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ABSTRACT Emerging resistance to artemisinin (ART) has become a challenge for reduc-
ing worldwide malaria mortality and morbidity. The C580Y mutation in Plasmodium fal-
ciparum Kelch13 has been identified as the major determinant for ART resistance in the
background of other mutations, which include the T38I mutation in autophagy-related
protein PfATG18. Increased endoplasmic reticulum phosphatidylinositol-3-phosphate (ER-
PI3P) vesiculation, unfolded protein response (UPR), and oxidative stress are the proteo-
stasis mechanisms proposed to cause ART resistance. While UPR and PI3P are known to
stimulate autophagy in higher organisms to clear misfolded proteins, participation of the
parasite autophagy machinery in these mechanisms of ART resistance has not yet been
experimentally demonstrated. Our study establishes that ART-induced ER stress leads to
increased expression of P. falciparum autophagy proteins through induction of the UPR.
Furthermore, the ART-resistant K13C580Y isolate shows higher basal expression levels of
autophagy proteins than those of its isogenic counterpart, and this magnifies under star-
vation conditions. The copresence of PfK13 with PfATG18 and PI3P on parasite hemoglo-
bin-trafficking vesicles demonstrate interactions between the autophagy and hemoglobin
endocytosis pathways proposed to be involved in ART resistance. Analysis of PfK13 muta-
tions in 2,517 field isolates, revealing an impressive .85% coassociation between PfK13
C580Y and PfATG18 T38I, together with our experimental studies with an ART-resistant
P. falciparum strain establishes that parasite autophagy underpins various mechanisms of
ART resistance and is a starting point to further explore this pathway for developing
antimalarials.

IMPORTANCE There is an urgent need to clearly understand the mechanisms of ART
resistance as it is emerging in the Greater Mekong Subregion (GMS) and other parts
of the world, such as Africa. Deciphering the mechanisms of the parasite’s stress
response pathways of ART resistance will provide insights to identify novel drug tar-
gets for developing new antimalarial regimens.
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Despite substantial progress toward malaria elimination in the past 2 decades, it
remains a health concern, as 241 million new cases and 627,000 deaths have been

registered in 2020 (1). Recovery from Plasmodium falciparum infection relies on treat-
ment with the highly potent artemisinin (ART) and its derivatives. ART rapidly induces
a parasiticidal effect that eliminates all intraerythrocytic developmental cycle (IDC)
stages of the parasite, yet it is limited by its short half-life of 1 to 3 h (2, 3). This short-
coming is compensated with artemisinin-based combination therapy (ACT), which
coformulates fast-acting ART with long-lasting antimalarial drugs (artesunate-pyronari-
dine, sulfadoxine-pyrimethamine, mefloquine, lumefantrine, piperaquine, or amodiaquine)
effective in removing residual parasites (4–6). Regardless of its efficacy, the decreased
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susceptibility to ART emerging in the southeastern regions of Asia (7, 8), has weakened the
effectiveness of the ACT regime, which poses a serious threat for the spread of resistance
to other countries where malaria is endemic. Therefore, understanding the molecular
mechanisms of ART resistance remains crucial for disease elimination.

Genome-wide association studies and whole-genome sequencing of clinical and lab-
oratory-adapted-ART resistant isolates have identified point mutations in the b-propeller
domain of the Kelch13 (PfK13) protein associated with ART resistance (9, 10). The mam-
malian ortholog of PfK13 functions as a scaffold for ubiquitination and proteasomal deg-
radation of proteins, thereby regulating their cellular levels (11). Also, involvement of
mammalian K13 in drug-resistant tumors suggests a similar role of PfK13 in establishing
ART resistance in the parasite (12). The major PfK13 variants identified in P. falciparum
include C580Y, R539T, Y493H, I543T, and N458Y, with C580Y being prevalent in.50% of
parasites across Southeast Asia (10, 13–16). Furthermore, background mutations in genes
encoding coroninand the genes listed (atg18, ubp1, crt, mdr2, etc.) have also been also
reported to regulate the degree of ART resistance (17–20). The early rings (0 to 3 h post-
invasion) of PfK13 mutant parasites, when treated with the active ART metabolite dihy-
droartemisinin (DHA; 700 nM) for 6 h, display .1% survival in ring-stage survival assays
(21). ART induces temporary dormancy in rings, and recovery rates are dependent mainly
on background genetic mutations (9, 22). The ART activated by heme-derived iron, gen-
erated as a result of hemoglobin catabolism, causes widespread cellular damage.
Cleavage of the ART endoperoxide bond upon activation releases reactive oxygen spe-
cies (ROS), which further act promiscuously on protein targets with nucleophilic centers,
causing alkylation and eventual parasite death (23–25). Nevertheless, ART-resistant para-
sites are better equipped to deal with stress imposed upon ART exposure through
enhanced protein folding, translation, and vesicular expansion-mediated dissipation of
stress-responsive factors attributed to proteostasis (26).

The proposed mechanism for ART resistance unifies the proteostasis pathways in
the endoplasmic reticulum (ER) and cytoplasm, which involves phosphatidylinositol-3-
phosphate (PI3P) vesicle expansion and the unfolded protein response (UPR) (26–29).
As a predicted substrate adaptor for the E3 ligase, PfK13 binds to and ubiquitinates
phosphatidylinositol-3-kinase (PfPI3K), facilitating its proteasomal degradation. The
PfK13 C580Y mutation prevents PfPI3K ubiquitination and degradation, resulting in
increased levels of PfPI3K and its product PI3P (30). Elevation of PI3P in resistance or by
transgenically inducing its level increases ER-PI3P vesiculation (27). These PfK13-deco-
rated PI3P vesicles are enriched in proteins related to UPR, folding, quality control, and
export. Also, the PI3P-vesicle proteome overlaps with various UPR and oxidative stress
responses that are associated with ART-resistant field isolates (26, 27). Additionally,
these vesicles contain parasite binding immunoglobulin protein (BiP), which binds to
and activates the UPR receptor PKR-like endoplasmic reticulum kinase (PERK) in eukar-
yotes (31). The activated PERK phosphorylates the elongation factor eIF2a, leading to
reduction in the global protein synthesis (32). PfeIF2a phosphorylation-mediated
decrease in protein synthesis has also been observed in ART-resistant parasites (33).
The amplification of PI3P vesiculation is proposed to be a major determinant of resist-
ance. The model proposed by Suresh et al. integrates the above-described mechanisms
to overcome damage from protein alkylation and proteopathy, which lead to parasite
death, by proposing expanded ER vesiculation, the major reason for proteostasis (26).

A recent study establishes a link between the PfK13 C580Y mutation and dimin-
ished hemoglobin endocytosis by the parasite, proposing another mechanism for ART
resistance (34). PfK13 and its associated proteins participate in the parasite hemoglobin
endocytosis pathway and thus can regulate hemoglobin uptake. In ART-resistant PfK13
mutant parasites, the concentration of the PfK13 protein is depleted compared to that
of ART-sensitive PfK13 wild-type (WT) parasites, and these PfK13-depleted parasites ex-
hibit decreased hemoglobin uptake at the young ring stage (34), leading to dormancy
and a consequent delay in progression to the trophozoite stage. Since ART is activated
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by iron derived from hemoglobin, the diminished availability of hemoglobin confers
ART resistance (34).

Each of these pathways, as well as PI3P vesiculation can independently induce
autophagy, a cell survival process that involves degradation and recycling of part of
the cytoplasm containing protein aggregates and damaged organelles (35). Although
PI3P expansion, especially in the ER, stimulates autophagy in other eukaryotes, there is
no clear evidence for participation of ER-PI3P vesiculation in inducing autophagy in
the proteostasis mechanisms of ART resistance. The malaria parasite has a limited set
of conserved autophagy-related (ATG) proteins encoded in its genome (36), such
as PfATG18 (37, 38) and the two ubiquitin-like conjugation systems PfATG5-PfATG12
and PfATG8-PE that are required for autophagosome expansion (39–41). PfATG8 and
PfATG18 are known to associate with apicoplast biogenesis and are also involved in
autophagy-like pathway (37, 38, 40, 41). As a member of the PROPPIN (b-propellers
that bind polyphos-phoinositides) family, ATG18 binds to phosphoinositides such as
PI3P, which facilitates its localization to the autophagosomes (42, 43). Similar to its
yeast counterpart, PfATG18 also utilizes PI3P for its association with membranes (37).
Also, a particular mutation in PfATG18, T38I, is strongly selected under ART resistance
and confers fitness advantage to these parasites (18, 44). Interactions of PfATG18 with
PI3P and the reported PfATG18 T38I mutation motivated us to carry out studies to
understand the role of autophagy in the two proteostasis mechanisms proposed to
underlie ART resistance.

This study demonstrates the participation of autophagy in facilitating ART resist-
ance by modulation of various proteostasis functions.

RESULTS
ART-activated UPR pathway induces parasite autophagy. The UPR signaling

pathway is activated under ER stress in yeast and other eukaryotes, as well as in P. fal-
ciparum (33, 45, 46). UPR acts by initiating its transcriptional and translational stress
sensors and adjusting the ER’s capacity, by expansion of its volume, to accommodate
protein aggregates and facilitate their refolding (32, 47, 48). To establish UPR activation
in the parasite, we incubate synchronized trophozoites (3D7 strain) with the clinically
relevant dose of 700 nM DHA for 1 h and 30 min (1.5 h). The results show that ART ex-
posure elicits expansion of the parasite ER space and activation of the UPR translational
arm, maintaining ER homeostasis following ART-mediated protein misfolding and dam-
age. The parasite ER extends into the cytoplasm in treated parasites while remaining
confined largely to the nuclear periphery in the untreated parasites, as revealed by the
confocal and three-dimensional (3D) reconstructed images (see Fig. S1A and B in the
supplemental material at https://www.jncasr.ac.in/faculty/surolia/research-highlights/
supplemental-material-mbio00630-22). Also, upon incubation of parasites with DHA, a
significant upregulation in PfeIF2a phosphorylation is observed (see Fig. S1C). Our
results are consistent with previous reports showing DHA-mediated activation of the
parasite UPR pathway (33, 46).

Autophagy is known to counterbalance UPR-mediated ER stress in yeast and higher
organisms through sequestration and subsequent degradation of excess ER-containing
toxic protein aggregates (47, 49, 50). Our recent studies demonstrated that PfSec62 is
an ER-resident autophagy receptor (51), implicating recovER-phagy as needed to rees-
tablish ER homeostasis upon resolution of ER stress in the parasite. Since there has
been no experimental demonstration showing involvement of parasite autophagy
upon induction of ER stress, we investigated this topic by incubating young tropho-
zoites with DHA (700 nM, 1.5 h) and analyzed for the presence of autophagosome-like
structures. Immunofluorescence analysis for quantifying the number of PfATG8 (the
autophagosome marker)-labeled puncta reveals the number to be significantly higher
upon DHA treatment compared to that in the control (Fig. 1A). To investigate whether
an enhanced number of autophagosome-like structures correlates with increase in lev-
els of autophagy proteins, the expression levels of PfATG8 and PfATG18 were analyzed.
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As our earlier studies (38, 40) demonstrated increased levels of parasite autophagy pro-
teins upon starvation, parasites were simultaneously incubated with starvation me-
dium as a control. Parasites incubated with DHA display upregulation in the expression
levels of PfATG8 by ;1.8-fold and PfATG18 by ;3.5-fold (Fig. 1B; see also Fig. S2 in the
supplemental material at https://www.jncasr.ac.in/faculty/surolia/research-highlights/
supplemental-material-mbio00630-22) with respect to the control (untreated), as deter-
mined by immunoblot analysis. A similar trend in autophagy modulation is observed
under starvation conditions, (Fig. 1B; see also Fig. S2), indicating stress-mediated autoph-
agy induction.

To confirm that the observed increase in expression levels of autophagy proteins
upon DHA exposure is directly mediated through UPR, young trophozoites were
treated with the mammalian PERK inhibitor GSK2606414, which specifically blocks
UPR/PERK activation (52). Expression levels of autophagy proteins were monitored in
parasites treated with 30 mM GSK2606414 for 2 h and 30 min (2.5 h). The inhibitor
blocks the basal and DHA-induced phosphorylation of PfeIf2a and significantly reduces
the expression levels of PfATG8 and PfATG18 (Fig. 1C). As autophagy activation is con-
siderably impaired upon disruption of the parasite UPR machinery, it signifies a role in
regulating ER stress-induced UPR. These results thus further establish parasite autoph-
agy as an ER stress response pathway in P. falciparum that is triggered upon UPR
activation.

FIG 1 The artemisinin (ART)-activated unfolded protein response (UPR) pathway induces parasite autophagy. (A)
Immunofluorescence analysis of P. falciparum 3D7 parasites stained with anti-PfATG8 antibodies, showing autophagosome-
like structures in control and parasites incubated with 700 nM dihydroartemisinin (DHA) for 1.5 h. The nucleus was stained
using Hoechst. Graph denoting the numbers of PfATG8-labeled puncta in the control and in parasites incubated with DHA.
N . 15 parasites; n = 3 independent experiments. Bar, 5 mm. Data points are expressed as mean 6 standard error of the
mean (SEM). Statistical significance is quantified using the unpaired Student’s t test, ****, P , 0.0001. (B) P. falciparum 3D7
parasites were incubated with either 700 nM DHA or starvation medium for 1.5 h and harvested. Parasite lysates were
subjected to immunoblot analysis, and blots were probed with PfATG8 and PfATG18 antibodies. b-Actin was used as the
loading control. n = 3 independent experiments. (C) P. falciparum 3D7 parasites preincubated with 30 mM GSK2606414 for
1 h were treated with 700 nM DHA for 1.5 h and then harvested. Parasite lysates were subjected to immunoblot analysis,
and blots were probed with PfATG8, PfATG18, and phosphorylated-eIF2a antibodies. b-Actin was used as the loading
control. n = 3 independent experiments. Fold difference, normalized with respect to the control, is shown below each blot.
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Basal expression of autophagy proteins is higher in ART-resistant isolates. ART-
resistant field isolates are known to exhibit increased mRNA levels of genes involved in
proteostasis pathways, even at baseline (28). Whether a similar increase in mRNA levels
of the parasite autophagy pathway genes is reflected in ART-resistant isolates was
investigated. Basal transcription and translational profiles of PfATG8 and PfATG18 at
the early ring (0 to 3 hours postinfection [hpi]) and young trophozoite stages were
compared between two parasite strains, which are matched isogenically but differ only
at the PfK13 locus. These are the ART-resistant IPC 3445 strain, a field isolate from
Pailin (Cambodia) that carries a C580Y mutation (K13C580Y), and the isogenic CamII_rev
strain, which has the mutation reverted to the wild type (K13WT), restoring ART sensitiv-
ity. Mammalian orthologs of PfATG8, the LC3 (light chain 3), and of PfATG18, the WIPI1
(WD40 repeat protein interacting with phosphoinositides), participate in autophagy,
with an increase in mRNA levels indicating autophagosome formation (53–55). The basal
mRNA levels of PfATG8 and PfATG18 in synchronized rings as well as in young tropho-
zoites of resistant and isogenic parasites were investigated by quantitative real-time PCR.
Expression levels of PfATG8 in the K13C580Y parasites relative to those in K13WT show up-
regulation of ;1.5-fold and ;3-fold in early rings and young trophozoites, respectively,
and PfATG18 shows ;5.5-fold and ;5-fold upregulation in early rings and young troph-
ozoites, respectively (Fig. 2A and B). Concomitantly, immunoblot analysis shows increase
in the expression levels of PfATG8 and PfATG18 by;2-fold in both early rings and young
trophozoites of the resistant strain (Fig. 2C and D; see also Fig. S3A and B in the supplemental
material at https://www.jncasr.ac.in/faculty/surolia/research-highlights/supplemental-material-
mbio00630-22) compared to its isogenic counterpart. As increases in WIPI1 as well as LC3-la-
beled autophagosome numbers are an indicator of induced autophagy (55), the numbers of
PfATG18- and PfATG8-decorated autophagosome-like vesicles were analyzed in K13WT and
K13C580Y parasites. K13C580Y parasites, in both early rings and young trophozoites, display an
;2-fold increase compared to K13WT in the number of PfATG18-labeled puncta colocalizing
with PfATG8 (see Fig. S3C and D). The increase in expression of PfATG8 and PfATG18 at both
the transcript and protein levels, as well as their colocalization, indicates activation of the
autophagy pathway in resistant parasites, regulating various mechanisms of ART resistance,
and it is thus not just a reflection of the accumulation of autophagosome-like vesicles in the
parasite cytoplasm.

Induced levels of PI3P have already been reported in ART resistance (27). Also, PI3P
regulates autophagy in yeast and higher organisms (56–58). We therefore carried out
studies to check whether increased levels of PI3P during resistance reflect an increase
in parasite autophagy at the ring stage. Immunofluorescence analysis was used to
quantify the number of PfATG8-, PfATG18-, and PI3P-decorated puncta in K13WT and
K13C580Y ring-stage parasites. As expected, the number of PI3P-labeled puncta shows a
significant increase in K13C580Y parasites compared to the number in K13WT parasites
(Fig. 2E and H). A similar increase in the numbers of PfATG8- and PfATG18-decorated
puncta is also seen in the resistant parasites (Fig. 2F, G, and H) compared to its isogenic
one. Taken together, the increased expression levels of autophagy proteins during ART
resistance demonstrates parasite autophagy as a survival mechanism.

To determine whether autophagy is essential for the survival of ART-resistant parasites,
we compared the half-maximal inhibitory concentration (IC50) in K13WT and K13C580Y strains
of MRT68921, a specific small molecule inhibitor of the human autophagy protein ULK1
(59). Tightly synchronized ring-stage parasites (0 to 3 hpi) from both strains (1% parasite-
mia) were incubated with various concentrations of the inhibitor for 72 h (Fig. 3). Giemsa-
stained smears were used to monitor parasite morphology and invasion in the next cycle.
K13WT parasites display an IC50 value for MRT68921 of 727.6 nM, whereas it is only
380.6 nM in K13C580Y parasites (Fig. 3). The decreased IC50 further emphasizes the impor-
tance of autophagy in the survival of ART-resistant parasites.

Starvation induces parasite autophagy in an ART-resistant isolate, as well as in
its isogenic isolate. As starvation induces parasite autophagy in the wild-type 3D7
strain (38, 40), the presence of a similar effect in an ART-resistant isolate and its isogenic
parasites was investigated. An increase in the number of autophagosomes reflects
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FIG 2 Basal expression of autophagy proteins is higher in ART-resistant isolate. (A and B) Graphs denoting fold changes of PfATG8 and
PfATG18 gene expression levels in ART-resistant K13C580Y (0 to 3 hours postinfection [hpi]) early rings (A) and young trophozoites (B)
compared to those in its isogenic isolate K13WT, determined using quantitative real-time PCR. b-Actin was used as the reference gene.
Relative gene expression was determined using the comparative threshold cycle (22DDCT) method. n = 2 independent experiments. (C
and D) Expression levels of proteins (PfATG8 and PfATG18) in K13WT and K13C580Y early rings (C) and young trophozoites (D). Parasite
lysates were subjected to immunoblot analysis, and blots were probed with PfATG8 and PfATG18 antibodies. b-Actin was used as the
loading control. n = 3 independent experiments. Fold difference, normalized with respect to the control, is shown below each blot. (E, F,

(Continued on next page)
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upregulation of autophagy, and since both PfATG18 and PI3P are present on cytoplasmic
vesicles of ;200-nm diameter (38), we investigated the number of these autophago-
some-like structures in the ART-resistant and isogenic parasites upon starvation by
studying the colocalization of PfATG18 with PI3P-labeled puncta. Immunofluorescence
analysis of synchronized rings (showing increased numbers of PI3P and PfATG18 puncta)
incubated with starvation medium for 1.5 h reveals an increase in the number of
PfATG18-labeled puncta colocalizing with PI3P upon starvation in both K13WT and
K13C580Y parasites (Fig. 4A and B), with the increase in colocalization being more signifi-
cant in K13C580Y (Fig. 4B). Additionally, K13C580Y parasites show an increase in PfATG18-la-
beled puncta colocalizing with PI3P at the basal levels compared levels in K13WT (Fig. 4A
and B). The increased binding of PfATG18 to PI3P further supports the interpretation
that autophagy underlies various pathways of ART resistance. A similar increase is
observed in the number of PfATG18- and PI3P-labeled puncta in K13WT and K13C580Y par-
asites upon starvation (see Fig. S4A to D in the supplemental material at https://www
.jncasr.ac.in/faculty/surolia/research-highlights/supplemental-material-mbio00630-22). At
the protein level, expression of PfATG8 and PfATG18 is also increased by;2-fold in both
K13WT and K13C580Y parasites upon starvation (Fig. 4C; see also Fig. S4E and F). The immu-
noblot results corroborate our immunofluorescence analyses, demonstrating a func-
tional autophagy pathway in both isogenic and resistant parasites that responds to
autophagy induction under starvation conditions. Moreover, activation of autophagy is
significantly higher in the resistant isolate compared to that in its isogenic one (Fig. 4B),
which indicates reliance on autophagy for parasite fitness. The increased binding of
PfATG18 with PI3P, along with the indued expression levels of parasite autophagy pro-

FIG 3 ART-resistant parasites are more sensitive to autophagy inhibition than their isogenic counterparts.
The 0- to 3-hpi synchronized rings (K13WT and K13C580Y) were treated with various concentrations of
MRT68921 (as shown in the dose-response curve). The parasite load was monitored after 24 h, 48 h, and
72h. The dose-response curve shows the percentage of relative parasite load at 72 hpi in K13WT (blue)
and K13C580Y (brown). n = 3 independent experiments. Data points are expressed as mean 6 SEM.

FIG 2 Legend (Continued)
and G) Immunofluorescence analysis of K13WT and K13C580Y parasites stained with anti-PI3P, anti-PfATG18, and anti-PfATG8 antibodies
showing number of PI3P-labeled puncta (E), PfATG18-labeled puncta (F), and PfATG8-labeled puncta (G). The nucleus was stained using
Hoechst stain. Bar, 5 mm. (H) Scatterplot showing numbers of PI3P-, PfATG18-, and PfATG8-labeled puncta in K13WT and K13C580Y

parasites. N = 15 parasites, n = 3 independent experiments. The data points are expressed as mean 6 SEM. Statistical significance is
quantified using the unpaired Student’s t test; ****, P , 0.0001; ***, P , 0.0005; **, P , 0.005; ns, nonsignificant.
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teins upon starvation in the PfK13C580Y mutant, demonstrates that autophagy mediates
the proteostasis mechanisms (increased PI3P vesiculation and upregulated UPR), as well
as reduced hemoglobin endocytosis for survival of the parasite.

PfK13 as well as PfATG18 are trafficked to the food vacuole through hemoglobin-
containing vesicles in the ART-resistant isolate. The endocytosis pathway in P. falcipa-
rum plays a crucial role in the host cell cytosol uptake (HCCU) involving the ingestion
of host hemoglobin by the parasite (60). Recent reports highlight the importance of
PfK13 in regulating endocytosis and thus controlling the amount of hemoglobin
uptake by the peripherally localized parasite vesicle “cytostomes” (34, 61, 62). These
vesicles are formed due to the parasite plasma membrane invaginations that deliver
host hemoglobin to the parasite food vacuole (63, 64). PfK13 localizes to various sub-
cellular compartments in the parasite, including ER-PI3P vesicles, the apicoplast, the

FIG 4 Starvation induces parasite autophagy in an ART-resistant isolate, as well as its isogenic isolate. K13WT

and K13C580Y parasites were incubated with starvation medium for 1.5 h. (A) Immunofluorescence analysis of
K13WT (top two panels) and K13C580Y (bottom two panels) parasites stained with anti-PI3P and anti-PfATG18
antibodies, showing colocalization of PI3P- with PfATG18-labeled puncta upon starvation. Regions within the
dashed white lines are enlarged and placed next to the merged panel to represent colocalization. The extent
of colocalization between PfPI3P and PfATG18 is represented by the Pearson’s coefficient value (R) evaluated
from PI3P (red) and PfATG18 (green) fluorescent signals within the region indicated with a white dashed
square in the enlarged panel. The nucleus was stained using Hoechst stain. (B) Scatterplot representing the
number of colocalizing PI3P- and PfATG18-labeled puncta in K13WT and K13C580Y parasites under control and
starvation conditions. N = 15 parasites, n = 3 independent experiments. Bar, 5 mm. The data points are
expressed as mean 6 SEM. Statistical significance is quantified using unpaired Student’s t test; ****, P , 0.0001;
**, P , 0.005; *, P , 0.05. (C) Effect of starvation on PfATG8 and PfATG18 protein expression levels. K13WT and
K13C580Y parasite lysates were subjected to immunoblot analysis, and blots were probed with PfATG8 and
PfATG18 antibodies. b-Actin was used as the loading control. n = 3 (K13WT) and 2 (K13C580Y) independent
experiments. Fold difference, normalized with respect to the control, is shown below each blot.
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food vacuole (FV), and the collar region of cytostomes (26, 27, 34, 62). However, there
is no experimental evidence suggesting the presence of PfK13 on hemoglobin-contain-
ing vesicles (HCv) which are discrete vesicles transporting host derived hemoglobin to
the parasite FV (65). Our previous report indicates that trafficking of PfATG18 to the FV
is via HCv and is mediated by the interaction of PfATG18 with PI3P (38). To investigate
whether PfK13 cotrafficks with PfATG18 to the FV in the ART-resistant K13C580Y para-
sites, immunofluorescence analysis with young trophozoites was carried out. The cyste-
ine protease falcipain-2 (PfFP2) is trafficked to the FV via HCv (66) and was thus used to
label the vesicles. PfATG18 partially colocalizes with both PI3P (Fig. 5A, top) and PfFP2
(see Fig. S5A in the supplemental material at https://www.jncasr.ac.in/faculty/surolia/
research-highlights/supplemental-material-mbio00630-22, top) in the resistant K13C580Y

parasites, similarly to observations in wild-type 3D7 parasites (38). Also, partial colocaliza-
tion of PfK13 with PI3P (Fig. 5A, bottom) and PfFP2 (see Fig. S5A, bottom) is observed
near the parasite periphery as well as in the cytoplasm, indicating the presence of PfK13
and PfATG18 on HCv. To confirm this, immunofluorescence analysis with PfATG18 and
PfK13 antibodies was carried out at ring and young trophozoite stages of the K13C580Y

parasites. Our data show colocalization of PfK13-labeled with PfATG18-labeled puncta
near the parasite periphery in rings, suggesting their copresence on cytostome-like struc-
tures (Fig. 5B, top). Presence of PfATG18-labeled and PfK13-labeled puncta near the ring
periphery is confirmed by labeling the parasite vacuolar membrane (PVM) with a marker
protein (67), PfPTEX-150 (see Fig. S5B). Parallelly, PfK13-labeled puncta colocalize with
PfATG18-labeled puncta near the FV in trophozoites (Fig. 5B, bottom) as implied by their
localization near the parasite hemozoin, which we propose occurs due to their enhanced
cotrafficking via HCv to the FV in mature parasite stages.

Trafficking of HCv to the FV is assisted by the parasite actin-myosin motor system
(68). To further support that PfATG18 and PfK13 proteins are transported to the FV via
the HCv, young trophozoites were treated with hemoglobin-trafficking inhibitors (2,3-
butanedione monoxime [BDM] and Dynasore) which block HCv transport to the FV.
Parasites were incubated with myosin ATPase inhibitor BDM and Dynasore which
inhibits the GTPase activity of dynamin, both causing accumulation of HCv to the para-
site periphery (68). Colocalization of PfK13- with PfATG18-labeled puncta is observed
more toward the parasite boundary upon incubating parasites with these inhibitors
compared to the near-FV localization seen in control (Fig. 5C). We propose interactions
between PfK13 and PfATG18, which is a key finding for the association of a parasite
autophagy protein with the resistant marker PfK13 in ART resistance.

Co-occurrence of PfK13 and PfATG18 mutations in the field samples of P.
falciparum. The mutation in PfATG18 has been reported to have strong selection
under ART resistance (18, 44). Interestingly, PfATG18 T38I confers fitness advantage to
the parasite by enabling a higher growth rate under nutrient-limiting conditions and
upon ART resistance (44). The wild-type PfATG18 at T38 is believed to be phosphorylated
(44). While phosphorylation of ATG18 in yeast is shown to control organellar dynamics,
its dephosphorylated form has increased affinity for the phosphoinositide, necessary for
association with ATG18 and the membranes (69). On the other hand, the PfK13 muta-
tions (C580Y, Y493H, and R539T) cause low growth of the parasite due to reduced hemo-
globin endocytosis (34, 70). As ART gets activated by the degradation product (heme) of
the host hemoglobin, the reduced hemoglobin endocytosis in ART resistance inhibits
activation of ART, rendering the parasite drug resistant. Thus, the K13 mutations and
PfATG18 T38I mutation exhibit contrasting but complementary/compensatory character-
istics. However, the frequency of association between PfK13 and PfATG18 mutations,
which mediates homeostasis, has not yet been demonstrated.

In this study, we have analyzed 2,517 genomes of P. falciparum from Southeast Asia
and Africa. We identified six nonsynonymous mutations in PfAtg18, including a stop
codon mutation, *381Q (Table 1). We find T38I mutation in 523 samples out of 2,517
total samples (Fig. 6A). Interestingly, we observe that the PfATG18-K13 double mutant
genotype (where the K13 mutant may be any of C580Y, R539T, or Y493H) is the second
most common genotype over these two loci. The frequency of T38I-ATG18 mutation is
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FIG 5 PfK13 and PfATG18 are trafficked to the food vacuole (FV) through hemoglobin-containing vesicles (HCv)
in the ART-resistant isolate. (A) Immunofluorescence analysis of K13C580Y parasites stained with anti-PI3P, anti-
PfATG18, and anti-PfK13 antibodies showing colocalization of PI3P- with PfATG18- (top) and PfK13 (bottom)-labeled
puncta. (B) Immunofluorescence analysis of K13C580Y parasites stained with anti-PfATG18 and anti-PfK13 antibodies
using the Zenon antibody labeling system, showing colocalization of PfK13- with PfATG18-labeled puncta in rings (top)
and young trophozoites (bottom). Rings show more colocalization toward the parasite boundary (white arrow), while
trophozoites show more near the parasite FV (white arrow). N = 15 parasites, n = 3 independent experiments.
Bar, 5 mm. (C) PfATG18 and PfK13 are transported to parasite FV through the hemoglobin trafficking pathway.
Localization of PfATG18- and PfK13-labeled puncta upon incubation of parasites with hemoglobin trafficking inhibitors,
200 mM Dynasore, and 25 mM 2,3-butanedione monoxime (BDM) was assessed using immunofluorescence analysis.
K13C580Y parasites were stained with anti-PfATG18 and anti-PfK13 antibodies using the Zenon antibody labeling system.
Incubation of parasites with inhibitors led to colocalization of PfATG18 and PfK13 near the parasite periphery. N = 10
parasites, n = 2 independent experiments. Bar, 5 mm. Regions within the dashed white lines are enlarged and placed
next to the merged panel to represent colocalization. The extent of colocalization is represented using the Pearson’s
coefficient value (R) evaluated from the PI3P and PfK13 (red) and PfATG18 (green) fluorescent signals within the white
square region in the enlarged panel. The nucleus was stained using Hoechst stain.
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84.6% in C580Y, 93.4% in R539T, 95.4% in Y493H in K13 mutations (Fig. 6B). We find
that most K13 mutants also possess an ATG18 mutation (317 out of 364), indicating
that the two mutations may be associated in their occurrence (Fig. 6C). In order to stat-
istically examine this possibility, we calculated the observed probability of finding an
ATG18 mutation given a K13-mutant background as being ;87% (using equation 1).
We similarly calculated the expected probability of ATG18.mut given K13.mut as
;20.8% by substituting equation 2 into equation 1.

PðATG18:mut jK13:mutÞ ¼ PðATG18:mut\K13:mutÞ � PðK13:mutÞ (1)

PðATG18:mut\K13:mutÞ ¼ PðATG18:mutÞ � PðK13:mutÞ (2)

If ATG18 mutations and K13 mutations were independent events, one would intui-
tively expect equation 1 to reduce to the following:

PðATG18:mut jK13:mutÞ ¼ PðATG18:mutÞ (3)

However, the equation shown above does not hold for our observations, further suggest-
ing that the two mutations co-occur. In order to statistically examine this possibility, we per-
formed a x 2 test for independence in R, testing the standard null hypothesis that the two
mutations are not associated using a contingency table (Fig. 6C). We also performed a chi-
squared test with a Yates’ correction and one with 2,000 and 1,000,000 iterations of Monte
Carlo simulation (codes provided in the supplemental material at https://www.jncasr.ac.in/
faculty/surolia/research-highlights/supplemental-material-mbio00630-22). We found that they
co-occur to a significant degree (P , 0.001). Thus, our data demonstrate co-occurrence and
coassociation of PfK13 C580Y and PfATG18 T38I mutations in field isolates of P. falciparum,
reaffirming the association between these two proteins in ART resistance.

DISCUSSION

Our studies demonstrate that stress-induced autophagy underpins various mecha-
nisms of ART resistance and advance the understanding of the two recently proposed
mechanisms of ART resistance involving induced ER and cytoplasmic proteostasis
mechanisms mitigating ART-mediated proteopathy (26, 27), as well as the PfK13 C580Y
mutation-associated reduced hemoglobin endocytosis pathway (34).

We show that ART-induced UPR results in increased autophagy in the parasite (Fig. 1),
which may render a fitness advantage to it during resistance (Fig. 3). Our results on the
expansion of parasite ER, as well as the increased phosphorylation of PfeIF2a upon incuba-
tion with DHA (see Fig. S1 in the supplemental material at https://www.jncasr.ac.in/faculty/
surolia/research-highlights/supplemental-material-mbio00630-22), is consistent with previ-
ous reports showing ART induced ER stress responses (33, 46). In the absence of the conven-
tional UPR transcription factors, ATF6 and XBP1 (71), the parasite needs to manage excess
protein misfolding under ER stress conditions. The increase in the number of PfATG8-labeled
autophagosome-like vesicles, as well as the expression levels of PfATG8 and PfATG18 upon
DHA treatment, demonstrate induction of the parasite autophagy pathway in response to
ER stress and the consequent UPR (Fig. 1). Also, pharmacological inhibition of the PERK-
PfeIF2a-driven UPR pathway leads to a reduction in the expression of autophagy proteins,

TABLE 1 List of nonsynonymous mutations identified in gene PF3D7_1343700 (encoding
the autophagy-related protein PfATG18)

Nonsynonymous mutation (PF3D7_1343700) Genomic coordinate
*381Q(A/G) 496333
K301N (T/A) 496571
N298S (T/C) 496581
A295V (G/A) 496590
K275T (T/G) 496650
T38I (G/A) 497461
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FIG 6 Co-occurrence of PfK13 and PfATG18 mutations in the field samples of P. falciparum. (A) Plot showing coexistence of
various K13 mutations (C580Y, R539T, and Y493H) and PfATG18 mutations (T38I and *381Q) in 2,517 genome samples. (B) Co-
occurrence of Kelch13 mutations (C580Y, R539T, and Y493H) and PfATG18 mutation (T38I) in 2,517 genome samples analyzed
from 18 different geographical locations. The majority of K13 mutations co-occur with PfATG18-T38I mutation, as follows: 84.6%
with C580Y, 93.4% with R539T, and 95.4% with Y493H. (C) Frequency plot and contingency table listing the genotype and
frequency of mutations in PfATG18 and Kelch13 genes.
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suggesting that their activation is through the UPR/PERK pathway in the parasite (Fig. 1).
Although ART reduces global protein synthesis through phosphorylation of PfeIF2a (46),
increased expression levels of autophagy proteins signify the importance of autophagy in
alleviating the effect of protein misfolding as a result of ART exposure.

Furthermore, the observation of increased baseline expression of PfATG8 and PfATG18
(Fig. 2A to D), as well as colocalization of PfATG18-labeled with PfATG8-labeled puncta
(see Fig. S3C and D in the supplemental material at https://www.jncasr.ac.in/faculty/
surolia/research-highlights/supplemental-material-mbio00630-22) in ART-resistant para-
sites during the early ring and young trophozoite stages, compared to their isogenic coun-
terpart, demonstrates that parasite autophagy governs the regulation of various proteosta-
sis mechanisms of ART resistance. We propose that, since host hemoglobin endocytosis is
decreased due to the C580Y mutation (34), autophagy rescues the parasites from nutrient-
limiting conditions and is therefore responsible for survival through delayed progression
to the trophozoite stage. This is reflected in the higher expression levels of PfATG8 and
PfATG18 (Fig. 2C) combined with the increased numbers of PfATG8-, PfATG18-, and PI3P-
decorated vesicles (Fig. 2E to H) in the early rings of ART-resistant parasites compared
those of its isogenic strain. As the parasite stage progresses toward young trophozoites,
heme accumulates in the FV due to increased hemoglobin uptake and synthesis (65, 72),
culminating in oxidative stress, which promotes autophagy (73). Enhanced ER-PI3P vesicu-
lation disseminating the PfBiP chaperone (27, 28) also leads to increased expression levels
of P. falciparum autophagy proteins, which underlie the proteostasis mechanisms in both
the ER and the cytoplasm. Together, our results establish the role of autophagy in media-
ting various mechanisms of ART resistance. Additionally, modulation of autophagy by
starvation or pharmacological inhibition by MRT68921 has a more profound effect on the
resistant parasites than on the isogenic ones (Fig. 3 and 4). The increased number of PI3P-
bound PfATG18 vesicles in the PK13 C580Y mutant strain compared to those in its isogenic
strain at the basal level itself indicates that autophagy is initiated in resistant parasites
even in the absence of an external stressor (Fig. 4A and B). The increased PI3P vesiculation
reported during resistance may be directly related to the induction of autophagy proteins,
which promotes PfATG18 binding to these vesicles and recruiting other autophagy pro-
teins, which is necessary for the formation of autophagosome-like structures in the para-
site. The increased number of these vesicles in both resistant and isogenic parasites upon
autophagy induction by starvation (Fig. 4A and B) further confirms a conserved role of
PfATG18 in parasite autophagy and demonstrates a functional autophagy pathway that
responds to autophagy induction under starvation. Additionally, expression of autophagy
proteins is much higher in the resistant isolate than in its isogenic isolate, showing the par-
asite’s dependence on autophagy for fitness.

Furthermore, when we examined whether the PfK13-decorated vesicles carrying hemo-
globin are the same subcellular compartments on which PfATG18 and PI3P colocalize, a
partial colocalization of PfK13, PI3P, and PfATG18 on these vesicles (which are HCv) was
observed (Fig. 5; see also Fig. S5A in the supplemental material at https://www.jncasr.ac.in/
faculty/surolia/research-highlights/supplemental-material-mbio00630-22). Other routes for
hemoglobin delivery to the FV are also known, including processes involving phagotrophs
and the microtubule-assisted cytostomal tubes (60, 65), which explains the partial colocali-
zation of PfK13-PfATG18-PI3P with PfFP2-decorated vesicles. We speculate that the
increased colocalization of PfK13 and PfATG18 toward the parasite periphery at the ring
stage, while they are localized close to the FV in trophozoites (Fig. 5B), is due to their
enhanced cotrafficking to the FV in the trophozoite stage.

ART resistance is a complex interplay between K13 mutations and the genetic back-
ground, which either directly imparts ART resistance or augments a fitness advantage to
the parasites (74). Furthermore, mutations in PfK13 also contribute to the stress responses
experienced by resistant parasites due to the decrease in availability of host hemoglobin
and resulting in upregulation of parasite autophagy. However, ART resistance is not limited
to PfK13 and autophagy proteins alone but is associated with the genetic background
and expression of chaperones reported in in vitro cultures, as well as the UPR pathway
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involving Plasmodium reactive oxidative stress complex (PROSC) and TCP-1 ring complex
(TRiC) chaperone complexes in resistant clinical isolates in vivo (28, 75). These factors,
along with the UPR-mediated increased autophagy and enhanced PfeIF2a phosphoryla-
tion demonstrated in this study, further advances autophagy as the key player of proteo-
stasis mechanisms of ART resistance.

Coassociation of the PfK13 C580Y mutation with the PfATG18 T38I mutation in 85% of
2,517 field isolates (Fig. 6) found in our single-nucleotide polymorphism (SNP) data analysis
further validates the conclusions of our studies. As the PfATG18 T38I mutation provides a fit-
ness advantage (44), and parasites with PfK13 C580Y mutations experience decreased nutri-
ent availability, we propose that the copresence of these two mutations imparts a fitness
advantage to the parasite by promoting autophagy that serves as an additional source of
nutrients, supporting parasite growth during ART-mediated proteotoxicity and stress.

Our findings collectively establish a unifying role for autophagy as a cellular process
interlinking various mechanisms of ART resistance (Fig. 7). In addition, the inhibition of
ART-resistant parasites by a very specific autophagy inhibitor, MRT68921, identifies this

FIG 7 Schematic representation for role of autophagy in proteostasis mechanisms of ART resistance in P. falciparum. Activated ART generates reactive
oxygen species (ROS) and leads to alkylation and misfolding of proteins, causing activation of the stress response pathways. The major source of amino
acid supply, host hemoglobin endocytosis, is diminished at the ring stage in PfK13 mutants, reducing ART activation and decreasing protein misfolding.
The reduced hemoglobin uptake in PfK13 mutants results in limited nutrient conditions that induces autophagy. Also, the decrease in PI3K ubiquitination
and degradation leads to increased PI3P vesiculation, which induces the parasite autophagy pathway. Our results reveal that PfK13 mutants have increased
levels of autophagy proteins, indicating the role of autophagy in the survival of the resistant parasites.
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pathway as a novel target, which needs further efforts to develop new and more effec-
tive therapeutics.

MATERIALS ANDMETHODS
Materials. RPMI 1640, HEPES, sodium bicarbonate (NaHCO3), hypoxanthine, D-sorbitol, MRT68921,

GSK2606414, 2,3-dutanedione monoxime, Hoechst 33258, phenylmethylsulfonyl fluoride (PMSF), TRIzol
reagent, DNase I, and oligonucleotides were purchased from Sigma-Aldrich, USA; RPMI 1640 without
amino acids from HyClone Laboratories, Inc., USA; AlbuMax II from Gibco; dihydroartemisinin from AK
Scientific; Dynasore hydrate and polyvinylidene difluoride (PVDF) membranes from Millipore Sigma,
USA; WR99210 from Jacobus Pharmaceutical Co., USA; paraformaldehyde (EM grade) from ProSciTech,
Australia; Vectashield from Vector Laboratories; protein inhibitor cocktail from Roche; Clarity Western
ECL substrate and iTaq UniverSYBR green from Bio-Rad; Zenon Alexa Fluor 488 rabbit IgG labeling kit
from Thermo Fisher Scientific; and restriction enzymes, M-MuLV reverse transcriptase and oligo(dT) pri-
mers from New England BioLabs, USA. The following commercially available antibodies were obtained:
anti-PI3P antibody by Echelon Biosciences; anti-phospho-eIF2a by Cell Signaling; anti-actin antibody
and anti-green fluorescent protein (GFP) antibody by Sigma-Aldrich; anti-KDEL antibody by Abcam; anti-
rabbit and anti-mouse Alexa Fluor 488 and Alexa Fluor 568 by Invitrogen; and anti-rabbit-horseradish
peroxidase (HRP) by Bio-Rad. The following Plasmodium falciparum-specific antibodies were custom gen-
erated: anti-PfATG18 by GenScript, USA; anti-eIF2a by Bioklone, India; anti-PfATG8 and anti-PfPTEX-150
by Genemed Biotechnologies, Inc. Anti-BiP antibody was obtained by MR4, Bei Resources; anti-K13 and
anti-falcipain-2 antibodies were kind gifts from Souvik Bhattacharya (JNU, New Delhi, India) and Asif
Mohammed (ICGEB, New Delhi, India), respectively.

P. falciparum cultures. Parasite cultures were maintained by the candle jar method (76) and cul-
tured in O-positive (O1) human red blood cells (RBCs) using complete RPMI 1640 supplemented with
25 mM HEPES, 0.2% NaHCO3, 0.5 mM hypoxanthine, 0.5% (wt/vol) AlbuMax II, and 5% (vol/vol) heat-
inactivated O1 human serum. For starvation experiments, cultures were maintained in RPMI 1640 with-
out amino acids or serum for 1.5 h. Subculturing was done after every 48 h. Cultures were synchronized
by treatment with 5% D-sorbitol (77). For isolation of parasites, RBCs were lysed using 0.03% (wt/vol) sap-
onin incubated for 10 min on ice, followed by centrifugation. The pellet obtained was washed using
cold phosphate-buffered saline (PBS; pH 7.4, 1�).

Plasmid construction and transfection. PCR amplification of full-length PfSec62 (stop codon omit-
ted) from 3D7 cDNA was done using the primers 59-GGCCGGTACCATGAGTA ACAGAATGGAGGAATTAG-
39 (KpnI site underlined) and 59-GCGCCCTAGGATTGT CTGATTTATCAAAACATGCTTC-39 (AvrII site under-
lined) and digested with restriction enzymes KpnI and AvrII, followed by ligation into the pARL1-a vector
(78) at the same sites. The pARL1-a vector contains a C-terminal GFP tag, a promoter region for PfCRT,
and human dihydrofolate reductase (hDHFR) as the drug selection cassette. The resultant plasmid was
episomally expressed in the parasites.

Transfection in P. falciparum 3D7 parasites was done as previously described (79). Briefly, synchron-
ized ring-stage parasites with 5% parasitemia were mixed with CytoMix (0.15 mM CaCl2, 120 mM KCl,
2 mM EGTA, 10 mM K2HPO4/KH2PO4, 5 mM MgCl2, and 25 mM HEPES, [pH 7.6]) containing 100 mg of
PfSec62-GFP cloned in a pARL1-a plasmid. This was electroporated using a GenePulser II instrument
(0.31 kV, 960 mF) and resuspended immediately in complete medium containing fresh RBCs.
Subsequently, the culture was maintained in 2.5 nM WR99210.

Parasite treatment with small molecule inhibitors. Early rings and young trophozoites were
treated with 700 nM DHA for the indicated periods of time. Young trophozoites were treated with
2.5 mM MRT68921 for 1.5 h, 30 mM GSK2606414 for 2.5 h, 200 mM Dynasore hydrate for 4 h, and 25 mM
2,3-butanedione monoxime (BME) for 1 h.

Immunofluorescence assay. The assay was performed as described previously (80). Parasite-infected
RBCs were washed three times with 1� PBS and fixed at room temperature for 30 min using 4% parafor-
maldehyde and 0.0075% glutaraldehyde in PBS. After fixation, cells were washed three times, followed by
permeabilization at room temperature for 10 min using 0.1% Triton X-100–PBS. Blocking was done at 4°C
for 1 h using 3% bovine serum albumin (BSA)-PBS, followed by incubation with the primary antibody in
3% BSA-PBS at room temperature for 1 h. Primary antibodies were used at the following dilutions: rabbit
anti-PfATG18 (1:400), rabbit anti-PfATG8 (1:600), mouse anti-PI3P (1:500), rabbit anti-falcipain-2 (1:400), and
rabbit anti-K13 (1:400). This was followed by three washes and incubation with secondary antibodies using
3% BSA-PBS at room temperature for 1 h. Alexa Fluor 568 and 488 conjugated to goat anti-mouse (1:200)
and goat anti-rabbit (1:200) antibodies were used as secondary antibodies. After staining the nucleus with
Hoechst 33258, cells were mixed with Vectashield and then mounted over glass slides and observed under
a confocal microscope. The mean 6 standard error of mean (SEM) from each experiment was plotted
using Prism 9 software (GraphPad; La Jolla, CA).

Microscopy. For visualizing GFP signals in parasites expressing PfSec62-GFP, samples were incu-
bated with Hoechst 33342 for 15 min and washed three times with PBS, followed by mounting over
glass slides. Signals were observed using the LSM 700 (Carl Zeiss, Germany) confocal microscope using a
488-nm laser and the 63�, 1.4 numerical aperture (NA) oil objective. Immunofluorescence signals from
fixed samples were observed using LSM 700 and Airyscan confocal microscopes (Zeiss). Image process-
ing was performed with Imaris (Bitplane, Zurich, Switzerland) and Zen (blue edition). The distance was
quantified using the line profile in Zen software and the extent of colocalization was measured by
Pearson’s coefficient (R).

Autophagy Underlies Mechanisms of ART Resistance mBio

May/June 2022 Volume 13 Issue 3 10.1128/mbio.00630-22 15

https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.00630-22


Zenon labeling. For coimmunolocalization, Zenon labeling was used. The first primary antibody
labeling was performed using an immunofluorescence assay protocol as described previously (80). The
second primary antibody was conjugated with Zenon rabbit IgG 488 in a 6:1 molar ratio (supplier recom-
mendation). Samples were incubated with this complex for 40 min, followed by imaging within 1 h to
avoid dissociation of the complex.

Immunoblot analysis. The parasite pellet, obtained by saponin treatment as described previously
(77), was lysed in buffer containing 1% Triton X-100 in 1� PBS, 1� complete protein inhibitor cocktail,
and 1 mM PMSF, followed by passing through a syringe 5 to 10 times. Protein extract obtained as a su-
pernatant by high-speed centrifugation was then boiled for 10 min followed by protein separation on
an SDS-PAGE gel. The proteins were transferred to a Immobilon PVDF membrane and specific proteins
were detected by these antibodies (raised in rabbits), anti-PfATG8 (1:4,000), anti-PfATG18 (1:4,000), anti-
eIF2a (1:500), anti-BiP (1:2,500), anti-phospho-eIF2a (1:500), and anti-eIF2a (1:500). b-Actin, used as a
loading control, was detected by rabbit anti-actin antibodies (1:5,000). Horseradish peroxidase-conju-
gated goat anti-rabbit antibody (1:3,000) was used as the secondary antibody. Immunoblot signals were
developed by Clarity Western ECL substrate and imaged using the ChemiDoc imaging system (Bio-Rad).
Densitometry analysis of the specific protein bands was performed using ImageJ software. The mean 6
SEM from each experiment was plotted using GraphPad.

Quantitative real-time PCR. The parasite (K13C580Y and K13WT) pellets were obtained by the saponin
treatment as described previously (77), and total RNA was extracted using TRIzol reagent following the man-
ufacturer’s protocol. The isolated RNA was then treated with RNase-free DNase I to remove any genomic
DNA contamination. A 1-mg aliquot of the extracted RNA was then used for cDNA synthesis using the M-
MuLV reverse transcriptase and oligo(dT) primers in a 20-mL reaction mixture. Another set of cDNA synthesis
reactions was set up without the reverse transcriptase enzyme as a negative control. Quantitative real-time
PCR with 10 ng of cDNA was used to amplify the genes of interest, Pfatg8 and Pfatg18. The primer sequences
used to amplify regions in the genes were as follows: for Pfatg8, 59-CATCAACATATTAATCAAAGTGCATATGG-
39 and 59-AAATCTTGCATTAACAATCCTGTTTTAGG-39; for Pfatg18, 59-ATATGTAAAGGAAAAAATGTATCCCC-39
and 59-GCAAAACTCCATTCACTATTTAAATAC-39; and for b-actin, 59-CCATGAAAATTAAAGTTGTTGCACCAC-39
and 59-TTGGTCCTGATTCATCGTATTCCTC-39. A SYBR green-based fluorescent tag was used for DNA labeling
in a CFX96 Touch real-time PCR detection system (Bio-Rad, USA), and the abundance of each transcript was
determined using the threshold cycle (CT). The housekeeping gene b-actin was used to normalize the gene
expression and fold differences in the expression of these genes were calculated using the 22DDCT method
(81). The mean6 SEM from the experiment was plotted using GraphPad.

Growth inhibition assay. To assess the effect of MRT68921 on P. falciparum growth, parasites were
tightly synchronized by sorbitol treatment. Ring-stage K13WT and K13C580Y parasites with 1% parasitemia
and 3% hematocrit were incubated with various concentrations of MRT68921 (5,000 nM, 2,500 nM,
1,000 nM, 800 nM, 650 nM, 400 nM, 250 nM, 100 nM, and 50 nM in triplicate) in a 96-well cell culture
plate. Thin blood smears were made from each well after ;72 hpi and were stained with Giemsa for mi-
croscopic analysis. The percentage of parasites in the next life cycle was calculated for each concentra-
tion of MRT68921 and was plotted as a function of MRT68921 concentration using GraphPad and the
half-maximal inhibitory concentration (IC50) was estimated using the dose-response function of
GraphPad.

Genome analysis. To analyze the coexistence of SNPs in gene PF3D7_1012900 (PfATG18) with SNPs
of Kelch gene PF3D7_1343700 (kelch protein K13), we downloaded the SNP data from Pf3K MalariaGEN
(pilot data release 4; https://www.malariagen.net/data/pf3k-pilot-data-release-4). There were 2,640 sam-
ples for the K13 gene from 18 different geographical locations, primarily from African (n = 884) and
Asian (n = 1,627) subcontinents and lab strains (n = 129). We identified 3 SNPs (C580Y, Y493H, and
R539T) that are known as potential biomarkers for ART resistance and identified the presence of those
mutations in all of the samples using in-house R scripts. Variant calling was done for 2,517 samples for
PF3D7_1012900 (PfATG18), excluding the lab strains (mixed lab strain and genetic crosses). To maintain
the homogeneity of the data, only 2,517 samples were compared for further analysis. The plots were
generated using R scripts.
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