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Population genomics and transcriptomics of
Plasmodium falciparum in Cambodia and
Vietnam uncover key components of the
artemisinin resistance genetic background
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The emergence of Plasmodium falciparum parasites resistant to artemisinins
compromises the efficacy of Artemisinin Combination Therapies (ACTs), the
global first-line malaria treatment. Artemisinin resistance is a complex genetic
trait in which nonsynonymous SNPs in PfK13 cooperate with other genetic
variations. Here, we present population genomic/transcriptomic analyses of
P. falciparum collected from patients with uncomplicated malaria in Cambodia
and Vietnam between 2018 and 2020. Besides the PfK13 SNPs, several poly-
morphisms, including nonsynonymous SNPs (N11311 and N821K) in PfRadS5 and
an intronic SNP in PAWD11 (WD4O0 repeat-containing protein on chromosome
11), appear to be associated with artemisinin resistance, possibly as new mar-
kers. There is also a defined set of genes whose steady-state levels of mRNA
and/or splice variants or antisense transcripts correlate with artemisinin
resistance at the base level. In vivo transcriptional responses to artemisinins
indicate the resistant parasite’s capacity to decelerate its intraerythrocytic
developmental cycle (IDC), which can contribute to the resistant phenotype.
During this response, PfRADS and PfWDI11 upregulate their respective alter-
natively/aberrantly spliced isoforms, suggesting their contribution to the
protective response to artemisinins. PfRADS and PfWDI1 appear under
selective pressure in the Greater Mekong Sub-region over the last decade,
suggesting their role in the genetic background of the artemisinin resistance.
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Resistance of Plasmodium falciparum infections to artemisinins, the
current first-line therapy for malaria as artemisinin-based combination
therapies (ACTs), was first reported in western Cambodia in 2009™. In
the last decade artemisinin resistance spread throughout the entire
Greater Mekong Subregion (GMS)®, and more recently also emerged in
Eastern Africa*’. In South America, several independent events also
occurred that led to the emergence of resistance-associated markers,
particularly in Guyana, as early as 2016°’. The artemisinin resistance
phenotype in vivo is characterized by an increased parasite clearance
half-life (PC1/2>5hours) after treatment with artemisinin alone or

ACTSs®. Artemisinin resistance is linked with nonsynonymous SNPs in
the Kelch-repeat [3-propeller domain of PfK13, and in vitro, it is char-
acterized by an increased parasite survival of synchronized early ring
stage parasites, assayed by the ring survival assay (RSA)°. Since their
emergence, the PfK13 SNP(s) have been the most reliable genetic
markers of artemisinin resistance in clinical falciparum malaria in the
GMS®', Independent emergence of PfK13 mutations in Sub-Saharan
Africa has accelerated since 2013 when the frequency of R561H
increased from 7.4% to 13% and is now also associated with increases in
PC1/2, albeit not past Shr*". In Uganda, infections with P. falciparum
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carrying the artemisinin resistance linked PfK13 SNPs, A675V and
C469Y, are also now spreading rapidly'>. Occurrence of artemisinin
resistance was also confirmed recently in other parts of Sub-Saharan
Africa, such as Ethiopia™, Uganda®, Eritrea” and Tanzania'®. Together
with the independent emergence in South American Guyana reported
earlier®”’, these Sub-Saharan occurrences stress the fact that artemisi-
nin resistance can emerge autonomously in essentially any other part
of the malaria-endemic world””®, The main concern is the fact that
artemisinin resistance compromises the overall efficacies of essentially
all ACT types, allowing the emergence of resistance alleles to the
partner drugs, which was well documented for mefloquine’ and
piperaquine®. Given that all current worldwide malaria control and
elimination programs rely on the ACTs; it is imperative to understand
the nature of artemisinin resistance, particularly all components of its
polygenetic molecular mechanism. It is feasible to expect that other,
currently unknown, components of artemisinin resistance will be in a
delicate balance driven by the positive selection of resistance on one
side and negative impact on parasite fitness on the other, as it was
demonstrated for several of the PfK13 nonsynonymous SNPs such as
C580Y and M5791%,

As suggested earlier in the GMS, the PfK13 SNPs mediate artemi-
sinin resistance only in parasites with a specific genetic
background®?, This is also likely true for Sub-Saharan Africa, where
the resistant infections exhibit more moderate but still significant
shifts in PC1/2". The genetic variations of the putative genetic back-
ground could either directly contribute to the resistance and/or aid P.
falciparum growth and transmission. The latter may represent muta-
tion that does not necessarily mediate the artemisinin resistance per se
but instead help to alleviate the fitness cost due to the resistance
mutation and/or boost gametocyte production to elevate transmission
of the resistant parasite lines. Indeed, large segments on chromosomes
10,13, and 14***, and at least five specific nonsynonymous SNPs* were
found to be associated with artemisinin resistance by earlier GWAS.
Longitudinal analysis and replicate GWAS/random forest approaches
identified an additional 7 and 8 new SNPs, respectively”*, Population
transcriptomics analyses (also termed transcription-phenotype asso-
ciation studies, TPAS), further supported the view of a complex
genetic trait, revealing the artemisinin resistance-associated tran-
scriptional profile (ARTP)”~%°. The ARTP comprises genes associated
with the PC1/2 by their expression level, and it underlines specific
cellular physiological state(s) of the artemisinin-resistant P. falciparum
parasites. The differential expression of most, if not all, individual
genes of the ARTP is also associated with specific genetic
polymorphism®’, and in one case, it was shown to be mediated by
sequence length polymorphisms at the AT-rich tandem repeats in the
gene promoter’,

There is also a considerable number of genes associated with
artemisinin resistance by functional inference (reviewed in
refs. 32-35). The center of this is the PfK13 involvement in hemoglobin
endocytosis, being located at the cytostomes and physically interact-
ing with a set of proteins (K13-interacting candidates, KICs)*. The
potential to mediate artemisinin resistance was demonstrated for at
least two of these including KIC1 and KICS5 indicating their functional
context”%, Another example is PfCoronin, an actin-binding protein,
carrying a WD40 domain, functionally and structurally related to the
PfK13 Kelch-repeat B-propeller. Like PfK13, mutations selected under
DHA drug pressure in the WD40 propeller domain in vitro mediate
decreased susceptibility to artemisinins in the standard RSA%.
Although naturally occurring SNPs in Pfcoronin do not exhibit an
association with an increased PC1/2, for the time being, their rising
allele frequencies and skewed distributions along the protein have
been reported in Sub-Saharan Africa’®*’. Like PfK13, the PfCoronin
mutations depend largely on the genetic background of the P. falci-
parum parasites®, Based on multiple lines of evidence, Oberstaller, J.
et al. I, 2021 compiled a putative set of functionalities and genes

causing artemisinin resistance”. Apart from PfK13-linked hemoglobin
endocytosis®***, these include vesicular trafficking (involving PIP5K)*;
Redox metabolism (Thioredoxin)*®; heat shock/unfolded protein
responses (PfAP2-HS)*; cell cycle regulation (MYST)*, and others.
Indeed, most of these functionalities have been associated with
increased PC1/2 in clinical samples in TPAS studies”*. Complex
involvement in artemisinin resistance of some of these genes was also
confirmed by PiggyBac-transposon mutagenesis*’ and their regulatory
“rewiring” in the PfK13 mutant parasites™.

In this work, using GWAS/TPAS, we identified a novel set of genes
associated with variation in PC1/2 in P. falciparum infections via
genetic polymorphisms and/or differential transcription either at the
baseline levels or as a response to artemisinin in natural malaria
infections. Out of these, we single out the polymorphisms in PfRADS
(PF3D7 1343400) on chromosome 13 and a novel WD40 domain-
containing protein on chromosome 11 (PfWD11, PF3D7_1138800) that
associates with artemisinin resistance by exonic and intronic SNPs,
respectively. Both genes also exhibited artemisinin-response/resis-
tance-associated differential expression characteristics. As such
PfRADS and PAWDI1 represent potentially new genetic markers that can
complement the clinical relevance of PfK13.

Results

Data sets

The main goal of this study was to investigate the artemisinin resis-
tance clinical phenotype of the delayed parasite clearance half-life
(PC1/2)*°"** in the context of a complex genetic trait. Specifically, we
wished to identify additional molecular markers/mediators con-
tributing to artemisinin resistance or other components of the genetic
background. For that, we carried out population genomics and tran-
scriptomics analyses of the P. falciparum parasite DNA and RNA col-
lected from patients enrolled in a treatment study with the acronym
TACT-CV similar to our previous published studies from the Tracking
Resistance to Artemisinins Collaboration, TRACI & 1I7**°, TACT-CV
was an open-label randomized clinical trial of triple artemisinin com-
bination therapies (TACT) conducted in five hospitals or health centers
in western and eastern provinces of Cambodia (wCambodia & eCam-
bodia), including Kravanh, Pursat, and Stung Treng; and southern
Vietnam (sVietnam): Binh Phuoc and Khanh Hoa between March 18,
2018, and January 30, 2020 (Fig. 1a, Supplementary Data 1)**. Reflecting
the status of artemisinin resistance, the majority of the samples from
wCambodia and sVietnam carried a PfK13 mutant allele and came from
infections with a slow clearance half-live (PC1/2 > 5 hours). In contrast,
the set of samples collected in eCambodia was evenly split between
artemisinin-resistant and sensitive parasites, the latter of which carried
the ancestral wild-type PfK13 allele. Out of the total 310 P. falciparum-
infected erythrocyte samples, whole genome sequencing (WGS) could
be performed successfully with 290 samples. Using RNA-Seq, we also
generated high quality transcriptomes of these P. falciparum isolates at
two distinct time points; (i.) just before the start of antimalarial treat-
ment (0 hr samples, baseline transcriptomes, n = 282); and (ii.) six hours
after the start of drug treatment (6 hr samples, induced transcriptomes,
n=252). Given the low transmission epidemiological settings, this
sampling is highly representative of the overall transmission pattern of
P. falciparum infections representing essentially all detectable infec-
tions in these western and eastern parts of the GMS between 2018 and
2020%,

Population flux within the eastern GMS P. falciparum infections
Focusing on the WGS, the P. falciparum genomes were characterized
with coverage ranging from 0.09X - 472.81X, with a mean of 149.54X
(Fig. S1). After quality filtering (see material and methods), a total of
29,994 SNP with at least 1% minor allele frequency from 227 parasite
isolates were considered. Principal component analysis (PCA) revealed
that the first component (~12.8% of the overall variation) separated a
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subset of eCambodian samples from wCambodia and sVietnam
(Fig. 1b). Indeed, the elbow analysis indicated that the first component
underlines the main structure of the TACT-CV cohort and supports the
K=2 means clustering for stratification (Fig. S2). This specifically
indicates that the eCambodian P. falciparum population has a distinct
genetic structure that differs from that in wCambodia and is mainly

dominated by the KEL1/PLAL1 parasite lineage as a result of a selective
sweep between 2010 and 2014 driven by DHA-piperaquine (DHA-PPQ)
antimalarial treatment™. On the other hand, the second and third
components (8% and -~7%) underline genetic diversity within the
eCambodian subpopulation per se (Figs. 1b and S2). Indeed, neighbor-
joining tree analysis based on a pairwise distance matrix supports the
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Fig. 1| Genetic features of the parasite cohort. a Geographic distribution of the
clinical isolates along with their resistance status. The colors of the points agree
with the point colors of the PCA plot and the node color of the neighbor-joining
tree. b The first two principal components are showing the population structure of
the parasites. The shape of the points corresponds to the clade classification
defined in the tree. ¢ Neighbor-joining tree separating parasites into three major
clades. The circle encompassing the tree shows the allelic distribution of the top 6
GWAS hits. d Differential distribution of the Tajima’s D for three clades defined by

the neighbor-joining tree. e SNPs linked with PC? by genome-wide association
study. The P values were obtained by fitting data in linear mixed model imple-
mented in FastLMM packages. Presented P values are uncorrected. Apart from the
locus at chromosome 13 already known to be linked with parasite resistance, a
novel locus at chromosome 11 passed the statistical cut-off and comprises a single
intronic variation in the WD repeat-containing gene (Pf3D7_1138800). Source data
are provided as a Source Data file.

PCA findings, classifying the TACT-CV cohort into two distinct clades, |
and II. Clade I consists nearly exclusively of eCambodian parasites,
while clade Il is split evenly between w and eCambodian parasites and
thus can be further subdivided. Subclade Ila consists of wCambodian
samples, while clade IIb includes eCambodian parasites, and the vast
majority of samples are collected at the two sVietnam sites. The sam-
ples in clades Ila and lIb appear genetically related, which may indicate
their common origin, likely represent the KEL1/PLAl lineage that
expanded in this region prior to the time of this study®. On the other
hand, clade I parasites appear genetically distant, exhibiting a founder-
like (sub)population structure (Fig. 1c). Clade I is characterized by a
significant overrepresentation of the artemisinin sensitive phenotype,
with most parasites carrying the PfK13 wild-type allele. This contrasts
subclades Ila and lIb, with most of the parasites being artemisinin
resistant, carrying the C580Y or other PfK13 mutations. It is also
important to note the existence of a small clade of 6 parasite isolates
(clade III) that showed a high genetic distance from the TACT-CV
cohort, whose origin is currently unknown.

Consistently, an admixture analysis identified a distinct ancestral
subpopulation that is exclusive to eCambodia and comprised mainly
of artemisinin-sensitive parasites (Fig. S3). This population is currently
admixing with two distinct subpopulations of resistant parasites, one
of which appears to be spreading from wCambodia. Tajima’s D index
value distribution is also consistent with this model (Fig. 1d). Clade |
peak at O, indicating an absence of any current selection pressure. On
the other hand, Clade Ila and IIb exhibit complex distributions with
multiple peaks, most of which shift towards the positive Tajima’s D
index values. This suggests a finer subgrouping of the parasite popu-
lations in Clade Ila and IIb with ongoing selection process(es). This is
supported by the distribution of the Tajima’s D values across the
genome exhibiting a neutral profile for clade I but a highly variable
pattern for Ila and Ilb, with several subregions on chromosomes 2, 6,
and 12 being particularly under a strong selection (Fig. S4, Supple-
mentary Data 2). Finally, identity by descent (IBD) analysis revealed
close genetic relatedness of Clade Ila and Ilb, both of which are distant
from Clade I (Fig. S5). Interestingly, parasites in Clade I exhibit broader
genetic variability, possibly reflecting their diversion unaffected by
drug selection. Clade l is, however, more related to Clade IIb, reflecting
their common geographic distribution. Collectively, these results
suggest that artemisinin-resistant parasites expanding from wCam-
bodia are gradually admixing into the drug-sensitive population pre-
existing in this region and/or spreading there from neighboring Laos.
This admixture pattern is (at least partially) driven by the gradual
change in first-line antimalarial treatment from DHA-PPQ to
artesunate-mefloquine (AS-MFQ) in Cambodia between 2014 and 2017,
implemented due to the rapid spreading of piperaquine resistance®.

GWAS of the artemisinin resistance phenotype in the TACT-CV
P. falciparum patient cohort

Taking the population structure of the TACT-CV cohort into con-
sideration, next, we carried out a genome-wide association study
(GWAS) to search polymorphic loci linked with artemisinin resistance.
Here the artemisinin resistance phenotype, defined by the PC1/2, was
used as a continuous variable. Here, we carried out GWAS with the
Genetic Relatedness Matrix (GRM) that mitigates the population
structure effect as implemented by the FastLMM program. The GRM

method was chosen instead of the standard 10 principal component
correction due to a lower inflation factor A°*=1.05 compared to
N®€=225 (Fig. S6). Indeed, even this limited size cohort of
~300 samples of the TACT-CV can provide sufficient statistical power
for genetic analysis of artemisinin resistance factors (Fig. S7). For that,
however, we applied a lower statistical threshold of pValue>10"%
instead of commonly used 10® to accommodate for the sample
scarcity as previously described®®. By this approach, we identified
C580Y in PfK13 (PF3D7_1343700) as the top marker of artemisinin
resistance (p-value 4.92E-12) (1e). In addition, we identified 11 SNPs
significantly associated with PC1/2 (pValue ~107), from which 10 were
located at chromosome 13, several genes upstream and/or down-
stream of PfK13. All these 10 SNPs fell into a broader chromosome 13
region detected by previous GWAS”**, These included missense
mutations NI11311 and N82IK in DNA repair protein, PfRADS
(PF3D7.1343400), L573F in VPS13 domain-containing protein
(PF3D7_1343800), and H1420Q in EI-E2 ATPase (PF3D7_1348800)
(Supplementary Data 3). Curiously, the two nonsynonymous SNPs in
PfRADS, located three genes upstream of PfK13, were also previously
found to be a part of the artemisinin resistance genetic architecture
2011-2013°>", In addition to these, we identified an SNP (c.4395+30
T>C) at chromosome 11 that falls within the 2nd intron in WD40
repeat-containing protein (PF3D7_1138800) (p-value 2.57E-7). For fur-
ther discussion, we term this P. falciparum WD40-domain protein on
chromosome 11 (PfWDI11) and the intronic SNP i2 +30 T > C. Interest-
ingly, the PAWDII falls in the regions with positive Tajima’s D values in
both clades Il a and IIb, suggesting a balancing selection in both parts
of Cambodia (Fig. S4). On the other hand, the region of chromosome
13 with PfK13, PfRADS, and other GWAS hits appears to be under
positive selection in clade lla, representing the recent spread of arte-
misinin resistance in (e)Cambodia.

Transcriptome analysis of differential gene expression in resis-
tant parasites

Next, we explored the transcriptome datasets (see above) to identify
genes that are associated with the artemisinin resistance phenotype by
their differential gene expression. Here, we maximized the detection
of all RNA transcript classes, including the canonical protein-coding
mRNA transcripts annotated in the P. falciparum genome (e.g.,
annotated Protein-Coding Transcripts, PCT) but also their alternatively
spliced variants (altPCT), overlapping noncoding antisense transcripts
(asPCT) and intergenic ncRNA transcripts. For that, we employed
genome-guided transcriptome assembly in a strand-specific manner
using a custom-designed bioinformatics pipeline with a specific focus
on data filtering based on detection levels (materials and methods).
Using a 70% cut-off threshold, we obtained quantitative measurements
of 4542 transcripts from 282 O hr samples (baseline transcriptomes)
comprising 3289 aPCTs, 631 altPCTs, 341 asPCTs and 281 ncRNAs
(Fig. 2a). From 252 of the 6 hr samples (induced transcriptomes), we
measured an abundance of 2158 aPCTs, 299 altPCTs, 25 asPCTs, and 123
ncRNAs. There were comparable levels of the average expression of all
four categories of the transcripts across the O hr and 6 hr sample sets.
Also, 280 out of the 631 detected altPCTs showed differences at pre-
dicted splice sites within the protein-coding sequences, and 198 of
these (including PfRADS and PfWDI11, see below) could be classified as
aberrant splicing by creating a frameshift that could lead to protein
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truncation/degradation (Fig. S8). Altogether, these results demon-
strate the utility of the applied RNA-Seq methodology and
bioinformatics pipeline that allows us to expand transcriptomic ana-
lyses of P. falciparum in natural infections beyond the canonical mMRNA
species that up until now were the sole subject of the previous
studies”?.

-
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Applying the IDC/gametocyte mixed model”’, we identified 137
transcripts, including 100 aPCTs and 37 non-aPCTs, whose differential
expression correlated significantly with the PC1/2 (p-value range
FDR < 0.05). From these, 113 were up- and 24 down-regulated in the
resistant parasites, respectively (Fig. 2b, Supplementary Data 4,
Fig. S9). GO Slim enrichment analysis of the 100 aPCTs revealed an
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Fig. 2 | Parasite transcriptomes and their association with resistance. a The
expression and detection levels of four different classes of transcripts were mea-
sured in both O hr baseline and 6 hr induced transcriptomes. b The Manhattan plot
of the Transcriptome-Phenotype Association Study (TPAS) depicts upregulated
and downregulated transcripts in resistant parasites along with their transcript
classes as marked by the shape of the points. ¢ An example of upregulated asPCT
(anti-sense RNA, top panel, points in red) and down-regulated corresponding
aPCTs (annotated protein coding transcripts, top panel, points in blue) in the

resistant parasites. An example of an upregulated altPCT (alternatively spliced RNA,
bottom panel, points in red) and down-regulated corresponding aPCTs (bottom
panel, points in blue) in the resistant parasites. d The heatmap shows mean
expression residuals of non-PCT transcripts found to be up-regulated or down-
regulated in artemisinin resistant parasites and the expression profile of their
corresponding aPCTs. Source data are provided as a Source Data file. Panels

B, C present the uncorrected P values that were calculated by fitting data to the
Generalized Additive Model.

overrepresentation of factors of nucleoside and Acetyl CoA metabo-
lism and transcriptional regulations (with enrichment p-value < 0.05).
Crucially, PfWDI11 was also significantly upregulated aPCTs in the
artemisinin resistant parasites (p-value=2.6e-05). In addition, we
identified 14 altPCTs and 23 asPCTs that correlated with the PC1/2. For
19 of these, we observed measurable levels of their corresponding
aPCTs that in some cases exhibited the opposite correlation wed with
PC1/2 (Fig. 2¢c, d). The marked example is an antisense transcript of
RNA cytosine C(5)-methyltransferase (Pf3D7_1230600) and SET
domain protein (Pf3D7_.0629700) for which asPCT and altPCT,
respectively, were upregulated in the resistant parasites, contrasting
their aPCTs (Fig. 2c). Taken together, here we demonstrate that non-
canonical mRNA transcripts, including alternatively spliced variants,
antisense, and intergenic ncRNAs. The HO transcriptomes analyzed in
this study did not recapitulate the previously reported ARTP?, iden-
tifying only a small portion of differentially expressed genes between
the resistant and susceptible parasites. This is due to the limited sta-
tistical power of the TACT-CV samples set (n~300), in which most
differential gene expressions were below the statistical significance
achieved with previous larger datasets of TRACI” and TRACIF.
Nevertheless, it is feasible to suggest that the identified transcriptional
events contribute to the artemisinin resistance genetic background
either as direct factors of the resistance mechanism or by alleviating
fitness costs and/or boosting gametocyte production (see discussion).

The primary purpose of the transcriptomics analysis of the 6 hr
clinical samples was to study in vivo transcriptional responses of P.
falciparum to artemisinin, the fast-acting ACT component. Subtracting
the expression level between the 0 hr and 6 hr samples, we identified
significant transcriptional responses that were dominated by broad
transcriptional downregulations (Fig. 3a, Supplementary Data 5). In the
resistant parasites, dramatic downregulation of up to 555 aPCTs (FDR
<le-05), which is much less pronounced in the susceptible parasites,
with only 105 downregulated aPCTs (Fig. 3a). A similar trend could be
observed for the non-PCTs, with an additional 98 of these being
downregulated in the resistant parasites compared to 12 down-
regulated in the susceptible ones (Fig. S10. Functional enrichment
analysis of the downregulated 555 aPCTs identified pathways and cel-
lular processes related to parasites’ lifecycle progression. (Fig. 3b).
These included protein synthesis, hemoglobin degradation, host
cytoplasm remodeling, antigenic presentation, and epigenetic reg-
ulation of gene expression. Approximately half (n =299) of these genes
exhibit their highest expression during mid to late ring stages (O-
28 hours post-invasion, hpi) (Fig. S11). This suggests that the tran-
scriptional downregulation induced by artemisinin in vivo reflects a
general suppression of the ring development (hence IDC decelera-
tion), which is considerably more extensive in the artemisinin-resistant
parasites.

Differential expression of non-aPCTs of PfRADS and PfWDI11
further strengthens their potential as novel artemisinin resis-
tance markers

For at least 10 genes, we observed these divergent trends between the
“non-aPCTs” and their canonical PCT with respect to response to arte-
misinin. A notable example is a nucleic acid binding protein,
PF3D7 0202600, that exhibits induction of its PCT but significant

downregulation of asPCT as a result to in vivo 6 hr artemisinin exposure
(Fig. 3c). Similar diversion was observed for both PfRADS and PfWDI1.
The altPCT of PfRADS appears significantly more suppressed in the
susceptible parasites with higher significance (mean expression residual
change -2.87, FDR 4.01e-12) compared to resistant parasites (-2.05, p-
value 2.34e-07) (Fig. 3d). Crucially, the altPCT of PfRADS retains the
second intron, presumably leading to a frameshift and, presumably,
suppression of its biological activity. Indeed, both the baseline (HO) and
inducible (H6) expression of the PfRad5 altPCT is associated with the two
SNPs with statistically significant p-value 0.02 (for N821K) and 0.03 (for
N1131I) (Fig. S12a, b) both of which are also associated with artemisinin
resistance (Fig. 1e). Interestingly, both PfRADS SNPs appear to be cov-
ariates of the PfK13 SNP, increasing its frequency on the GMS regions in
an essentially identical temporal profile (Fig. S12c) These results suggest
that the two nonsynonymous PfRADS SNPs are in epistatic relationship
with its alternative splicing, both of which could contribute to the PfK13-
driven artemisinin resistance phenotype.

Similar eQTL-like association was also observed between the
transcript levels of PfWDI1 and its intronic SNP i2+30 T > C (Fig. 4a).
PfWD11 displayed a good correlation between the baseline level of PCT
and PC1/2, making it a component of the putative ARTP (Fig. 4b). In the
6-hour transcriptome, however, we observed significant overall upre-
gulation of the altPCT of PfWD11 (Fig. 4c). While there were no changes
in transcript levels in the susceptible parasites, the significant differ-
ential expression of both PCT and altPCT of PfWDI1 exhibited con-
siderable transcriptional changes in the resistant parasites (Fig. S13).
By performing paired analysis of samples taken before and after six
hours of treatment, we observed significant downregulation of the
PfWD11 PCT (p-value 2.07e-05) and, conversely, upregulation of the
altPCT (p-value 2.09e-07) in the resistant parasites. These observations
were subsequently validated by qPCR using specific oligonucleotide
primers for both the aPCT and altPCT of PfWDI1L1. In the in vitro cul-
tured P. falciparum 3D7 strain, both transcripts can be detected in the
early stages of the IDC, gradually declining with time (Fig. S14). qPCR of
24 paired (Ohr-6hr) parasite isolates for both resistant (12) and sus-
ceptible (12) groups from the TACT-CV cohort further substantiate the
RNA-Seq results detecting a statistically significant increase of PfWD11
altPCT in the resistant group (p-value 0.0008) (Fig. S15a). The PCT of
PfWDI1 followed a similar trend with lower statistical significance for
fold-change when these 12 susceptible and 12 resistant parasites were
compared (p-value 0.004). Moreover, a similar transcriptional trend
can be observed in two culture-adapted artemisinin resistant Cambo-
dian strains IPC4912 carrying pfk13°*" and PAWDI1I1** and IPC3445 car-
rying pfk13<*%" and PAWDI1?*° "> € genotypes, respectively. These two
strains were collected by the Pasteur Institute, Cambodia, between
2010 and 2013 and are publicly available at www.beiresources.org.
Here, we have observed a dose-dependent induction of both aPCT and
altPCT isoforms in IPC3445, with the most significant values in the
highest dose of the drug (Fig. 4d, 15b and Supplementary Data 6). This
induction seems specific to the PfWDI1i2+30T>C -carrying
IPC344S5 strain, as no change in both transcript levels was observed in
IPC4912 and 3D7. The alternatively spliced isoform retains the intron 5
(length=190 bp), causing a frameshift that first introduces 5 aberrant
amino acids encoded by the first 15 intron nucleotides and a sub-
sequent stop codon that truncates the proteins by 59 amino acids at

Nature Communications | (2024)15:10625


http://www.beiresources.org
www.nature.com/naturecommunications

Article https://doi.org/10.1038/s41467-024-54915-6
a.
PC'2 < 5 hours PC"2 > 5 hours
50 50 1 o . n=452
Qn=103
401 40+
@2 @ =20 0 ; @ =116
50 On=103 On=1 304 2 O n=11
o - [
% = 0
=] j=d '
<]
_? 20 T 204
e
O
101 3 7 101 A & :
e . = _ e - _
FDR = 1e-05 . FDR = 1e -05
01 07
P N ' 5 . 4 2 0 2 4
xpression residual fold Expression residual fold
change insignificant . unique O commonchange
b. c nucleic acid -binding protein
' (PF3D7_0202600)
SRP proteins { o
et PCT — -
rotein v
synthesis Glutamate metabolism ° asPCT
Components involved in o P =0.01 P=37e-07
ribosome assembly | ‘ 5 | ‘
Asparagine and Aspartate metabolism 5
é’ s
Haemoglobin digestion [ S 0
8 0
Histone chaperones [ c -5
Epigenetic 2 ‘
173
regulators Chromatin modifying proteins | @ 2—10
i 5
Translocon of exported proteins PTEX . -15
Host cell HO H6 HoO H6
modification Subcellular location of exported proteins )
d.
Proteins with ER retention sequences e PfRADS5(PF3D7_1343400)
PCT ; L& ]
Parasitophorous vacuolar membrane ® altPCT c
Protein degradation within mitochondria . P=4.0e-12 P =2.3e-07
T T T T
Phosphatidylcholine metabolism ° 5 5
12}
Others Maturation and export of 60S and 40S T
ribosomal subunits . o
80 0
Drug targets Y ‘é
25 5
2 3 4 o
Gene count -log1o (P) = 10
w10 B
(X J
. %. g Ho H6 Ho He

Fig. 3 | In vivo transcriptional response to TACT/ACT treatment. a Induction or
repression of PCTs upon treatment with artemisinin combination therapy on
parasite with PC1/2 <5 hours (left) and PC1/2 <5 hours resistant (right) parasite

resistant parasites with P<0.05 from the enrichment analysis. ¢ An example of
differentially regulated asPCT compared to corresponding PCT in the resistant
parasites. Approximately scaled transcript structure of PCT/asPCT pair is shown

above of violin plots. d Alternatively spliced PFRADS was found as repressed upon
treatment in both susceptible and resistant parasite groups. Approximately scaled
transcript structures shown above the violin plot reflect intron retention event in
altPCT of PfRADS. Source data are provided as a Source Data file. Panels

A-D present the uncorrected P values that were calculated by fitting data to the
Generalized Additive Model.

groups. Any transcripts with FDR <le-05 considered as significant and commonly
induced/repressed transcripts are marked as un-filled blue colored circles. The
background and point color of the volcano plots are to differentiate the resistant
parasites from susceptible parasites and PCTs from non-s respectively. White and
beige background signifies the parasite groups as susceptible and resistant
respectively, whereas blue circles here represent up-regulated/repressed PCTs with
statistical significance. b Pathways linked with 555 PCTaPCTs suppression in the
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the c-terminus that fall within its WD40 propeller domain (Fig. S16).
Next, we carried out Westen blot analysis to test the effect of this
aberrant splicing on the overall levels of PfFWD11 protein (Fig. 4e, f, S17
and Supplementary Data 7). Using a polyclonal antibody targeting the
PfWDI1 protein region upstream of the putative truncation, we
detected the full-length protein product ( ~ 250 kDa) in all three strains
grown under normal conditions or after varying DHA treatments(s)
(Fig. 4e). Curiously, 6 hr treatment with 700 nM DHA caused a sup-
pression of the full-length PfWDI1 levels in all three strains, with
IPC3445 exhibiting a significantly more potent effect. Moreover, each
strain exhibited a distinct pattern of truncated PfWDI1 protein pro-
ducts, presumably reflecting the posttranslational processing and/or
protein degradation (Fig. 4e). The abundance of all truncated protein

—— ———— — — — — — - PBIP

products was insensitive to the DHA treatment, except a ~52kDa
protein band that exhibited dose and time-dependent induction upon
DHA treatment (Fig. 4f). Altogether, these in vitro characterizations are
consistent with the mutated form of PfWDI1 exhibiting distinct gene
expression characteristics that, in turn, could contribute to the arte-
misinin resistance given its strong association with this phenotype
in vivo.

Indeed, in the resistant parasites, the upregulation of the aPCT in
the O hr transcriptome and induction of altPCT in the 6 hr tran-
scriptomes is covariant with the PfWD11i2+30 T > C with statistical
significance of 6.05e-09 and 1.26e-05, respectively. Moreover, in the
TACT-CV cohort, PFWDI1 i2+30 T > Cis completely covariant, with
the SNP PfK13 mutations being particularly associated with the KEL1/
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Fig. 4 | PFWDI11 as a novel marker for artemisinin resistance. a Transcript
structure of PRT/altPRT pair of PfWDII gene showing retention of intron 5 for the
alternatively spliced isoform. The black arrow shows the position of intronic SNP
associated with PC"2 in GWAS. b Transcriptome-phenotype association for hour 0
transcriptome shows up-regulation of PCT in resistant parasites (left, blue) com-
pared to susceptible parasites, whereas no significant changes in the expression
level were observed for altPCT (right, red). ¢ Opposite to hour O transcriptome, in
hour 6 transcriptome there were no significant changes in PCT expression observed
between the resistant and susceptible group, but altPCT was found upregulated in
resistant parasites. d Real-time PCR values for two artemisinin-resistant (IPC3445
and IPC4912) and one artemisinin-sensitive stain (3D7) after a 2-hour treatment
with varying concentrations of Dihydroartemisinin (DHA). Values are shown as a
ratio of PfFWD11 expression compared to untreated control (O nM DHA). DHA
concentrations are indicated by different colors. Significance values were calcu-
lated using unpaired, two-tailed heteroscedastic ¢-test against untreated control.
Values were obtained from three biological and three technical replicates.

e Western blot images for the three tested strains are shown, illustrating the dif-
ferent levels of PFWDI1 processing after 4-hour and 6-hour DHA treatments. In the
3D7 sensitive strain, only the full-length PfWDI1 (orange) is present, with no sig-
nificant additional bands detected over the background. In contrast, the resistant
strains exhibit several smaller proteins, with a particular ~52 kDa band (Short pro-
tein 2, green) showing opposite regulation patterns in IPC3445 and IPC4912 in
response to DHA treatment. f Graph showing the ratio of full-length PfWD11
abundance after DHA treatment compared to untreated control (left panel); Graph
showing the ratio of the abundance of Short protein 2 after DHA treatment com-
pared to its untreated control (right panel). Abundance was measured by densi-
tometry in three biological replicates and values were normalized to PfBiP.
Significance values were calculated using unpaired, two-tailed heteroscedastic ¢-
test against untreated control. Source data are provided as a Source Data file.
Panels B, C present the uncorrected P values that were calculated by fitting data to
the Generalized Additive Model.

PLA1 genotype (Fig. 1e). This raises the question of whether PFWD11
i2+30T > C is a product of recent emergence or originated at the
onset of artemisinin resistance. Examination of the Catalogue of
Genetic Variation in P. falciparum - v7.0 (Pf7)*® showed that the
majority P. falciparum population in most endemic areas exhibit
~2.9% (n=421) minor allele frequency of PfWD11i2+30T > C from
14129 genotyped parasite isolates (Fig. 5a). The marked exceptions
are eGMS and wGMS, where the PfWD11 i2+30T > C frequency
reached 37.7% and 11.3%, respectively. This is proportioned to the
frequency of the mutant PfK13 genotype and the artemisinin resis-
tance phenotype captured by the Pf7 samples set, with most P. fal-
ciparum infections outside the GMS still being fully sensitive to
artemisinin. More specifically, ~-80% of the mutant alleles in the Pf7
dataset originate from three countries from eGMS, including Cam-
bodia, Vietnam, and Thailand, from 2005-2018. Indeed, the historical
progression of the PfFWD11i2+30 T > C frequency in the GMS closely
mirrors those of PfK13 such as C580Y (Fig. 5b). Before the emergence
of artemisinin resistance (2005), PfWD11 i2+30T > C and PfK13
C580Y exhibited low frequencies (< 5%) but were both rising through
the following years to reach up to 80% in the GMS population by
2018. There was also a strong association between PfWD11i2+30T >
C and the PC1/2 in TRAC I (2009-2011) and TRAC II (2016-2018) and
finally TACT-CV (2018-2020) (Fig. 5¢). In TRACI, conducted at the
onset of artemisinin resistance in the GMS in 20011-2013, PfWD11
i2+30T > C occurred in PfK13 wild-type background already in a
small fraction of the parasite and it was not associated with PC1/2.
However, already at that time, the vast proportion of the PFWDI11
mutant alleles co-existed with PfK13 mutations and as such asso-
ciated with PC1/2>5hr. This trend progressed further from 2016
through 2020 (in TRACII and TACT-CV datasets), where the single
mutant of PFWDI11 nearly disappeared from the population and pro-
gressively larger proportions of parasites carried the PfWD11/PfK13
double mutant genotype; also associated with artemisinin resistance.
Importantly, in the GMS population, PfWD11i2+30 T > C was found
to associate not only with C580Y, the historically most dominant
genotype but also with at least two other PfK13 mutations, including
R539T and Y493H SNP (Fig. 5d). To be specific, 72% of the parasite
isolates carrying R539T and 22% of the parasite isolates carrying
Y493H present in the Pf7 database also carry PfWD11i2+30T > C.
These lines of evidence answer the initial question, suggesting that
PfWDI1i2+30T > C co-selected with resistance together with most
if not all PfK13 mutations since its emergence. As such PfWDI1
represents a key component of the artemisinin resistance phenotype.

Discussion

The main goal of this study was to expand our knowledge of molecular
factors associated with the multifaceted artemisinin resistance
mechanism and to monitor its evolution through its progressive

spread within the GMS™. As opposed to previous GWAS/TPAS studies
that surveyed the entire GMS region (and beyond), here we focused on
the north-eastern region of eCambodia (Steung Treng) between 2018-
2019 where the frequencies of artemisinin resistant P. falciparum
infections were rising only gradually®>. For that, we contrasted the
eCambodian population with wCambodia and sVietnam, in which
artemisinin resistant parasites fully dominated the falciparum malaria
transmission, presumably as a result of the KEL1/PLAl selective
sweep®*°. To maximize the information content of this relatively lim-
ited size dataset (300 samples), we expanded the WGS to sequence
polymorphisms in intragenic and intronic regions and the RNA-Seq, to
capture alternatively spliced isoforms, antisense transcripts and
ncRNAs. By capturing this broad spectrum of genomic/tran-
scriptomics elements and correlating these with direct responses to
artemisinin in vivo, we were able to make several key observations
improving our understanding of artemisinin resistance including (i.)
the ongoing admixture of resistant parasites into the drug-sensitive
population as one of the key processes in spreading resistance; (ii.) at
least two new genetic markers of artemisinin resistance, PfRADS and
PfWDI11, the latter of which carries a mutation in its intronic region; (iii.)
role of alternative splicing and antisense transcripts in in vivo adap-
tation of P. falciparum in its natural host including, drug resistance. We
discuss these in the following section.

(i.) The genetic relatedness of the resistant parasite subpopulation
in eCambodia indicates their origin in the KEL1/PLA1 lineage, hence,
spreading from wCambodia and/or sVietnam®~*°, In contrast, the
drug susceptible eCambodia subpopulation exhibits a broad genetic
diversity (Fig. 1b), unique genetic makeup (Fig. 1c), neutral selection
status (Fig. 1d), and a distinct haplotype admixture structure (Fig. S3).
This population is also characterized by a founder-like subpopulation
structure previously observed in wCambodia, before the spread of
artemisinin resistance’’. This drug susceptible parasite population
likely represents either an ancestral P. falciparum population (pre)
existing in eCambodia and/or parasites that are spreading from the
adjacent regions (such as southern Laos) where artemisinin resistance
was less established**®.. Indeed, Artemether-lumefantrine (AL) is the
first-line ACT in Laos that contrasts Cambodia, where
Dihydroartemisinin-piperaquine (DHA-PPQ) was used up to 2014 and
subsequently gradually changed to Artesunate-mefloquine (AS-MQ)®~
From this perspective, TACT-CV represents a unique P. falciparum
genetic cohort that illustrates how the main alleles admix into a drug
susceptible population, presumably along with other parts of the
artemisinin genetic background.

(ii.) In our GWAS, we found no associations between the PC1/2 and
most of the SNPs identified in earlier studies, including that char-
acterizing the genetic architecture of artemisinin resistance during its
emergence between 2009 and 2013%. The exceptions are N1131I and
N821K in PfRADS, which were identified by this study and thus appear
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Fig. 5 | Allelic features of PFWD11 i2 + 30 T > C. a World-wide distribution of
PfWDI1 i2 +30 C allele (mutant) on the background of the three PfK13 propeller
domain mutations (found in this study) and resistance status from the Pf7 dataset.
b Temporal changes of PfK13 C580Y and PfWD11 i2 + 30 C allele frequencies in the
three countries of wGMS (Cambodia, Vietnam, and Thailand) showed an increasing
trend. ¢ PC1/2 plotted along with the different combinations of PfK13 - PfFWD11
genotypes for three large-scale epidemiological studies: TRACI, TRACII, and TACT-

CV. (WT = wild type, K13 non-prop= mutations in PfK13 but not in propeller domain,
WD-mut= PfWDI1 i2 + 30 T > C but no K13 mutations, Double mut= PfWD11
i2+30 T > C along with K13 mutations in propeller domain, K13 prop = K13 muta-
tions in propeller domain but PfWD11i2+30 T > C absent). d Pf7 database shows
that the PfWDI11i2 +30 T > C allele highly coexisted with PfK13 C580Y and R539T
alleles for >70% and Y493H allele carrying isolates. Source data are provided as a
Source Data file.

as the only components of the artemisinin resistance genetic archi-
tecture that has persisted in the GMS for over a decade. Canoni-
cally, PfRADS represents one of the key factors of the DNA repair
machinery playing roles in post-replication repair and template
switching®®. Indeed, DNA repair was previously linked with artemisinin
resistance by in vitro analyses and genetic polymorphisms in several
DNA repair factors were also detected in the natural infections®®***",
The human homolog of Rads5 is known to inhibit autophagy-induced
cell death by repairing reactive oxygen species (ROS)-induced DNA
damage®®. Curiously, artemisinin resistant P. falciparum is believed to
escape a programmed cell death-like process® that is at least partially
induced by ROS-mediated stress as a part of artemisinin MOA’. The
results from this study now provide further evidence for PfRAD5 to
play a part in the artemisinin resistance mechanism.

PfWDI1 i2+30T>C represents another SNP associated with
artemisinin resistance that was not detected by any previous studies.
Nevertheless, a retrospective analysis showed that PFWD11i2 +30 T > C
withstood the test of time, being associated with essentially all PfK13
alleles regardless of their origin since their emergence in the GMS. It is
feasible that the i2+30T>C mutation causes the intron retention

directly by inactivating a putative intronic splicing enhancer and/or
activating an intronic splicing silencer, as previously shown in other
eukaryotic systems’’. Based on a saturation mutagenesis by transpo-
son study, PAWDII gene is essential for parasite intraerythrocytic
development, playing a role in stress responses, gametocyte produc-
tion and potentially artemisinin resistance phenotype’>. Moreover
multiomics study by Mok et al. et al 2021 shown downregulation of
overall PfWDI1 protein levels in CAM3.1I isogenic PfK13 R539T and
C580Y mutants at the trophozoites stages when compared to their
isogenic wild-type controls®®. Three most recent PiggyBac transposon
studies revealed that a disruption in the intergenic region between
PfKICS 3'UTR (downstream neighboring gene) and PfWDII 5’'UTR
(774 bp and 734 bp distance from each gene, respectively) sensitized
parasites to heat shock, DHA, oxidative stress and at the same time
increased gametocyte conversion rates’. Another single disruption
identified by this study occurred in a long non-coding RNA down-
stream from the PAWDI1 transcription start site sensitizing parasite to
DHA, lumefantrine, heat shock, oxidative stress and proteasome inhi-
bitor bortezomib. Although the precise biological function of PfWDI11
remains unknown, there is evidence of it being a part of the TAF
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epigenetic reader complex along with the TAF1/BDP5 chromatin-
binding protein’. The key role of the TAF complex in many eukaryotes
is in the regulation of cell cycle progression by transcriptional
initiation”*. Disruption of the TAF complex by TAF1/BDP5 knockdown
was shown to lead to a general deceleration of the IDC and, at the same
time, derepression of genes involved in sexual development’™. Both
phenomena were previously observed in artemisinin resistant P. fal-
ciparum natural infections??%°%7¢,

Taken together, unlike PfK13, for which different alleles emerged,
spread, and subsequently disappeared, being replaced by others, the
SNPs in both and PAWDI11 remained constant throughout the last 15
years during which artemisinin resistance spread through the GMS.
Indeed, PfRADS N11311 and PfWD11i2+30 T > C show strong associa-
tions with PfK13 mutat phenotype when studied by GWAS of linkage
disequilibrium (LD) studies in the TACT-CV cohort (Fig. S18a, b and
Supplementary Data 8). Moreover, the temporal profile of their fre-
quency progression in the GMS since 2009 also shows a high corre-
lation with PfK13 C580Y, which classifies both mutations into a small
group of outlier mutations with a high link with artemisinin resistance
(Fig. S18c, d). Pending validations of their biological relevance, these
may now represent more suitable markers of artemisinin resistance in
the future. Currently, little is known about the putative genetic back-
ground of the PfKI3 mutant parasites emerging in Sub-Saharan
Africa™”’. It will be particularly interesting to investigate if these
alleles also contribute to artemisinin resistance in African parasite
lines; owing to otherwise low frequencies of PfK13 B-propeller muta-
tions in the African populations in general®’%,

(iii.) One of the key observations made in this study is the role of
asPCTs and altPCTs (non-aPCTs) and possibly ncRNAs in P. falciparum
natural infections, probably driving the parasite’s adaptation process,
including drug resistance. These types of transcripts were previously
shown by in vitro studies to play regulatory roles in the parasite life
cycle progression and other Plasmodium traits”*®, albeit still poorly
understood. The discovery of the non-PCT and ncRNAs in P, falciparum
dates to as early as 1991 and subsequently 2001 respectively*>**. It was,
however, not until the advancement of RNA-Seq that these RNA spe-
cies were captured at the genome-wide level, with a subset of them
found to be developmentally regulated in Plasmodium®**. Since then,
alternative splicing was characterized also in P. vivax®, and sub-species
of P. yoelii and along with pre/post-exposure to mefloquine®. In P.
yoleii particularly, alternative splicing was shown to regulate of surface
antigen genes®, while in P. beghei it is involved in the differentiation of
male gametocytes and oocysts®. In P. falciparum, IncRNAs have been
linked to several biological functions, including sexual conversion
through antisense silencing’®, immune evasion by antigenic switching,
mutual exclusiveness of CLAG3.1 and CLAG3.2 expression” and several
other biological processes’>®. With the advances in long-read and
single-molecule sequencing, it is clear now that the complexity of the
P. falciparum transcriptome goes far beyond protein-coding
mRNA”*%, Here, we show that both non-aPCTs and ncRNAs exhibit
marked variations in P. falciparum parasites during their natural
infections and, as such, can play key roles in host environment adap-
tation, including drug resistance. It is unclear whether alternative sli-
cing in P. falciparum directly impacts the proteome diversity or if it has
a regulatory role by modifying protein levels by (over)production of
aberrant transcripts®®. The alternatively spliced PFWD11 and PfRADS
may represent such aberrant transcripts that could lead to speculated
reductions at the protein level.

In future in vitro studies, exploring the casualty of the identified
genetic factors for artemisinin resistance will be crucial. In particular, it
will be crucial to assess whether these factors contribute directly to the
multifaceted mechanism of artemisinin resistance’® or contribute to its
spread in the clinical/epidemiological setting. The latter may involve
factors that can alleviate the fitness cost caused by different PfK13
mutations in the asexual parasite growth’””® or boost of sexual stage

induction observed even in the initial study of artemisinin resistance in
the GMS'. The natural limitation of this study, similar to any association
studies, is the incapability to distinguish these two categories of the
artemisinins resistance from each other. In turn, however, here we
identify new genetic factors that contribute to artemisinin resistance
of P. falciparum malaria infection in real-life clinical settings, which, in
our view, represent the main strength of this work.

Methods

Ethics statement

All samples used for this study were collected with written informed
consent from the patients or their legal guardians. The study was
approved by the National Ethics Committee for Health Research
(NECHR; Phnom Penh, Cambodia); the Ethical Committee, Hospital for
Tropical Diseases (Ho Chi Minh City, Vietnam; and Oxford University
Tropical Research Ethics Committee (OXTREC; Oxford, UK). Oxford
University was the study sponsor. Monitoring was done by the
Mahidol-Oxford Tropical Medicine Research Unit (MORU; Bangkok,
Thailand) and the Oxford University Clinical Research Unit (Ho Chi
Minh City, Vietnam). Ethics approval was obtained from the NECHR,
Cambodia (NECHR 0042); the Ethical Committee, Hospital for Tropical
Diseases, Vietnam (1096); and OXTREC

In vivo sample collection

All samples used in this study were collected from 310 patients involved
in a multi-site clinical trial at five hospitals or health centers in three
locations (western Cambodia, eastern Cambodia, and Vietnam). The trial
took place between March 18, 2018, and Jan 30, 2020. All details
regarding sample collection, site locations, inclusion criteria, para-
sitemia assessment, and given treatments were previously published®.

Total RNA extraction and measurements

8 volumes of TRIzol reagent (Invitrogen) (v/v) were added to 0.5 ml
infected packed red blood cells. Samples were vortexed at 7000 RPM
for 1 min. Chloroformwas added in a 1:5 volumetric ratio, vortexed and
samples were centrifuged for 15 min to separate phases as previously
described®'°°. The supernatant was aspirated and transferred to the
new tubes. An equal volume of 100% ethanol was added to the
supernatant and RNA was extracted using ZYMO DirectZol-96 RNA kit
(ZYMO) following manufacturer instructions. RNA was eluted in 17 ul
of RNAse/DNAse free water, and its purity was assessed by spectro-
metry on Nanodrop (Thermo Scientific). RNA concentration was esti-
mated using RNA-specific Qubit fluorometric assay (Invitrogen). RNA
integrity was assessed on Bioanalyzer RNA Nano Chip (Agilent).

gDNA extraction and measurements

gDNA was extracted from infected packed red blood cells by Mahidol
Oxford Tropical Medicine Research Unit (Bangkok, Thailand) as descri-
bed previously? and purified gDNA was shipped to Nanyang Techno-
logical University (Singapore) for further processing. Briefly, all DNA
samples have been extracted from white blood cell-depleted samples
using the QiaSymphony Investigator kit with an extraction volume of
200 uL. gDNA concentration was estimated using DNA-specific Quant-IT
High Sensitivity DNA and Quant-IT Broad Range DNA fluorometric
assays (Invitrogen). gDNA integrity was assessed on 0.5% agarose gel.

gDNA library preparation

gDNA sequencing libraries have been prepared from 1 ng of previously
purified gDNA using a DNA Prep kit (Illumina) following the manu-
facturer’s instructions with modification to the protocol described
below. In brief, volumes of all reagents in the entire protocol have been
scaled down four times to accommaodate a larger number of samples. As
recommended by the manufacturer due to low concertation of DNA in
the samples manual normalization of gDNA input (1 ng gDNA) was per-
formed using DNA-specific Quant-IT High Sensitivity DNA and Quant-IT
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Broad Range DNA fluorometric assays (Invitrogen). 10 cycles of PCR
have been used for final index incorporation. Unique Dual Indexes
(Ilumina) were used for multiplexing. The resulting libraries were eluted
in 15 pl of the elution buffer and verified by real-time PCR, fluorometric
DNA concentration assay (Invitrogen), and Bioanalyzer DNA High-
Sensitivity chip (Agilent Technologies) by Novogene Singapore.

Stranded total RNA library preparation

RNA sequencing libraries have been prepared from 100 ng of purified
total RNA using ZYMO-Seq RiboFree Total RNA Library Kit (ZYMO)
following the manufacturer’s instructions with some modifications to
the protocol described below. This protocol allows for the generation
of stranded, rRNA, and human globin-depleted libraries. The whole
protocol has been scaled down to use half of the recommended
volume of each reagent. The depletion step of rRNA (both human and
the parasite) and globin has been adjusted to 4 hours at 68 °C. 14 cycles
of PCR have been used for final index incorporation. The resulting
libraries have been eluted in 15ul of the elution buffer and verified by
real-time PCR, fluorometric DNA concentration assay (Invitrogen), and
Bioanalyzer DNA High-Sensitivity chip (Agilent Technologies) by
Novogene Singapore.

Library sequencing

96 libraries (either gDNA or total RNA) have been equimolarly pooled
and sequenced per one lane of Novaseq S4 sequencing technology
(Illumina) generating approximately 750GB of data per lane (Novo-
gene, Singapore). Technical replicates of 3D7 lab strain gDNA/RNA
were also included on each sequencing lane to control for library
preparation and sequencing efficiency.

Variant detection and filtering

Raw sequencing reads were trimmed using the Trimgalore package
specifying: -q 30 -phred33 -a adapterl -a2 adapter2 -stringency 5
-trim-n -e 0.2 -length 75", Trimmed reads were aligned to the Plas-
modium falciparum 3D7 reference genome by the BWA package'®.
PCR duplicates were removed using PicardTools and bases were
recalibrated using GATK BQSR using variants from genetic crosses
described by - Miles et al., 2016'®. Short variants (SNPs and Indels)
were called using GATK HaplotypeCaller'®. Samples with at least 1.5
million paired reads aligned to the 3D7 reference genome and with a
minimum of 10X genome coverage are considered for further analysis.
GATK hard filters with values MQ <60.0 FS>60.0 or QD <2.0 were
used to filter the data. SNPs detected in the core genome were retained
further by excluding SNPs detected in the sub-telomere repeat
regions. Samples with a missing genotype rate <0.1 were discarded.
Further using Plink only bi-allelic SNPs with minor allele frequency
> 0.01 and missing genotype rate <0.1 were retained for analysis'®.

Population structure analysis and GWAS

To investigate the population structure three individual analyses were
performed using filtered SNP data. Principle component analysis was
performed at first using Plink to visualize the variability among the
isolates. Next, the pairwise distances between individual isolates were
calculated and the Neighbour-Joining tree (NJ Tree) was plotted using
APE packages'*. Based on the PCA and Neighbour-joining tree results
parasite populations were grouped into three sub-population/clades.
For each population, the Tajima’s D value was estimated for 5Kb win-
dow by VCFtools'” and visualized as a density plot. Before performing
the Tajima’s D analysis isolates were filtered according to FWS value as
estimated by the R package moimix (https://bahlolab.github.io/
moimix/). Lastly, the ancestry of different populations inferred from
PCA and NJ- tree were revisited by performing the Admixture analysis
with ancestral component K = 3'%, The value of K was inferred from the
groups of isolates from PCA analysis and the division of clades in the NJ
tree. Admixture-estimated ancestral shares for three populations were

then linked with parasite clearance half-life and k13 mutation (a known
marker for resistance). To link the SNP genotype with phenotype -
parasite clearance half-life, the Fast-LMM package was used'”. The first
10 principal components were used in this study as a covariate to
correct for population structure and unknown confounders. Any SNP
with a p-value of association less than 1 x 107 was examined.

Transcriptome assembly

Sequencing reads for hO transcriptome and hé transcriptome were first
trimmed using Trimgalore package specifying: -q 20 --phred33 --clip_R2
10 -a adapterl -a2 adapter2 --trim-n --length 75'". High-quality reads were
aligned to the Plasmodium falciparum 3D7 reference genome (annota-
tion version 59) with Hisat2"°. Reads mapped to a maximum of three
genomic regions were extracted and assembled using the Stringtie
package with options: -p 50 --fr -m 150 -j 3 -g 20 for each sample™’. To
achieve a high-quality transcriptome, we first merged samples with (i) at
least 6 M reads aligned (n=358; including Plasmodium falciparum life
cycle transcriptome with 2-hour resolution), (ii) isoform fraction 0.1, (iii)
minimum transcript length 150. This transcriptome was then used for
abundance estimation for each transcript and sample. Any sample with
at least 70% transcript detected and any transcript present in at least 70%
of samples were considered for further analysis.

Transcriptome phenotype association

The age of each parasite isolates (both hO and h6) was first predicted by
comparing it with IDC time points using Spearman’s rank-order corre-
lation in R (stats package cor.test function). A transcriptome-based
approach to detect gametocyte proportion developed by Zhu et al.,
2022 was implemented next to determine the overrepresentation of the
gametocyte populations within each isolate”. We adapted the identical
method described by Zhu et al., 2022% to detect transcriptomic markers
for drug-resistant parasites from hO transcriptome data. In brief, using r
package - ‘gam’ (generalized additive model) expression of each tran-
script was associated with resistance for isolates with predicted hpi
within 8-12. The gam function was designed to have two components (a)
loess function fitted predicted HPI, (b) PC1/2. Using this method age as a
confounding factor for expression change, up-regulated and down-
regulated transcript in resistance parasites were detected. The r-script
used to perform this analysis will be made available upon request. The
Hé6 transcriptome data set was filtered using the same condition applied
to the HO transcriptome.

In-vivo transcriptome response

To examine parasite response through changes in transcriptional level,
resistant (PC1/2 > 5 hours) were separated from susceptible parasites
(PC1/2<5hours). In total 251 susceptible parasites’ transcriptomes
(h0=137 and h6=114) and 284 resistant parasites’ transcriptomes
(h0 =147 and h6 =137) were used in this study. Again, we adapted the
method described by Zhu et al., 2022” to detect transcriptomic
response upon drug treatment for the detection of induced or
repressed transcripts in the hé transcriptome compared to the hO
transcriptome. In short, a generalized additive model in R was
designed with three components (a) loess function fitted predicted
HPI, (b) PC1/2, and (c) treatment group i.e., pre-treatment or post-
treatment. Results were obtained for both resistant and susceptible
parasite groups independently. Selected gene sets were examined for
enriched pathways with a p-value of 0.05 by an in-house developed
script. Both R-scripts (a) in-vivo response study, and (b) pathway
enrichment study will be made available upon request.

qPCR detection of altPFWDI1 in IDC and field isolates

We aimed to validate the presence of the alternative-spliced isoform of
the WD-repeat-containing protein (PF3D7_1138800) in both
laboratory-cultured PF3D7 strain and field samples utilized for RNA-
Seq analysis. To achieve this, total RNA was treated with the TURBO
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DNA-free™ Kit (Invitrogen) to eliminate any contaminating genomic
DNA. Subsequently, cDNA was synthesized from the treated RNA using
SuperScript™ Il Reverse Transcriptase (Thermo Scientific). The gPCR
reactions were then performed in triplicate, and the uniqueness of the
PCR products was verified by examining the melting curve within the
temperature range of 60-95°C using the StepOne™ Real-Time PCR
System (Applied Biosystems). Data were analyzed using the com-
parative critical threshold (AACt) method, in which the amount of
target RNA was compared with that of Tubulin 2 (PF3D7_0422300),
serving as an internal control. The expression levels of a target
between groups of interest were compared using a t-test. To perform
PCR amplification, the same primers as those used for qPCR were used
with 2X DreamTaq Green PCR Master Mix (Thermo Scientific). The
resulting PCR and qPCR products were verified using 2% agarose gel
electrophoresis and Sanger sequencing. More comprehensive proto-
cols and primer sequences are outlined in S1 Protocols.

Real-time quantitative PCR of in vitro drug treatments

Three different strains were used: 3D7, IPC3445 and IPC4912 (Bei
Resources) and their genomes sequenced using Illumina short read
technology as described above to verify genomic sequence variations.
Cultures (0.2 ml pRBC, 2% hematocrit, 5% parasitemia, late ring stage
approx. 20hpi) were treated for 2 hours with 0 nM, 3 nM, 30 nM, and
700 nM DHA. After treatment, infected pRBCs have been lysed with
TRIZol and RNA extraction was performed as described above. Total
RNA was treated with the TURBO DNA-free™ Kit (Invitrogen) to elim-
inate any contaminating genomic DNA. Subsequent quantitative PCR
was performed as described in the section above. All experiments have
been performed in three biological and three technical replicates.

Western blot analysis of PFWDI1 protein

Western blots were performed following standard BioRad protocols
for Trans-Blot Turbo System (available on manufacturer’s website)
with some modifications. Three different strains were used: 3D7,
IPC3445 and IPC4912 (Bei Resources) and their genomes sequenced
using Illumina short read technology as described above. Cultures
(0.7 ml pRBC, 5% hematocrit, 10% parasitemia, late ring stage approx.
20hpi) were treated for 4 hours with 0 nM DHA and 700 nM DHA or for
6 hours with 0 nM, 50 nM, and 700 nM DHA. After treatment parasites
were liberated with ice-cold saponin (Sigma) (0.1%) in 1x PBS (Ist Base)
and washed three times with ice-cold 1x PBS with protease inhibitor
cocktail (1:10000). Parasite pellet was lysed in RIPA buffer supple-
mented 1:1000 (v/v) with EDTA-free protease inhibitor (Nacalai Tes-
que). Protein concertation of the clarified lysate was measured using
Pierce BCA Protein Assay Kit (Thermo Scientific). An identical amount
of total protein (25 pg) was mixed with Laemmeli Sample Buffer (6X)
(Thermo Scientific) supplemented with 2-mercaptoethanol (10%)
(Sigma) incubated at 4°C for 1 hour. Normalized volumes of identical
amounts of protein lysates were separated using premade Mini-
PROTEAN TGX Precast Stain-free 4-20% gradient SDS-PAGE gel (Bio-
Rad). Gels were activated for 45 seconds under UV light. Proteins were
transferred to the PVDF membrane (BioRad) using Trans-blot Turbo
Transfer System using manufacturer’s original reagents (BioRad) for
15 minutes at 2.5 A constant current. Transfer efficiency was examined
under UV light. Membranes were blocked with 5% (w/v) solution of
Bovine Serum Albumin (BSA) in TBS-T (Sigma). For PfWD11 a custom
made polyclonal anti-mouse antibody has been synthetized by Gen-
script Singapore. Antibody was designed to target protein region
upstream of the possible truncation event encompassing the
C-terminal end of predicted TAF5-like domain and N-terminal end of
WD40 domain (Fig. S17). Antigen used for immunization was expres-
sed in E.coli for subsequent mouse immunization (ENFKNQYLKKFS
AYEPVTKFLLTCVSLTQIFEISLIRFKKKNSKHIVHMTKLGKKSLLQYLSVYE

GIPLYNITTKIKIIEIDDTKRNFNFFYAFVSSNFFYNVKLTFPVQWNLPSIYLT
NDEIVEDENKKSLTEKEQNNYVPNENNDAYYYYKHILKTQATNRLRVTKK

NIPSILYYCLNNCNDLTCAELSGYDGSLIATAHSNNIKLWNLKKSEMNKV
MNEKRDIDEINEYMDDVR). Antibody was affinity purified and tested
for recognizing epitope in denaturing conditions by using purified
antigen. Antibody was diluted 1:500 (3.18 ug/ul) and probing was car-
ried on in 3% BSA TBS-T solution overnight at 4°C. Anti-PfBiP (rabbit,
1:5000, BEI Resources) was used as an internal control. Primary anti-
bodies were probed using anti-mouse Highly Cross Absorbed Alexa
Fluor 647 1:10000 (Thermo Scientific, #A32728, WE322197) and anti-
rabbit Highly Cross Absorbed Alexa Fluor 488 1:10000 (Jackson
Immunoresearch, # 115-545-062). All antibodies have been tested for
cross-reactivity and signal leakage. Resulting fluorescence signal was
acquired using ChemiDoc MP (Bio-Rad) and analyzed using Image Lab
(Bio-Rad). Complete images of all western blot membranes can be
found in Supplementary materials.

Population-level analysis of PFWDI11 i2 + 30 T > C mutation
To investigate the PfWDI1 i2 + 30 T > C mutation from a global per-
spective we first downloaded the genome-wide variant presented in
Pf7 database®®. We classified the parasites into 6 classes by geo-
graphical regions (a) wGMS (Pf7 identifier AS-SE-W) (b) eGMS (Pf7
identifier AS-SE-E) (c) Africa (Pf7 African isolates) (d) South America
(Pf7 identifier SA) (e) Oceania (Pf7 identifier OC-NG) and, (f) South Asia
(Pf7 south Asian isolates). Allele frequencies were calculated for three
PfK13 mutations detected in this study as well as Pf WD11i2+30T>C
mutation disregarding the missing genotype information. Frequency
distribution for PfK13 C580Y and PfWDI11 i2 + 30 T > C was specifically
plotted for three countries in eGMS over time.

Further relation between allelic combination and PC1/2 from
other two large-scale epidemiological studies TRAC I and TRAC Il were
visualized in the context of TACT-CV study.

In-silico structure prediction of altPfWD11

AlphaFold predicted structure of PfWD11 was downloaded from the
PlasmoDB database”. The native form of PFWD11 was found to have a
Kelch13 propeller-like domain at the c-terminal which was expected to
get disrupted in altPfWD11 because of retention of intron 5 which leads
to early truncation of the protein product as predicted. Hence the
structure of the C-terminal altPfWDI1 covering the propeller-like
domain was predicted using AlphaFold™.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw genome sequence generated in this study have been depos-
ited in the NCBI SRA database under the bio-project accession code
PRJNA1011501 (https://www.ncbi.nlm.nih.gov/bioproject/1011501).
The RNA Sequence data generated in this study have been deposited in
the NCBI GEO database under accession code GSE24254. Source data
are provided with this paper.

Code availability

All the codes used in the analysis, including the packages in R, are
provided via github https://github.com/sourav-bioinfo/tact_cv_
analysis_protocol.
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