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ABSTRACT Malaria parasites induce morphological and biochemical changes in the
membranes of parasite-infected red blood cells (iRBCs) for propagation. Artemisinin
combination therapies are the first-line antiplasmodials in countries of endemicity.
However, the mechanism of action of artemisinin is unclear, and drug resistance
decreases long-term efficacy. To understand whether artemisinin targets or interacts
with iRBC membrane proteins, this study investigated the molecular changes caused
by dihydroartemisinin (DHA), an artemisinin derivative, in Plasmodium falciparum
3D7 using a combined transcriptomic and membrane proteomic profiling approach.
Optical microscopy and scanning electron microscopy showed that DHA can cause
morphological variation in the iRBC membrane. We identified 125 differentially
expressed membrane proteins, and functional analysis indicated structural molecule
activity and protein export as key biological functions of the two omics studies. DHA
treatment decreased the expression of var gene variants PF3D7_0415700 and
PF3D7_0900100 dose-dependently. Western blotting and immunofluorescence analy-
sis showed that DHA treatment downregulates the var gene encoding P. falciparum
erythrocyte membrane protein-1 (pfEMP1). pfEMP1 knockout significantly increased
artemisinin sensitivity. Results showed that pfEMP1 might be involved in the antima-
larial mechanism of action of DHA and pfEMP1 or its regulated factors may be fur-
ther exploited in antiparasitic drug design. The findings are beneficial for elucidating
the potential effects of DHA on iRBC membrane proteins and developing new drugs
targeting iRBC membrane.

IMPORTANCE Malaria parasites induce morphological and biochemical changes in the
membranes of parasite-infected red blood cells (iRBCs) for propagation, with artemi-
sinin combination therapies as the first-line treatments. To understand whether arte-
misinin targets or interacts with iRBC membrane proteins, this study investigated the
molecular changes caused by dihydroartemisinin (DHA), an artemisinin derivative, in
Plasmodium falciparum 3D7 using a combined transcriptomic and membrane proteo-
mic profiling approach. We found that DHA can cause morphological changes of
iRBC membrane. Structural molecule activity and protein export are considered to
be the key biological functions based on the two omics studies. pfEMP1 might be
involved in the DHA mechanism of action. pfEMP1 or its regulated factors may be
further exploited in antiparasitic drug design. The findings are beneficial for elucidat-
ing the potential effects of DHA on iRBC membrane proteins and developing new
antimalarial drugs targeting iRBC membrane.
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Malaria, caused by Plasmodium spp., including P. falciparum, P. vivax, P. ovale, P.
malariae, and P. knowlesi, is a major public health challenge and was prevalent in

91 countries in 2019, with 229 million new cases reported and nearly 409,000 deaths
(1), indicating that it is still one of the deadliest infectious diseases affecting humans.
Artemisinin-based combination therapies (ACTs) are recommended as first-line treat-
ments for malaria and have saved the lives of millions of patients who do not achieve
the treatment goal with adequate chloroquine, quinine, chloroquine, mefloquine, and
sulfonamide. However, drug resistance poses an eminent danger to malaria elimina-
tion efforts worldwide. Delayed parasite clearance by ACT in clinical trials has been
reported in Cambodia (2–6). This region is historically described as a site of emerging
resistance to earlier antimalarial first-line therapies, which later rapidly spread across
Africa. In recent years, resistance to artemisinin has also been found in Africa (7), where
malaria transmission is consistently high (8). Thus, clarification of the mechanism of
action of artemisinin could promote the development of better strategies to cure
malaria in the era of artemisinin resistance. Avoiding resistance is necessary to improve
clinical outcomes. Understanding the biological functions of apicomplexan rhomboids
is an active area of research because of the critical roles identified for several of these
molecules in host cell invasion and pathogenesis. The antimalarial activity of artemisi-
nin is an active area of research. Artemisinin exerts its antimalarial effect by binding to
cytosolic and mitochondrial targets through its unique endoperoxide bridge structure
in order to interfere with the signaling pathway or disturb electron transport in a per-
oxide-dependent manner (9). In addition, parasite proteins PfTCTP, PfATP6, PfPI3K,
PfCRT, and PfMDR1 bind to artemisinin, directly killing Plasmodium (10). Artemisinin, as
a prodrug, is considered to be activated specifically by heme (11), ferrous ions (12), or
Plasmodiummitochondria (13), which all seem essential for its antimalarial activity.

According to Wang et al., heme, rather than ferrous ions or Plasmodiummitochondria, is
an artemisinin-specific activator (11). In fact, Plasmodium consumes up to 80% of host he-
moglobin and releases monomeric heme, which is toxic and insoluble in water and can
interact with heme-binding proteins, lipoproteins, and cell membranes (14). Most impor-
tantly, substantial amounts of free heme, on average .50%, escape polymerization during
the entire parasite cycle (15). Free heme in food vacuoles can flow into the parasite cytosol
(16), entering the red blood cell (RBC) cytoplasm. Clinically, intravascular hemolysis is usually
found in severe malaria patients, with ;40% of the hemoglobin in each parasite-infected
RBC (iRBC) being released and easily oxidized (17), resulting in the release of free heme and
its accumulation in plasma (18–20). Free heme in plasma played a key role in the pathoge-
nesis of a cerebral malaria mouse model by destroying the blood-brain barrier (21). Given
the presence of free heme both inside and outside iRBCs, we hypothesize that artemisinin
can be activated inside and outside iRBCs and attacks nearby molecules or structures, such
as the iRBC membrane (18). Therefore, from the host cell point of view, it is still unclear
which iRBC membrane proteins will be affected by free radicals produced by artemisinin, so
studies on the membrane proteins of artemisinin-treated iRBCs are important. Several stud-
ies have reported the effects of antimalarial drugs on the iRBC membrane. Zhang et al.
reported that chloroquine and artesunate do not directly influence the shear modulus of
iRBCs (22). Byeon et al. investigated the effects of chloroquine on the mechanical property
variation of iRBCs (23). However, these studies did not focus on iRBC membrane proteins af-
ter treatment with dihydroartemisinin (DHA), an artemisinin derivative.

This study used a combined transcriptomic and membrane proteomic profiling
approach to obtain systematic insight into the molecular changes in the iRBC mem-
brane after DHA treatment of P. falciparum 3D7 at ring and trophozoite stages. Critical
differentially expressed genes (DEGs) and proteins were estimated by bioinformatics
analysis. Validation by quantitative reverse transcription PCR (qRT-PCR) and Western
blotting was performed to identify the iRBC membrane hub proteins. Finally, we inves-
tigated whether P. falciparum erythrocyte membrane protein-1 (pfEMP1) is involved in
the antimalarial action of artemisinin using a var gene-knockout parasite. The findings
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would help in understanding the drug-related interaction with iRBCs at the molecular
level and developing new drugs targeting the iRBC membrane.

RESULTS
DHA effects on the morphology and protein of iRBC membranes. We used DHA

to treat synchronized P. falciparum 3D7 in the early stage. Microscopic images (Fig. 1A,
upper panel) show that after 500 nM DHA treatment (invading the trophozoite period
of 24 to 30 h) for 4 h, the DHA group showed shrinkage and cytoplasm deformation,
while the control group was healthy. Scanning electron microscopy (SEM) showed a
raised knob-like structure on the iRBC membrane of the DHA group compared to the
smooth surface topography of the control group. The total protein of the iRBC plasma
membrane in the DHA group was downregulated compared with that in the control
group (Fig. 1B), and high- and low-molecular-weight proteins were distributed. These
results showed that DHA can affect the iRBC membrane. To further analyze the mecha-
nism of the antimalarial action of DHA, we designed an experiment, as shown in
Fig. 1C.

Transcriptome sequencing analysis. To investigate the gene expression changes
in P. falciparum 3D7 after DHA treatment, triplicate samples from the control and DHA

FIG 1 Effect of dihydroartemisinin (DHA) on the morphology and protein of the parasite-infected red
blood cells (iRBC) membrane. (A) Giemsa staining (upper panel) and scanning electron microscopy
(SEM) images (lower panel) of Plasmodium falciparum 3D7 in control and DHA groups. Ctrl, control.
(B) One-dimensional electrophoresisIs (DE) coomassie-stained gel of iRBC membrane proteins. Ctrl,
control; M, marker. (C) Flow diagram of the omics analysis process.
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groups were used to construct cDNA libraries, and transcriptome sequencing was per-
formed using BGISEQ-500 sequencing, yielding 334.3 million raw reads. The quality
control of sequencing data is presented in Tables S1 and S2 and Table 1. The Q30 per-
centages for all clean reads in the libraries were.90%. Illumina paired-end sequencing
of 6 samples yielded 308,346,652 clean reads.

Using principal-component analysis (Fig. S1), samples from the control and DHA
groups, each with three biological replicates, were further divided into ctrl1, ctrl2, ctrl3,
DHA1, DHA2, and DHA3 groups. Gene expression levels between replicates for each
sample exhibited a high correlation coefficient, indicating good repeatability between
replicates. More than 99% of genes with fragments per kilobase of transcript per mil-
lion mapped reads (FPKM) values of .0 were detected in the 6 samples (Table S1), and
the percentage of genes expressed in the ctrl1, ctrl2, ctrl3, DHA1, DHA2, and DHA3
samples was indicated. Based on the gene FPKM values, the expression levels of all
genes were classified into four categories. After DHA treatment, the majority of genes
with FPKM values of 10 , FPKM , 100 were considered moderately expressed, and
;25% of genes with FPKM values of 0, FPKM ,10 were considered to have low
expression. The number of nonexpressed genes (FPKM = 0 or undetected) accounted
for;2% of the total genes after DHA treatment.

Identification and functional enrichment analysis of the most relevant genes.
We identified 4,927 and 4,911 genes in the DHA and control groups, respectively
(Fig. 2A). Of these, 4,862 genes overlapped in the two samples, and 65 and 49 genes
were specific to DHA and control groups, respectively (Fig. 2A). Of the 4,862 genes,
3,435 DEGs were detected significantly differently between the two groups. Of these
3,435 DEGs, 1,677 were upregulated, while 1,758 were downregulated (Fig. 2B and C
and Table S3). These results suggested that the gene expression profile after DHA
treatment is unique compared to that of the control group.

The top 60 genes upregulated by DHA treatment were selected to show their main
functions, which included Duffy-binding-like merozoite surface protein 2 (dblmsp2),
exported protein family 1 (epf1), reticulocyte binding protein homolog 5 (rh5), sporozoite
and liver-stage asparagine-rich protein, cysteine repeat modular protein 2 (crmp2),
erythrocyte binding antigen-181 (eba181), potassium channel k2, surface-associated
interspersed protein 1.1 (surf1.1), mechanosensitive ion channel protein, and sporozoite
invasion-associated protein 1 (siap1) with annotations and several genes without anno-
tations. We further analyzed transcripts that were at least 3-fold downregulated. The
top 60 genes downregulated by DHA treatment included rifin (rif), mature parasite
infected erythrocyte surface antigen (mesa), 1-cys peroxiredoxin (1-cyspxn), protein ki-
nase 7 (pk7), P. falciparum maurer's cleft two transmembrane protein (pfmc-2tm), msp7-
like protein (msrp6), and var with annotations and various genes without annotations
(Table S3). More genes involved in membrane structure than merozoite- and sporo-
zoite-associated genes were found to be downregulated.

DEGs were classified using pathway and process enrichment analysis to evaluate
their potential functions in the DHA group. As shown by metascape, the DEGs were
enriched mainly in interaction with the host (44 genes), translocation of peptides or
proteins into the host (10 genes), carbohydrate derivative metabolic process (23
genes), protein complex oligomerization (4 genes; Gene Ontology [GO]), malaria,

TABLE 1 Percentage of genes expressed in ctrl1, ctrl2, ctrl3, DHA1, DHA2, and DHA3 samplesa

FPKM interval

No. (%) genes expressed in:

ctrl1 ctrl2 ctrl3 DHA1 DHA2 DHA3
0–1 860 (14.93%) 844 (14.65%) 865 (15.01%) 831 (14.42%) 838 (14.55%) 844 (14.65%)
1–3 585 (10.15%) 604 (10.48%) 604 (10.48%) 640 (11.11%) 647 (11.23%) 657 (11.40%)
3–15 1,341 (23.28%) 1,335 (23.17%) 1,328 (23.05%) 1,398 (24.27%) 1,396 (24.23%) 1,382 (23.99%)
15–60 1,427 (24.77%) 1428 (24.79%) 1,419 (24.63%) 1,244 (21.59%) 1,245 (21.61%) 1,241 (21.54%)
.60 1548 (26.87%) 1,550 (26.91%) 1,545 (26.82%) 1,648 (28.61%) 1,635 (28.38%) 1,637 (28.42%)
actrl, control; DHA, dihydroartemisinin; FPKM, fragments per kilobase of transcript per million mapped reads.
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oxidative phosphorylation, ribosome, N-glycan biosynthesis, glycosylphosphatidylino-
sitol (GPI)-anchor biosynthesis (KEGG), metabolism of nucleotides, and macroautoph-
agy (reactome) (Fig. 2D and E and Table S4). A notable finding from this analysis was
the interaction with the host item to obtain novel information about the effect of DHA

FIG 2 Identification and functional enrichment analysis to identify the most relevant genes after dihydroartemisinin (DHA) treatment. (A) Venn diagram
showing the overlap between genes expressed in the control and DHA groups. (B) Volcano plot displaying differentially expressed genes (DEGs) in the two
groups. The y axis shows the mean expression value of log10 (q value), and the x axis displays the log2 fold change (FC) value. Blue dots represent
transcripts that did not reach statistical significance (q . 0.05); green dots and red dots represent transcripts whose expression levels were significantly
different (green dots: down-regulated; red dots: up-regulated, q , 0.05). (C) Number of DEGs found between DHA and control groups. The number of
DEGs is shown on the top of the histograms. (D) Heatmap of enriched terms across common DEGs compared between DHA and control groups, colored
by P values. (E) Network of enriched terms are colored by the cluster ID, and nodes sharing the same cluster are typically close to each other. (D and E)
Produced using metascape (http://metascape.org/gp/index.html#/main/step1).
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treatment on parasite growth. Within the enriched KEGG pathways, we found that the
malaria pathway (ko05144) was associated with 85 genes.

A comparison between transcriptome changes induced by DHA treatment and par-
asite morphology demonstrated that DHA has a strong and long-lasting effect on the
iRBC membrane structure. DHA specifically recognized the iRBC membrane, as shown
by the downregulated genes, and initiated a stress response in the parasites, as shown
by the upregulated genes in the transcriptome.

Proteomics analysis of the iRBC membrane after DHA treatment. To detect and
reveal changes in iRBC membrane proteins after DHA treatment, proteomes of the P.
falciparum 3D7 samples (three biological replicates in each group) were analyzed using
tandem mass tag (TMT) labeling proteomics technology. Proteome sequencing yielded
571,907 spectra, and after removing the peptides with a false-discovery rate (FDR) of
.1%, we identified 6,080 peptides and 1,013 proteins. More than 56% of the proteins
included at least 2 peptides, and 991 proteins were used to perform global protein
expression profile analysis. We identified 15 low-molecular-weight (Mr , 10 kDa) and 4
high-molecular-weight (Mr . 560) proteins using TMT quantitative proteomics technol-
ogy. Figure S2A shows the distribution of the peptides’ length and number. Most pep-
tides had a length of 7 to 8 amino acids (aa), and the average peptide length was
10.12 aa, which was within the reasonable range of peptide lengths. The protein mass
and sequence coverage of proteins (Fig. S2B) were also obtained.

To screen differentially expressed proteins (DEPs), the screening conditions were as
follows: significant upregulation, fold change (FC) $ 1.2 and P # 0.05; significant
downregulation, FC # 2/3 and P # 0.05. Compared with the control group, the DHA
group had 125 DEPs, of which 31 were upregulated (Table S5) and 94 were downregu-
lated (Table S6).

Compared with the control group, among the significant DEPs, 40S ribosomal pro-
tein S2 and MSP7-LIKE PROTEIN (MSRP6) showed the highest up- and downregulation,
respectively, in the DHA group. Notably, an array of downregulated Plasmodium pro-
teins, such as Plasmodium EXPORTED PROTEIN (PHISTa), PHISTb, PHISTc, RIFIN, and
STEVOR, were involved in many biological processes, such as pfEMP1 transport, cell ad-
hesion, gametocytogenesis, cell rigidity changes, and pregnancy-related malaria.
Therefore, PHIST has been reported to be the core of host cell remodeling. However,
HEXOKINASE, deoxyhypusine hydroxylase, and other structural proteins were upregu-
lated, indicating that DEPs may play an important role in regulating the iRBC mem-
brane during DHA treatment.

To further analyze DEPs, we performed unsupervised hierarchical cluster analysis.
Clustering analysis of the six samples was done according to the whole identified pro-
teins and differential proteins. The results of three independent replicates of each
group are shown in Fig. 3A.

GO enrichment analysis showed that the DEGs were significantly enriched in GO
terms. All the classifications listed here are based on the gene enrichment principle;
that is, the frequency of these classes of proteins in our results is much higher than the
frequency of occurrence of these classes in the Plasmodium gene (P , 0.05) (Fig. 3B).
Specifically, the metabolic process, cellular process, single-organism process, biological
regulation, localization, and biological adhesion were the main categories in biological
processes. The organelle, membrane part, other organism part, cell, and cell part
accounted for the large items in the cellular component. Binding, catalytic activity, and
structural molecule activity formed the major proportion in molecular function (Fig. 3C
and Table S7). We also performed KEGG pathway analysis on iRBC membrane proteins
using the Molecule Annotation System (MAS 3.0). Results indicated that significant
DEPs were enriched mostly in two pathways involved in translation, transport, and ca-
tabolism (Fig. 3D and Table S8). It is likely that numerous enzymes and related proteins
might play a key role in the major pathways in DHA’s mode of action. In addition, pro-
tein-protein interactions (PPIs) using STRING analysis were analyzed to determine the
relationship of important proteins and find hub proteins involved in DHA
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FIG 3 Proteomics analysis of the parasite-infected red blood cell (iRBC) membrane after dihydroartemisinin (DHA) treatment. (A) Unsupervised hierarchical
cluster analysis of differentially expressed proteins (DEPs). (B) Volcano plot displaying DEPs within two groups. The y axis shows the mean expression value
of log10 (q value), and the x axis displays the log2 fold change (FC) value. Black dots represent proteins that did not reach statistical significance (q . 0.05);
red and green dots represent proteins whose expression levels were significantly different (q , 0.05). (C) Gene Ontology (GO) function classification of
DEPs. The abscissa is the content of the secondary function classification of the GO database, and the ordinate is the percentage of DEPs contained in the
corresponding secondary functional classification (left) and number (right). (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) classification of DEPs.
Number of annotated proteins (x axis) versus KEGG categories (y axis). (E) STRING analysis of proteins decreased in the ring stage of Plasmodium falciparum
3D7 after DHA treatment. Proteins are shown as nodes, and the color of each link defines the type of evidence available for the interaction between two
proteins (e.g., blue: cooccurrence; black: coexpression; purple: experimental; aqua: databases; green: text mining; light blue: homology).
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pharmacology. Results showed that proteins that decreased in the ring stage of P. fal-
ciparum 3D7 after DHA treatment are associated with the cell-cell adhesion process
network, including the important proteins pfEMP1, CLAG3, and pfSBP1 (Fig. 3E).

Correlation analysis of transcriptomics and proteomics. The correlation of abun-
dance changes from transcript to protein in DHA and control groups was evaluated,
and the expression correlation is shown in Fig. 4. The numbers of proteins and genes
correlated are described in Fig. 4A and B: 197 proteins were overlapped between DEGs
and DEPs, 27 proteins were upregulated together, most metabolism proteins were
found (such as deoxyhypusine hydroxylase), and 62 proteins were downregulated to-
gether, including MSRP6, GLYCOPHORIN BINDING PROTEIN, SMALL GTP BINDING
PROTEIN SAR 1, and MEROZOITE SURFACE PROTEIN 4. In addition, Pearson correlation
coefficient (R) was calculated using log2 transformation of the quantitative value ratio.
Results showed that negligible correlation (R = –0.11) existed in abundance from
mRNA to protein at the transcriptome and proteome levels (Fig. 4C and Table S9), indi-
cating that the transcript contents are not perfect proxies for protein contents. The
hierarchal clustering of the log2 FC (DHA/control) in transcriptomic and proteomic
studies is shown in Fig. 4D. Results suggested that EMP1-TRAFFICKING PROTEIN,
pfEMP1, and SMALL EXPORTED MEMBRANE PROTEIN 1 are downregulated in the pro-
teome but upregulated in the transcriptome, indicating that these protein profiles
might be controlled at a posttranscriptional level and changes in mRNA expression
provide only limited insight into changes in protein expression.

Analysis of DEGs and DEPs with the same or opposite changes facilitates their mu-
tual affirmation and explanation of gene/protein expression regulation. Therefore, 197
correlations were analyzed for functional classification. The GO terms in DEGs/DEPs
“primary metabolic process,” “gene expression,” and “nitrogen compound transport”
were significantly enriched in the BP category, whereas the term “protein-containing
complex” was in the CC category and the term “structural molecule activity” was in the
MF category, which are possibly related to our study (Fig. 4E). KEGG enrichment analy-
sis showed that the relevant cluster of the KEGG pathway annotation was “metabolic
pathways” and “protein export” (Fig. 4F).

qRT-PCR analysis of var genes after DHA treatment. DHA treatment decreased the
knobs on the external surface of iRBCs (Fig. 1A), and knobs are considered a scaffold for the
presentation of the major virulence antigen pfEMP1 encoded by var (PMID: 31071194).
Therefore, we validated the mRNA levels of 55 var genes of various pfEMP1 versions involved
in knob formation and cytoadherence by qRT-PCR (Fig. 5). A list of primers used here is
shown in Table S10. Compared with that in the dimethyl sulfoxide (DMSO) control,
PF3D7_0412700 was significantly upregulated in P. falciparum 3D7 after DHA treatment, while
other var genes such as PF3D7_1300100 and PF3D7_0712300 were slightly upregulated, with
most var genes, such as PF3D7_0900100, being downregulated (Fig. 5A). The changes in gene
expression were consistent with the results obtained from transcriptome sequencing (RNA-
seq) analysis. The validation demonstrated good reliability of RNA-seq analysis. In addition,
we also detected PF3D7_0412700 and PF3D7_0900100 in ring-stage P. falciparum 3D7 with
different doses of DHA. The mRNA expression of PF3D7_0412700 significantly increased after
0.78 and 3.125 nM DHA treatment (Fig. 5B), while that of PF3D7_0900100 significantly
decreased after 0.78, 3.125, 12.5, and 25 nM DHA treatment (Fig. 5C).

Verification of pfEMP1 after DHA treatment. As shown by proteomic functional
analysis, pfEMP1 was one of the hub proteins in DHA mode of action. We detected
pfEMP1 using Western blotting and immunofluorescence assay (IFA) after DHA treat-
ment. Since anti-pfEMP1 is not commercially available, we first prepared pfEMP1 poly-
clonal antibody using the var synthesis template (728 to 1,247 aa, 1,560 bp, con-
structed on pET-32a). After prokaryotic expression, immunization in rabbits, we finally
obtain affinity-purified antibodies that recognized a single band of ;80 kDa in
Western blots (Fig. 6A and B) in extracts. Then, we detected pfEMP1 expression after
DHA treatment using Western blotting and IFA. The expression of pfEMP1 on the exter-
nal iRBC membrane was significantly downregulated after DHA treatment (Fig. 6C and
D). IFA of pfEMP1 illustrated the weak fluorescence signal distribution in the DHA
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FIG 4 Correlation analysis of transcriptomics and proteomics. (A) Venn diagram of the numbers of all identified genes, differentially expressed genes
(DEGs), all identified proteins, and differentially expressed proteins (DEPs). (B) Number of up- and downregulated genes having changes in their

(Continued on next page)
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group compared with the strong fluorescence signal in DMSO controls (Fig. 6E), which
is consistent with the Western blotting results.

pfEMP1 involved in DHA mode of action for treating P. falciparum 3D7. Among
both transcriptomic and proteomic validation, pfEMP1 was downregulated with 10 nM
DHA treatment. In light of this evidence, we extended our study to evaluate whether the
inhibition effects of DHA are retained when var expression is inhibited in vivo. We calcu-
lated the 50% infective concentration (IC50) of DHA in a P. falciparum line with the com-
plete var repertoire silencing on the pfrecq1 knockout (24) (provided by Jiang). After 72 h,
var-knockout parasites showed lower IC50 (3.02) in the DHA group than in the control

FIG 4 Legend (Continued)
protein levels. (C) Correlations between protein and mRNA expression. The x axis represents the protein expression level, and the y axis represents
the gene expression level. The red dots indicate DEPs and DEGs, and all data were log2-transformed. The blue line here indicates linear correlation
of all the proteins and genes. (D) Proteins were further subjected to unsupervised hierarchical clustering, which revealed two clusters of
coregulated DEGs/DEPs. The hierarchal clustering of the log2 fold change (FC) (DHA/control) of transcriptomic and proteomic studies. (E) The most
enriched Gene Ontology (GO) terms (P # 0.05) of DEGs/DEPs in Plasmodium falciparum 3D7. Blue, orange, and red represent GO terms belonging
to biological processes, cellular components, and molecular functions, respectively. (F) Scatterplot of enriched Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways. The x axis represents the enriched KEGG pathways, and the y axis represents the rich factor (ratio of the number of
DEGs/DEPs enriched in a certain KEGG pathway to the number of annotated genes) of each KEGG pathway. The size of the dots indicates the
number of DEGs enriched in a certain pathway, and the color of the dots corresponds to the range of the q value (adjusted P value).

FIG 5 Validation of RNA-seq results. (A) 55 var genes were analyzed by real-time PCR. (B) mRNA extracted from Plasmodium falciparum 3D7 treated with or
without DHA (0.78, 3.125, 12.5, 25, and 50 nM) for 4 h was subjected to quantitative reverse transcription PCR (qRT-PCR) to detect PF3D7_0412700. (C)
mRNA extracted from P. falciparum 3D7 treated with or without DHA (0.78, 3.125, 12.5, and 25 nM) for 4 h was subjected to qRT-PCR to detect
PF3D7_0900100. Data are represented as the mean 6 standard deviation (SD). Student’s t test was performed to compare the two groups. *, P , 0.05,
**, P , 0.01, and ***, P , 0.001 compared with the control group.
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group (8.53) (Fig. 7A and B). Moreover, we used IFA to verify the intracellular localization
and expression of pfEMP1 after DHA treatment. pfEMP1 expression in the iRBC membrane
decreased compared to the high pfEMP1 expression in parasite cells (Fig. 7C). These results
showed that it is desirable that pfEMP1 be involved in DHA mode of action.

DISCUSSION

To develop new drugs, it is necessary to understand their mechanisms of action. In
this study, we performed transcriptome sequencing analysis and iRBC membrane

FIG 6 Verification of Plasmodium falciparum erythrocyte membrane protein-1 (pfEMP1) after
dihydroartemisinin (DHA) treatment. (A) pfEMP1 expression and purification. Coomassie-stained
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE): lane 1, 0.4 mg/mL (bovine
serum albumin [BSA]); lane 2, supernatant, before elution with imidazole; lane 3: marker, molecular
masses in kilodaltons given to the left; lane 4: flowthrough, soluble fraction, unbound proteins; lanes
5 to 7: elute. Bound protein elution with 250, 250, and 500 mM imidazole, respectively. (B) Western
blotting of antibody characterization. The eluate antigen was separated in SDS-PAGE and
immunostained with E7614 and E7615 polyclonal antibodies; antigen amounts: 10 ng, 5 ng, 1 ng, and
500 pg. (C) pfEMP1 expression analysis after DHA treatment using affinity-purified antibodies by
Western blotting. (D) Relative quantification of Western blot bands in panel C by densitometric
analysis. (*, P , 0.05 compared with the control group). (E) pfEMP1 expression analysis after DHA
treatment using affinity-purified antibodies by immunofluorescence assay (IFA) analysis.
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proteomic analysis, as well as their correlation analysis, after DHA treatment in order to
highlight the possible molecular mechanism of action of artemisinin to determine the
biochemical processes affected by DHA. Compared with the control group, DHA treat-
ment affected 3,435 DEGs, of which 1,758 were downregulated and 1,677 were upreg-
ulated. These up- or downregulated DEGs may contribute to improving the antimalar-
ial effect of DHA. The potential functions of these DEGs suggest that DHA treatment
strongly and persistently affects the iRBC membrane structure, as demonstrated by the
upregulated genes initiating a stress response in P. falciparum and the downregulated
genes being related to the interaction with the iRBC membrane. The iRBC membrane
is important in many biological processes of the parasite, such as critical cell-cell inter-
actions, including binding to vascular endothelial cells (cytoadherence), binding to
uninfected cells (rosetting), or interacting with macrophages and other leucocytes (25).
In this study, most downregulated DEGs, which encode proteins exported to the iRBC
membrane, such as rif and stevor (26), pfmc-2tm (27), and msrp6 (28, 29), were consid-
ered promoters for triggering cytoadherence and rosetting, potentially obstructing
blood flow. These findings show that DHA might lead to iRBC membrane variation,
which is in agreement with Wei and Sadrzadeh, who reported that artemisinin can
cause membrane damage (30). Chloroquine inhibits the aggravation of RBC deform-
ability and the iRBC cell membrane undergoes irreversible changes (23). Therefore,
DHA may change some iRBC membrane proteins but might not change the iRBC mem-
brane structure. Further research is needed to provide evidence of the function of
downregulated DEGs related to the iRBC membrane in the antimalarial effect of DHA.

Simultaneously, among the significant DEPs, 40S RIBOSOMAL PROTEIN S2 was up-
regulated and MSRP6 was downregulated the most. The 40S RIBOSOMAL PROTEIN S2
is a component of the 40S subunit and catalyzes protein synthesis, and it may be
involved in the antimalarial action of DHA, as previous studies have suggested that
many drugs can interfere with ribosome, DNA, and/or RNA metabolism and inhibit pro-
tein synthesis (31–33). MSRP6 was also downregulated, and most downregulated

FIG 7 The pharmacological effect of Plasmodium falciparum erythrocyte membrane protein-1 (pfEMP1).
(A, B) Median inhibitory concentration (IC50) of control parasites and pfEMP1-knockout parasites. (C) The
validation of intracellular localization and expression of pfEMP1 after dihydroartemisinin (DHA) treatment
by immunofluorescence assay (IFA).
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proteins, such as CLAG3, pfEMP1, and pfSBP1, are involved in biological processes of
cell adhesion. To note, correlation analysis of DEGs and DEPs indicated that the tran-
script contents are not perfect proxies for protein contents. Some proteins, including
pfEMP1, are downregulated in the membrane proteome but upregulated in the tran-
scriptome, which means that these protein profiles might be controlled at a posttran-
scriptional level and changes in the mRNA expression provide only limited insight into
changes in protein expression.

This comprehensive analysis shows that pfEMP1 expression decreases on the exter-
nal surface of iRBCs. pfEMP1 is a virulence factor on the surface of iRBC and adheres to
CD36 and ICAM-1 receptors on the surface of capillary endothelial cells or adheres to
receptors on the surface of surrounding RBCs to form rosetting (34). This can slow the
blood circulation and eventually cause blockage and have fatal consequences (35). We
validated the mRNA levels of 55 var variants by qRT-PCR. The changes in most of these
genes’ expression were consistent with RNA-seq results. Notably, alterations in the
amount of PF3D7_0412700 and PF3D7_0900100 isoforms reduced in a DHA dose-de-
pendent manner. The transcription profile of PF3D7_0412700 was activated in the early
stage and inactivated in the terminal stage in the DHA group, indicating that intrinsic
var transcription is not all dependent on the genetic background, as described by
Enderes et al. (36). In addition, we found that pfEMP1 expression was also significantly
downregulated after DHA treatment. Most importantly, when pfEMP1 was knocked
down, the IC50 of DHA reduced, indicating that pfEMP1 might be involved in DHA
mode of action. These data confirmed that the var gene encoding pfEMP1 is one of
the hub genes in DHA mode of action. Targeting pfEMP1 or factors regulating var var-
iants is expected to be applied as potential antimalarial therapy and as adjuvant ther-
apy in ACTs. The observed changes in the transcriptome and the membrane proteome
strongly support this notion, and recent studies have also suggested exploiting chro-
matin and/or epigenetic regulators as drug targets in malarial diseases (37–39), provid-
ing evidence for our hypothesis of targeting pfEMP1 or factors regulating var variants
in new antimalarial drug development.

However, whether the relationship of the IC50 for DHA of the infected cells with and
without expression of var genes can be consistent with the in vivo actual exposure is not
clear. To complement the study of the IC50/50% effective concentration (EC50) for DHA of
the infected cells with and without var gene in vivo, further humanized mouse models in
which a Plasmodium infection closely reproduces the stages of a parasite infection in
humans, especially for var gene expression, should be constructed. Additionally, there
are also many reasons why the results of in vitro drug IC50 test are not consistent with
the in vivo clinical efficacy. First, the in vitro drug IC50 test measures the sensitivity of a
single drug, while the clinical drug is a combination drug. Second, because the mecha-
nism of action of the drug in the body is more complex than that in vitro, the in vitro sin-
gle drug sensitivity test cannot reflect the synergy or addition of the drugs in the com-
bined chemotherapy. Third, interactions of parasite-host and antimalarial drug-host are
vital to the efficacy of the drugs during the in vivo study (40–43).

This is the first report on the human iRBC membrane proteome interaction with arte-
misinin. Identification of 133 membrane proteins from various subcellular locations with
different functions, especially pfEMP1, would help explore the mechanism of action of
artemisinin. Currently, with the reducing effectiveness of traditional antimalarial drugs,
improving the therapeutic effect of ATCs is a topic of concern for scholars worldwide.
Therefore, as artemisinin resistance is being increasingly reported, there is an urgent need
to determine the antimalarial mechanism of artemisinin at the molecular level and provide
theoretical guidance for the development of new artemisinin-based antimalarial drugs to
control malaria. The comprehensive transcriptomic and proteomic analysis reported here
reveals that pfEMP1 could be a promising therapeutic target and is expected to have
superior performance in improving the antimalarial effects of ACTs and reducing the re-
sistance to artemisinin. However, the problem of how DHA inhibits the cytoadherence
mediated by pfEMP1 is not completely explained in this research. Further studies
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specifically devoted to solving the problem are needed using the in vivo model, such as
“high-binding parasites” cytoadhesive model reported by Rowe et al. (44).

MATERIALS ANDMETHODS
Parasites and parasite culture. P. falciparum 3D7 samples (obtained from Malaria Research and

Reference Reagent Resource Center [MR4] American Type Culture Collection [ATCC]) were cultured with
human erythrocytes (3% to 4% hematocrit) in RPMI medium (Sigma-Aldrich) supplemented with 0.5%
Albumax II (Invitrogen) to avoid possible variations due to the use of different human serum batches
and incubated at 37°C in an atmosphere of 92% N2, 3% O2, and 5% CO2 using standard methods.
Parasite growth was monitored by counting infected erythrocytes in Giemsa-stained thin blood smears
using light microscopy. Parasite growth was synchronized using 5% sorbitol and a magnetic-activated
cell sorting (MACS) column.

Morphological change in parasite cells following exposure to dihydroartemisinin. Blood smears
of 3D7 parasites were prepared at 4 and 40 h and stained with Giemsa (Biotechnical Thai, Bangkok,
Thailand) to ensure the tightly synchronized parasite stages before dihydroartemisinin (DHA) treatment.
Tightly synchronized ring-stage P. falciparum 3D7 cultures were exposed to DHA at the median inhibi-
tory concentration (IC50, 10 nM) for 24 h until the parasites were grown to late-trophozoite stage. Then,
parasite cell morphology was observed under a light microscope (�100; Olympus, Tokyo, Japan). The
scanning electron microscope (SEM) was used on trophozoite-stage iRBCs obtained, as described before
(45). Briefly, iRBCs were fixed in glutaraldehyde (2% in phosphate-buffered saline [PBS]) for 30 min at
room temperature, washed with PBS, transferred to slides, washed again, and dehydrated using a classi-
cal protocol (45). Then, the iRBCs were dried using a critical point dryer (Balzers, Liechtenstein), attached
to metallic stubs, and coated with gold for 30 s. Finally, they were observed under a Hitachi SU8100
scanning electron microscope (Hitachi, Chiba, Japan).

RNA and library preparation for transcriptome sequencing. Tightly synchronized ring-stage P. fal-
ciparum 3D7 cultures were exposed to DHA at the median inhibitory concentration (IC50, 10 nM) for 24 h
until the parasites were grown to late-trophozoite stage. Total RNA was extracted from the trophozoite
stage of the parasite using a total RNA extraction kit (Qiagen, Valencia, CA, USA) according to the manu-
facturer’s instructions. The RNA quantity and integrity were checked using a NanoDrop 2000 spectro-
photometer and bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). A complementary DNA
(cDNA) library was constructed using a TruSeq RNA sample preparation kit v2 (Illumina, San Diego, CA,
USA). Finally, sequencing libraries were constructed using a NEBNext UltraTM RNA library prep kit for
Illumina (NEB, USA) according to the manufacturer’s instructions.

RNA sequencing and differential expression gene analysis. The libraries constructed were
sequenced using an Illumina HiSeq 4000 instrument (Illumina), generating paired-end reads of 150 bp.
The raw sequencing data were aligned to the P. falciparum preference genome. Raw sequencing reads
in fastq format in each sample were trimmed, and clean reads were obtained by removing from the raw
data reads containing adapter sequences, reads containing ploy-N, and low-quality reads. In addition,
Q20, Q30, GC-content, and sequence duplication of the clean data were calculated. The clean reads
were annotated against the UniProt and National Center for Biotechnology Information (NCBI) non-
redundant (nr) database using BLASTX alignment with an E value cutoff of ,1e25. Only reads with a
perfect match or one mismatch were further analyzed and annotated based on the P. falciparum ge-
nome. Tophat2 tools were used to map with the reference genome. The expression level of each gene
was calculated using the fragments per kilobase of transcript per million mapped reads (FPKM). The
DEGseq program and R package were used to identify differential expression analysis of control para-
sites and DHA-treated parasites. The P value was adjusted using the q value (46), and the criteria were a
fold change (FC) of .2 and a false-discovery rate (FDR) cutoff of 5%. We used a q value of ,0.005 and
jlog2 FCj of $1 for the detection of DEGs. For unigenes that were considered having differential expres-
sion, GO functional enrichment was carried out at a P value of ,0.05. Pathway enrichment analyses
(q , 0.05) against these DEGs was conducted using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) (https://david.ncifcrf.gov/), metascape (http://metascape.org/) (47), and
the Kyoto Encyclopedia of Genes and Genomes (KEGG) to test the statistical enrichment of DEGs in path-
way enrichment.

Extraction of membrane fractions of iRBCs. The synchronized trophozoite-stage 3D7 cultures
were incubated with 500 nM DHA for 4 h. After that, 3D7 iRBCs, with or without DHA treatment, were
MACS enriched and then were subjected to hypotonic lysis in order to prepare membrane fractions,
which were treated with different extraction buffers (salt, carbonate, or 1% Triton X-100 extraction buf-
fers, including a protease inhibitor mix) for 30 min on ice at a concentration of 1 � 106 immunoelectro-
phoresis (IE) equivalents/mL. The membrane fractions were pelleted by centrifugation at 20,000 � g for
1 h at 4°C. Alternatively, they were treated with 8 M urea in 10 mM Tris at pH 8 and 1 mM ethylenediami-
netetraacetic acid (EDTA) in the presence of protease inhibitors. The samples were left for 1 h at room
temperature with occasional mixing at a concentration of 1 � 106 iRBC equivalents/mL. Urea-soluble and
urea-insoluble proteins were separated by centrifugation at 20,000 � g for 30 min at 4°C.

Trypsin digestion and TMT labeling. Protein was digested as described by Wi�sniewski et al. (48).
Briefly, 100 mg of protein was used for protein digestion in each sample solution with 2.5 mg of trypsin
overnight at 37°C. After digestion with trypsin, sample peptides were concentrated by vacuum centrifu-
gation using a SpeedVac system (RVC 2 to 18; Marin Christ, Osterod, Germany). Each 25- to 100-mg sam-
ple peptide was labeled with TMT label reagent for 1 h at room temperature and quenched with

Chen et al.

Volume 9 Issue 3 e01278-21 MicrobiolSpectrum.asm.org 14

https://david.ncifcrf.gov/
http://metascape.org/
https://www.MicrobiolSpectrum.asm.org


hydroxylamine for 15 min according to the manual of TMT mass tagging kits and reagents (Thermo
Fisher Scientific, USA). Finally, the samples were combined and stored at –80°C.

NanoLC-MS/MS analysis. Nano-scale liquid chromatography-tandem mass spectrometry (nanoLC-
MS/MS) was performed on each sample using U3000 Nano (Thermo Fisher Scientific) coupled with a Q-
Exactive mass spectrometer (Thermo Fisher Scientific) via a nano-electrospray source. Reverse-phase
chromatography and a trap column packed with 2-cm-long, 75-mm-inner-diameter fused silica trap col-
umn containing 3.0 mm of aqua C18 beads (Thermo Fisher Scientific) were used for peptide enrichment.
The trap column was used for peptide loading at a flow rate of 5 mL/min, and then a fused silica analyti-
cal column (75 mm inner diameter, 25 cm length, filled with 2.0 mm aqua C18 beads; Thermo Fisher
Scientific) was applied for eluting peptides at a flow rate of 300 nL/min. The eluted peptides were
directly injected into the mass spectrometer via the nano-electrospray source. Ion signals were collected
data dependently with the following parameters: scan range m/z 350 to 1,600, full scan resolution
70,000, precursor ions fragmented by high-energy collision-induced dissociation mode with MS/MS scan
resolution of 3,500, isolation window 2 m/z, normalized collision energy of 29, and loop count 20.
Dynamic exclusion was applied (charge exclusion: unassigned 1 $ 6; exclude isotopes: on; dynamic
exclusion: 10 s; peptide match: preferred). The MS/MS file was collected and saved in raw data form
using Xcalibur software version 2.2 (Thermo Fisher Scientific).

Protein identification. Raw MS data files were analyzed using Proteome Discoverer 2.3 (Thermo
Fisher Scientific). The target sequence data set was created by downloading protein sequences of P. falcip-
arum from the NCBI database. The following search parameters were used: trypsin specificity, up to two
missed cleavages and three maximum-allowed variable posttranslational modification per peptide, and ox-
idation and carbamidomethyl as a variable and a fixed modification, respectively. Fragment ion tolerance
was set at 0.02 Da, with precursor and mass tolerance at 15 ppm. The FDR was controlled at the protein
and/or peptide level using a fusion-decoy database with a threshold of #1.0%. Protein identification was
considered confident when at least two unique peptides with two or more spectra were recognized.

Quantitation of protein content. Raw MS data were processed using Proteome Discoverer 2.3 soft-
ware (Thermo Fisher Scientific) to quantify protein abundance. Feature detection was performed using
the expectation-maximization algorithm, and alignment of the same peptides from samples was per-
formed using an algorithm of high-performance retention time. Next, protein levels of DHA-treated par-
asites were quantified, and the sum total of the three most abundant ion peak intensities of the peptides
was used for protein comparison. Statistically, proteins were considered significantly altered at P , 0.05
and FC $ 1.5 as the screening criteria. The protein expression profile was determined by hierarchical
clustering to establish an expressional profile of differentially expressed membrane proteins between
DHA and control groups and visualized using heatmap.2 and the g plots package.

Bioinformatics analysis of the proteome. To enrich the KEGG pathway and biological processes, the
membrane differentially expressed proteins (DEPs) were submitted to Omicsbean software (http://www
.omicsbean.cn/). The top enriched GO categories were shown using a right-sided hypergeometric test, com-
paring the background GO annotations in the P. falciparum genome. The FDR was determined using the
Bonferroni step-down test P value correction. To better understand the protein-protein interactions (PPIs)
among the DEPs of each group, we constructed PPI networks using the STRING database (http://string-db
.org) with default parameters. Proteins were then grouped on the basis of their degree, with P, 0.05.

Hierarchical clustering analysis. The relevant expression of some DEGs and/DEPs was applied to
conduct hierarchical clustering analysis using Cluster3.0 with the Java Treeview package. A Euclidean
distance measurement algorithm focusing on similarity measures and a clustering algorithm focusing
on averaged linkage were selected during hierarchical clustering. In addition to visualization by a den-
drogram, a heatmap was used.

Expression of recombinant protein.We cloned 3D7_0412700 (728 to 1,247 amino acids [aa]) encod-
ing pfEMP1 into pET32a and expressed it in Escherichia coli Rosetta (DE3). The 3D7_0412700 DBL domain
was PCR-amplified using primers 59-CGGATCCCTGCAACACAGTGAAAACCGCACTCGAG and 39-CTGCGG
CCGCTACATGGATCACAATAATTCTCATGTC and subcloned into the expression vector Rosetta modified to
contain a His tag at the C-terminal end of the construct. The expressed protein was purified by affinity
chromatography with His-Trap high-performance columns (GE Healthcare). The purity of each protein was
analyzed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). His-tags were iden-
tified by Western blotting using horseradish peroxidase (HRP)-coupled anti-His antibodies (Qiagen).

Rabbit immunization and IgG preparation. Rabbit antisera were produced by injection of 0.6 mg
of recombinant protein in Freund’s complete adjuvant, followed by three booster injections of 0.3 mg of
protein in Freund’s incomplete adjuvant at 3-week intervals. Antisera were collected 2 days after the
final boosting injection. The immunization-induced antibodies against recombinant pfEMP1 proteins
were measured by enzyme-linked immunosorbent assay. Immunoglobulin G (IgG) was purified by man-
ually passing rabbit immune serum through a column packed with recombinant pfEMP1 coupled to sulfo-
link coupling gel according to the manufacturer’s instructions, and IgG was eluted with glycine and dia-
lyzed and concentrated overnight in PBS with 50% glycerol. Prior to Western blotting on iRBC membrane
extracts, anti-pfEMP1 antibodies were preabsorbed on RBCs and incubated overnight with a membrane
with a Triton X-100-insoluble/SDS-soluble fraction of RBCs to exclude a cross-reaction with RBC proteins.

Western blotting. The synchronized trophozoite-stage 3D7 cultures were incubated with 500 nM
DHA for 4 h. After that, 3D7 iRBCs, with or without DHA treatment, were MACS enriched and then the
membrane proteins were extracted as described above. The proteins were separated by SDS-PAGE using
precast polyacrylamide 4% to 12% Bis-Tris gels. The nitrocellulose membrane blotted from the precast
gradient Bis-Tris gels was probed with the rabbit anti-pfEMP1 antisera and/or anti-Hsp70 antibody at
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1:1,000 in overnight incubation at 4°C. The reaction was revealed using Supersignal West Pico chemilu-
minescent substrate (Thermo Fisher Scientific).

qRT-PCR. Tightly synchronized ring-stage P. falciparum 3D7 cultures were exposed to DHA at the
median inhibitory concentration (IC50, 10 nM) for 24 h until the parasites were grown to late-trophozoite
stage. Total RNA was extracted from TRIzol (Invitrogen)-preserved parasites according to the manufac-
turer’s instructions. Following DNase I (Sigma-Aldrich) digestion of genomic DNA, cDNA was reverse-
transcribed from random hexamers using Superscript II (Invitrogen) according to the manufacturer’s
instructions. qRT-PCR (real-time reverse transcription PCR) was performed on the qTOWER (Jena,
Germany) in 20mL reactions using the Quantitec SYBR green PCR master mix (Qiagen). var gene sequen-
ces were amplified using previously validated var primers (49). Additional control genes were amplified
using published primers seryl–tRNA synthetase (PF07_0073). The PCR cycle was as follows: 95°C for
15 min, followed by 40 cycles at 94°C for 30 s, 55°C for 40 s, and 72°C for 50 s, with a final extension at
72°C for 40 s. Transcript abundance differences between ring and trophozoite stages were determined
by comparing cycle threshold (CT) values in each sample run with those of the endogenous control
seryl-tRNA synthetase.

Immunofluorescence staining assay. The synchronized trophozoite-stage 3D7 cultures were incu-
bated with 500 nM DHA for 4 h. Immunofluorescence assay (IFA) was carried out on P. falciparum 3D7,
as described previously (50, 51). Thin smears of iRBCs were made on slides and fixed with a methanol/ac-
etone mixture. The slides were blocked in blocking buffer (10% bovine serum albumin [BSA] in 1� PBS)
for 2 h at 37°C. Next, the slides were incubated with a primary antibody diluted in blocking buffer (rabbit
anti-pfEMP1, 1:100) for 2 h at room temperature, then washed with PBS buffer for 30 min, and incubated
with a secondary antibody conjugated to a fluorescent dye for 1 h. 49,6-Diamidino-2-phenylindole
(DAPI) was used for nuclear staining for 10 min at 37°C. The slides were washed twice with PBS (Tween
0.1%) and mounted with a cover slip. Staining was observed under a fluorescence microscope.

Parasite growth inhibition assay for IC50 determination. A 3-day SYBR green I inhibition IC50 anal-
ysis was performed, as described previously (52). Briefly, ring-stage parasites highly synchronized by 5%
sorbitol were incubated in a 96-well plate with DHA in a 200 mL system. DHA was added at an original
concentration of 80 nM with a 2-fold gradient dilution for 11 test points. The parasites were cultured for
3 days before staining with SYBR green I. The IC50 value and a dose-response curve were determined
using GraphPad Prism.

Data availability. Transcriptomics data for Plasmodium 3D7 for the control and DHA treatment have
been submitted to the Sequence Read Archive (SRA) with accession code PRJNA756448. Membrane proteo-
mics data for Plasmodium 3D7 for the control and DHA treatment have been deposited at the ProteomeX
change via the PRIDE partner repository with the data set identifier PRIDE: PXD028062.
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