/oocyte/h) is ~35-fold lower than that obtained in our study 

(531 ± 18 fmol/oocyte/h), it is likely that the chloroquine transport activities of the mutant PfMDR1 

isoforms (which we have shown to be lower than that of PfMDR1NYSND) were below the limit of 

detection in the assays employed by Sanchez et al. [38]. Nevertheless, both datasets demonstrate 
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that the addition of mutations to PfMDR1NYSND results in a decrease in the ability of the protein to 

transport chloroquine. 

 

Our findings reveal that the PfMDR1 isoforms typically found in chloroquine-sensitive parasites (i.e., 

PfMDR1NYSND and PfMDR1NFSDD) exhibit the greatest capacities for chloroquine transport, whereas 

those from chloroquine-resistant parasites (i.e., PfMDR1FYSND, PfMDR1YFSND, PfMDR1YYSND, and 

PfMDR1NFCDY) exhibit reduced capacities for chloroquine transport (Fig 2 and Fig 3). The decreased 

capacities of the mutant field PfMDR1 isoforms for chloroquine transport would result in less of the 

drug entering and accumulating within the DV, which is where chloroquine exerts its primary 

antimalarial effect by inhibiting the detoxification of heme [39-42]. Depending on the rate of 

chloroquine efflux mediated by the PfCRT isoform present at the DV membrane, as well as the rate of 

chloroquine entry into the DV via simple diffusion (which is dependent on the concentration of 

chloroquine in the parasite cytosol and, in turn, the extracellular concentration of chloroquine), the 

reduction in chloroquine import via PfMDR1 could contribute to a net decrease in the DV 

accumulation of chloroquine. In this scenario, the combination of a mutant PfCRT isoform (that 

mediates chloroquine efflux from the DV) and a mutant PfMDR1 isoform (with a decreased capacity 

for chloroquine transport into the DV) could achieve a lower DV concentration of chloroquine than 

would be achieved by the transport activity of PfCRT alone. On the other hand, we would anticipate 

that the sequestration of chloroquine within the DV would be at its highest when wild-type PfCRT 

(PfCRT3D7, which lacks significant chloroquine transport activity) is paired with the overexpression of 

wild-type PfMDR1 (PfMDR1NYSND), as this is likely to result in a very high rate of chloroquine import 

into the DV and little or no efflux of the drug back out into the cytosol. Further support for this 

mechanistic model (Fig 7) comes from in vitro studies that have implicated the deamplification of 

pfmdr1 in high-level chloroquine resistance [43, 44]; a return to ‘normal’ expression levels of PfMDR1 

would cause a decrease in the rate of chloroquine transport into the DV. 

 

The chloroquine resistance indices (S3 Table) indicate that parasites expressing a PfMDR1 isoform 

containing N86Y as well as a mutant isoform of PfCRT exhibit high levels of chloroquine resistance [8, 

33, 36, 45]. By contrast, 3D7 and HB3 parasites (which carry PfCRT3D7 and express PfMDR1NYSND or 

PfMDR1NFSDD, respectively) exhibit high levels of chloroquine susceptibility, with the HB3 strains 
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appearing to be slightly less sensitive to chloroquine (P < 0.05). The latter observation is consistent 

with the reduced capacity of PfMDR1NFSDD for chloroquine transport into the DV, which could be 

resulting in a lower DV concentration of the drug and thus a reduction in the parasite’s sensitivity to 

chloroquine. That said, other genetic factors, aside from polymorphisms in pfcrt and pfmdr1, are 

thought to exert modest effects on the parasite’s susceptibility to chloroquine [46, 47], and one or 

more of these factors could be responsible for the difference between 3D7 and HB3. Only one of the 

commonly studied strains (7G8) expresses PfMDR1NFCDY — the PfMDR1 isoform with the lowest rate 

of chloroquine transport — and it should be noted that the mutant PfCRT isoform carried by these 

parasites (PfCRT7G8) has the lowest chloroquine transport activity of the mutant field PfCRT isoforms 

measured to date. In a previous study, we identified a strong positive correlation between PfCRT 

chloroquine transport activity and the in vitro parasite response to the drug [48], but the 7G8 strain 

was an outlier to this trend because it exhibited a greater level of chloroquine resistance than what 

would be predicted given the low capacity of PfCRT7G8 for chloroquine transport [48]. Given these 

previous findings, the relatively moderate level of chloroquine resistance exhibited by parasites 

carrying PfMDR1NFCDY is likely to be a reflection of the aforementioned interplay between the rate of 

chloroquine import via PfMDR1 and the rate of chloroquine efflux via PfCRT, with the transport activity 

of PfCRT having the greater impact on the concentration of chloroquine within the DV (mutations in 

PfCRT are the primary determinant of chloroquine resistance) and thus the parasite’s susceptibility to 

the drug. 

 

An analysis of the relationship between the rates of chloroquine transport via PfMDR1 and the in vitro 

response to the drug by parasites expressing the corresponding PfMDR1 isoform revealed a negative 

correlation (Fig 5c and S3 Table). As foreshadowed above, the data point for 7G8 lay outside of this 

trend; the chloroquine resistance index of the 7G8 parasite was lower than what might be expected 

from the low rate of chloroquine transport mediated by PfMDR1NFCDY. However, this outlier is readily 

explained by the fact that PfCRT7G8 has a relatively low capacity for chloroquine transport and thus 

confers a lower level of chloroquine resistance than the other PfCRT isoforms [48]. Exclusion of the 

7G8 data point strengthens the negative correlation between PfMDR1 chloroquine transport capacity 

and the in vitro chloroquine resistance index (Pearson correlation coefficient = -0.86; P = 0.0597). 

Together, these findings suggest that PfMDR1NFCDY contributes to the chloroquine resistance 
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phenotype to a greater extent than other PfMDR1 isoforms as a consequence of its very low capacity 

for chloroquine transport.  

 

Taken together, our datasets for chloroquine transport via PfCRT and PfMDR1 are also consistent 

with a previously reported relationship between total chloroquine accumulation, chloroquine 

resistance, and polymorphisms in pfcrt and pfmdr1 [49]. The chloroquine responses of the progeny 

from a GB4 x 7G8 genetic cross were determined, and differences in the accumulation of chloroquine 

between strains were estimated by measuring the total accumulation of label in parasite-infected red 

blood cells that had been incubated with radiolabelled chloroquine. Parasites harbouring 

PfMDR1NFCDY (the ‘7G8’ isoform of PfMDR1) exhibited greater resistance to chloroquine than their 

counterparts harbouring PfMDR1YFSND (the isoform carried by GB4 parasites), and were also found to 

accumulate less of the drug. However, for the reasons set out below, significant caution should be 

exercised when drawing comparisons between the rates of drug transport we have measured for 

PfMDR1 and PfCRT in the oocyte system and measurements of total drug accumulation made with 

parasite-infected red blood cells (e.g., [5, 49]). 

 

First, the measurements of total drug accumulation do not reveal how much drug has accumulated 

within the parasite DV versus in the parasite cytosol, nor how these two concentrations vary between 

transfectant lines expressing different isoforms of either PfMDR1 or PfCRT. This lack of sub-cellular 

resolution is somewhat limiting given that our datasets, and the resulting mechanistic models, link the 

acquisition of multidrug resistance and collateral drug sensitivity to altered drug distribution between 

these two compartments. 

 

Secondly, and perhaps more importantly, because accumulation assays typically entail only a single 

measurement, they will not have detected all of the differences between parasite strains/lines if one or 

more of them reached a ‘steady state’ before the others. It should also be noted that the extracellular 

drug concentration varies considerably in these assays as the incubation progresses. For example, 

significant decreases in the extracellular chloroquine concentration occur in suspensions of 

chloroquine-sensitive parasites due to the very high sequestration of the drug within the DV, whereas 

much smaller decreases occur in suspensions of chloroquine-resistant parasites. A full determination 
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of whether parasite strains/lines exhibit differences in total drug accumulation would require a time-

course of measurements, as well as repeating the time-course in the presence of different 

extracellular concentrations of the drug. An analysis of the resulting dataset would yield the initial rate 

of total drug accumulation in the parasitized red blood cell, which would be — at least in part — a 

reflection of the net rate of drug flux across the DV membrane.  That is, the total rate of drug transport 

into the DV (via diffusion, PfMDR1, and any other route of influx) minus the total rate of drug export 

(via PfCRT and any other route of efflux). Such an approach is more likely to detect the full spectrum 

of differences in the accumulation of drugs between parasite lines/strains. 

 

Thirdly, the genetic background — and in particular the isoform of PfCRT expressed — appears to 

have a major impact on the ability of the assay to detect changes in total drug accumulation between 

parasites carrying different pfmdr1 polymorphisms. For example, in the study of the GB4 x 7G8 

progeny, polymorphisms in pfmdr1 appeared to have little or no impact on the total accumulation of 

chloroquine in parasites carrying PfCRTGB4 [49], and a similar result was observed in a study of 

transgenic lines that carried different pfmdr1 polymorphisms (and which all expressed PfCRTGB4) [5]. 

PfCRTGB4 has a very high capacity for transporting chloroquine out of the DV [48] and is thus likely to 

appear as the key determinant, if not the only determinant, of total chloroquine accumulation across 

parasites carrying different pfmdr1 polymorphisms — especially if only a single measurement is made 

(see above). By contrast, performing the assays with parasites carrying a low-capacity, high-affinity 

transporter of chloroquine (e.g. PfCRT7G8) appears to facilitate detection of the effects of pfmdr 

polymorphisms on total chloroquine accumulation. 

 

Amodiaquine 

The mode of action and trends in the parasite’s response to amodiaquine are very similar to those 

observed for chloroquine. For example, both drugs exert their primary antimalarial effect in the DV by 

interfering with the detoxification of heme [50], and the mutations in PfCRT that confer chloroquine 

resistance also decrease the parasite’s susceptibility to amodiaquine [5, 31-33, 36, 49, 51-54]. 

Likewise, the PfMDR1 mutations that are associated with decreased susceptibility to chloroquine — 

N86Y and D1246Y — have also been shown to decrease the parasite’s susceptibility to amodiaquine 

[55]. Our datasets reveal that the amodiaquine transport activities of the six PfMDR1 isoforms 
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decrease in the order: PfMDR1NYSND > PfMDR1YYSND = PfMDR1YFSND > PfMDR1FYSND > PfMDR1NFSDD 

> PfMDR1NFCDY (Fig 2e and S1 Data). Whilst there are some similarities between the chloroquine and 

amodiaquine datasets, the points of difference include: (1) PfMDR1NFSDD (it ranks fifth for 

amodiaquine transport activity, but is second (or equal second) in the chloroquine, lumefantrine, and 

mefloquine datasets), (2) PfMDR1YYSND (it ranks equal second for amodiaquine and lumefantrine 

transport activities, but is equal third and equal fourth in the chloroquine and mefloquine datasets, 

respectively), and (3) PfMDR1NFCDY (it ranks sixth in all four datasets, but is a particularly poor 

transporter of amodiaquine and mefloquine relative to wild-type PfMDR1). 

 

These variations aside, our findings indicate that PfMDR1’s contribution to amodiaquine resistance is 

likely to be similar to its role in chloroquine resistance (Fig 7), whereby decreases in the PfMDR1-

mediated import of amodiaquine could result in a lower DV concentration of the drug and thus a 

reduction in the parasite’s susceptibility to amodiaquine. Characterization of the effects of the 

PfMDR1 mutations that have been reported in areas following amodiaquine treatment failure (such as 

PfMDR1YYSNY) will provide further insights into the contribution of PfMDR1 to amodiaquine resistance. 

 

Piperaquine 

Piperaquine resistance in P. falciparum is a multifactorial phenomenon, with polymorphisms in pfcrt 

[56-59], pfmdr1 [5, 60-63], and several other genes [62-65] appearing to influence the parasite’s 

response to the drug [66, 67]. Deamplification of a region of chromosome 5 that includes pfmdr1 was 

detected following the in vitro pressure of a Dd2 strain with piperaquine [61]. Furthermore, there has 

been a reduction in the prevalence of multicopy pfmdr1 since the deployment of the 

dihydroartemisinin + piperaquine combination therapy [62, 63, 68, 69], and one study reported a 

modest inverse association between pfmdr1 copy number and parasite susceptibility to piperaquine 

[60]. That said, the deamplification of pfmdr1 in field isolates may also be due to the withdrawal of 

mefloquine, a drug that selects for pfmdr1 amplification [6, 70]. Together, these studies suggest that 

the parasite’s sensitivity to piperaquine is influenced by the level of PfMDR1 present in the DV 

membrane. In addition, novel mutant field isoforms of PfMDR1 have been shown to modulate the 

parasite’s response to piperaquine [5]. 
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We found that the capacity for piperaquine transport amongst the six field isoforms decreased in the 

order: PfMDR1NYSND > PfMDR1NFSDD = PfMDR1YYSND > PfMDR1FYSND = PfMDR1YFSND > PfMDR1NFCDY 

(Fig 2f and S1 Data). Again, although the chloroquine and piperaquine datasets are quite similar, the 

points of difference include: (1) PfMDR1YYSND (it ranks equal second in the piperaquine, amodiaquine, 

and lumefantrine datasets, but is equal third and equal fourth in the chloroquine and mefloquine 

datasets, respectively) and (2) PfMDR1YFSND (it ranks equal fourth in the piperaquine, lumefantrine, 

mefloquine datasets, but second (or equal second) in the chloroquine and amodiaquine datasets, 

respectively). 

 

Given that several lines of evidence indicate that piperaquine exerts its primary antimalarial effects 

within the DV [62-64], our finding that mutant isoforms of PfMDR1 exhibit reduced piperaquine 

transport activities relative to the wild-type protein suggest that the mechanistic model we are 

proposing for the role of PfMDR1 in chloroquine resistance may also apply to piperaquine (Fig 7). 

That is, a reduction in the PfMDR1-mediated transport of piperaquine into the DV may lead to a lower 

concentration of the drug at its primary site of action, and thus a decrease in the parasite’s sensitivity 

to piperaquine. More detailed mechanistic insights into PfMDR1’s contribution to piperaquine 

resistance may be gained by measuring the drug transport activities of the novel field isoforms that 

have been implicated in the parasite’s piperaquine response. 

 

Methylene blue 

There has been some interest in deploying methylene blue as a partner drug in triple combination 

therapies [71]. Methylene blue has been shown to inhibit hemozoin formation [72-74] and to target the 

parasite’s glutathione reductase [75]. Chloroquine resistance-conferring mutations in PfCRT have 

been shown to decrease the parasite’s susceptibility to methylene blue, and a mutant field isoform of 

PfCRT (PfCRTDd2) has been shown to transport the drug (whereas the wild-type transporter lacked 

this activity) [76]. A recent study detected a tentative association between PfMDR1YFSND and a slight 

reduction in the parasite’s susceptibility to the drug [77]. This study aside, little is understood about 

the effects of pfmdr1 polymorphisms on the parasite’s response to methylene blue. 
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Our measurements reveal that the methylene blue transport activities of the six field PfMDR1 isoforms 

decrease in the order: PfMDR1NYSND > PfMDR1NFSDD > PfMDR1YYSND > PfMDR1FYSND = PfMDR1YFSND 

> PfMDR1NFCDY (Fig 2h and S1 Data). Hence, the methylene blue dataset most closely resembles 

those of lumefantrine and quinacrine. 

 

Although much remains to be confirmed in regard to the identity and location of methylene blue’s 

primary antimalarial target(s) and the genetic determinants of resistance, the datasets we have 

presented here and elsewhere [76] are consistent with the mechanistic model we are proposing for 

chloroquine (Fig 7). The reduced capacities of the mutant PfMDR1 isoforms for the transport of 

methylene blue could lead to a decrease in its sequestration within the DV. Hence, the pairing of a 

PfCRT isoform that mediates methylene blue efflux from the DV (e.g. PfCRTDd2) with one of these 

mutant PfMDR1 isoforms could result in a significant reduction in the DV concentration of methylene 

blue. This change in drug distribution is likely to confer resistance to methylene blue if the DV is the 

drug’s primary site of action. 

 

Dihydroartemisinin 

Polymorphisms in pfmdr1 that are associated with increased parasite susceptibility to mefloquine, 

lumefantrine, and quinine can also sensitize parasites to artemisinin or dihydroartemisinin [2, 4, 8, 78, 

79]. For example, genetic modification of parasites expressing chloroquine resistance-conferring 

isoforms of PfCRT revealed that PfMDR1NYSND and PfMDR1NFSND cause a decrease in the parasite’s 

susceptibility to dihydroartemisinin relative to parasites expressing either the PfMDR1YYSND or 

PfMDR1YFSND isoforms [5, 14]. Our datasets reveal that the dihydroartemisinin transport activities of 

the six PfMDR1 field isoforms decrease in the order: PfMDR1NYSND > PfMDR1NFSDD > PfMDR1YFSND > 

PfMDR1FYSND = PfMDR1YYSND > PfMDR1NFCDY (Fig 2g and S1 Data). The dihydroartemisinin dataset is 

therefore reminiscent of those observed for mefloquine, quinine, and quinidine (a stereoisomer of 

quinine) in that PfMDR1YYSND has a substantially lower transport activity than PfMDR1NFSDD. 

Moreover, in all four datasets the transport activity of PfMDR1YYSND is either below, or on par with, 

PfMDR1FYSND and PfMDR1YFSND. 
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Given that the mutant PfMDR1 isoforms have reduced levels of dihydroartemisinin transport activity 

relative to the wild-type protein, as well as the observation that parasites expressing these isoforms 

tend to be more susceptible to the drug, it appears that PfMDR1’s contribution to dihydroartemisinin 

resistance may be similar to its role in both mefloquine and lumefantrine resistance (Fig 7). The 

reduced rate of dihydroartemisinin transport into the DV of parasites expressing a mutant PfMDR1 

isoform could result in a higher concentration of the drug in the cytosol, and thus increased activity 

against its primary target(s). 
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