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SUMMARY The malaria parasite has a complex life cycle exhibiting phenotypic and
morphogenic variations in two different hosts by existing in heterogeneous develop-
mental states. To investigate this cellular heterogeneity of the parasite within the
human host, we performed single-cell RNA sequencing of synchronized Plasmodium
cells under control and temperature treatment conditions. Using the Malaria Cell
Atlas (https://www.sanger.ac.uk/science/tools/mca) as a guide, we identified 9 sub-
types of the parasite distributed across known intraerythrocytic stages. Interestingly,
temperature treatment results in the upregulation of the AP2-G gene, the master regula-
tor of sexual development in a small subpopulation of the parasites. Moreover, we iden-
tified a heterogeneous stress-responsive subpopulation (clusters 5, 6, and 7 [;10% of
the total population]) that exhibits upregulation of stress response pathways under nor-
mal growth conditions. We also developed an online exploratory tool that will provide
new insights into gene function under normal and temperature stress conditions. Thus,
our study reveals important insights into cell-to-cell heterogeneity in the parasite popula-
tion under temperature treatment that will be instrumental toward a mechanistic under-
standing of cellular adaptation and population dynamics in Plasmodium falciparum.

IMPORTANCE The malaria parasite has a complex life cycle exhibiting phenotypic varia-
tions in two different hosts accompanied by cell-to-cell variability that is important for
stress tolerance, immune evasion, and drug resistance. To investigate cellular hetero-
geneity determined by gene expression, we performed single-cell RNA sequencing
(scRNA-seq) of about 12,000 synchronized Plasmodium cells under physiologically rele-
vant normal (37°C) and temperature stress (40°C) conditions phenocopying the cyclic
bouts of fever experienced during malarial infection. In this study, we found that para-
sites exhibit transcriptional heterogeneity in an otherwise morphologically synchron-
ized culture. Also, a subset of parasites is continually committed to gametocytogenesis
and stress-responsive pathways. These observations have important implications for
understanding the mechanisms of drug resistance generation and vaccine development
against the malaria parasite.
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Malaria is a major public health problem, with the parasite Plasmodium falciparum
causing most of the malaria-associated mortality. Despite global efforts to eradi-

cate the disease, hundreds of thousands of people die and around 200 million suffer
due to malaria every year (1). P. falciparum completes its life cycle in two different
hosts, progressing through multiple developmental stages. The persistent infection
and clinical manifestation of malaria require development of the parasite in red blood
cells (RBCs) via an asexual intraerythrocytic (IEC) developmental cycle (IDC). During the
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48-h IDC, the parasite invades RBCs and develops into a ring stage, followed by tropho-
zoite and schizont stages. The transmission of malaria parasites to mosquitoes depends
on intraerythrocytic differentiation to gametocytes in a human host. Thus, parasites main-
tain a balance in transmission and persistent infection by an unknown mechanism. Recent
single-cell RNA sequencing (scRNA-seq) studies suggest that parasites commit to gameto-
cytes during the preceding cycles by epigenetic regulation of the master regulator of sex-
ual development, the AP2-G gene (2–4). Also, Brancucci et al., showed that lysophosphati-
dylcholine metabolism regulates sexual differentiation in Plasmodium (5). However, the
environmental cues and mechanism to initiate gametocytogenesis are hitherto unclear.

P. falciparum is exposed to various environmental conditions during its life cycle in
two different hosts. Moreover, it is also constantly exposed to different physiological
conditions, such as low glucose level (hypoglycemia) (6), high temperature (fever) (7),
and oxidative stress (hemoglobin degradation and drug therapy) (8) during the IDC.
Under such adverse conditions, some parasites in the isogenic population survive,
whereas others fail, indicative of nongenetic sources of parasitic heterogeneity. The
presence of heterogeneity is found in both unicellular and multicellular organisms (9,
10). Multicellular organisms are more advanced and developed in terms of fighting these
fluctuations, where heterogeneity is the key to differentiation resulting in the diverse func-
tions (11, 12). Heterogeneity through gene expression variegation serves as a population-
level survival strategy in unicellular organisms (13, 14). Even slight changes in gene expres-
sion may affect the ability to survive stress and may confer competitive advantage over
other individuals in a population. Consequently, ecological studies suggest that diverse
populations have higher chances of survival during extreme conditions (9, 14–16).
Therefore, understanding the cellular heterogeneity of Plasmodium in the context of stress
could help elucidate mechanisms of adaptation and rampant emergence of drug resist-
ance in the pathogen (14, 15).

Heat is one of the most common stresses experienced by Plasmodium. The release
of merozoites during its IDC results in cyclic episodes of fever in the host, wherein the
temperature rises as high as 41°C for about 2 to 6 h (17, 18). P. falciparum infection is
known to induce high fever for a prolonged time (.24 h) (18). The early ring stage of
parasite growth is more resistant, whereas later stages are sensitive to temperature
treatment (19, 20). High temperature during malarial infection is known to be responsi-
ble for synchronizing Plasmodium growth in the human host (19). The stress response
machinery is known to play an important role in establishment of successful infection
inside the host. Previous studies on bulk populations of the parasite have identified
various proteins that play an important role in temperature stress response by acceler-
ating the growth and development of the parasite (20). Moreover, parasites exposed
to higher temperature have increased expression of the virulence (var) gene, which
enables the binding of parasite-infected RBCs to the endothelial receptors (CD36 and
ICAM-1), leading to cytoadherence (20, 21). Recent reports also suggest that stress
response is a crucial mediator of artemisinin resistance in P. falciparum (22–24).

Plasmodium is known to have tight gene regulation orchestrated at multiple levels
of chromatin structure (25, 26), transcription (27–29), and translation (30, 31), which
facilitates timely expression of different genes required at various stages of the para-
site’s growth (32). Despite this tight regulation of gene expression, studies report tran-
scriptional heterogeneity in the parasite populations (3, 33, 34). This cell-to-cell hetero-
geneity may be attributed to various environmental and physiological conditions, such
as availability of nutrients, temperature fluctuations, cell cycle progression, and differ-
ent morphological states. The advent of single-cell RNA sequencing (scRNA-seq) has
been instrumental in unraveling the cellular heterogeneity within a bulk population of
parasites (33, 35, 36). It provides information pertinent to different states coexisting in
a cell population that lead to dynamic cell-to-cell variability in mRNA numbers and abun-
dance. A recent study in Plasmodium using scRNA-seq profiled 165 single cells during IDC,
revealed the transcriptional heterogeneity, and uncovered a gene signature for sexual
stage in the parasite population (3). In this study, we have performed scRNA-seq under
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control and temperature treatment conditions to understand the change in cell-to-cell het-
erogeneity within and between the Plasmodium populations. Using this approach, we
identified a combination of gene signatures that define cellular heterogeneity and stage
transition during stress adaptation in the parasite. We propose that this redistribution may
represent a generic model of how parasites react to different stress conditions. Thus, our
scRNA-seq analysis suggests that the maintenance of cellular homeostasis should enable
cells to survive under different stress conditions and may act as an important stimulator of
development of drug resistance in Plasmodium falciparum.

RESULTS
Single-cell RNA sequencing during temperature treatment in P. falciparum.

Plasmodium harbored within human RBCs gets exposed to various environmental and
physiological stresses. To understand the mechanism of stress tolerance and adapta-
tion and the impact of these stresses on gene expression heterogeneity, we performed
single-cell RNA sequencing (scRNA-seq) under the control condition and the physio-
logical stress condition of high temperature (equivalent to fever) in P. falciparum.
Parasites were synchronized at the schizont stage using a 63% Percoll density gradient
and later at the early ring stage (0 to 3 h) using 5% sorbitol prior to the stress experi-
ment. Temperature treatment was given at 40°C at the late ring stage (;17 h) for a pe-
riod of 6 h (Fig. 1A). Viability of the parasites is an important aspect to consider during
febrile temperature for a longer period and at the later stages of the parasite growth.
Therefore, in this study, we carefully selected the temperature (40°C), the time point (6
h of treatment), and the stage of the parasite (late-ring to early trophozoite stage),
which have a minimal effect on parasite survival (Fig. 1A) (20, 37, 38). Moreover, we
monitored the growth of the parasites using Giemsa stain upon temperature treat-
ment, and we did not observe any significant change in the parasitemia after the 6-h
temperature treatment as well in the following cycle (15 to 16% parasitemia) of IDC.
Furthermore, we analyzed the parasites’ viability under control and temperature treat-
ments using annexin V staining, which is commonly used to identify apoptotic para-
sites (39). Importantly, temperature treatment did not cause a significant change in the
number of dead parasites, as assessed by fluorescence-activated cell sorter (FACS) anal-
ysis with fluorescein isothiocyanate (FITC)-annexin V staining (see Fig. S1A in the sup-
plemental material). Before proceeding to single-cell library preparation, infected RBCs
of control and treated parasites were enriched to 80% by using Percoll gradient centrif-
ugation to remove uninfected RBCs. Enriched parasites under control and tempera-
ture-treated conditions were assayed for their single-cell gene expression profiles using
the 10� Chromium single-cell RNA-sequencing v3 chemistry (Fig. 1A). We sequenced
4,949 single cells under the control condition and 6,873 single cells under the tempera-
ture treatment condition. The median numbers of genes detected per cell (count of
$1) were 637 and 546, with sequencing depths (mean reads per cell per gene) of
17,945 and 13,001 for control and temperature-treated samples, respectively (Fig. 1B).
Furthermore, in most published single-cell RNA sequencing data analyses, high mito-
chondrial gene expression is considered an indicator of cell death and is used as a cut-
off to remove dead cells (40, 41). Therefore, to exclude the dead parasites from the analy-
sis, we considered parasites (in both control and temperature treatments) that have a
consistently low mitochondrial gene expression at less than 1% per cell. Furthermore, to
remove potential doublets at a frequency of 5% and droplets with background RNA con-
tent, we removed cells with the top 5% and bottom 5% of total RNA molecules (or unique
molecular identifiers [UMIs]) from each sample.

Elbow plots were generated, which identified control and the treated samples and
showed that the percentage of variation explained per principal component (PC) flat-
lines by PC 10; therefore, 10 PCs were used downstream to perform t-SNE (t-distributed
stochastic neighbor embedding) projections and clustering at a resolution of 0.5. Cells
from both control and treatment samples were combined using canonical correlation
analysis and clustered to identify transcriptionally distinct cells (Fig. 1C). As a result, we
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obtained 9 clusters labeled from “0” to “8” in the order of size, with “0” being the clus-
ter with the largest number of cells (Fig. 1D). Furthermore, we identified marker genes
specific to each cluster as being expressed in at least 30% of all the cells of the cluster
with a 50% higher average expression than other clusters (see Fig. S1B and Table S1 in
the supplemental material). Interestingly, we found a unique cluster (cluster 8) that
emerged only during the temperature treatment (Fig. 1D). To confirm if cluster 8

FIG 1 Single-cell RNA sequencing (scRNA-Seq) during control and temperature treatments in tightly synchronized P.
falciparum parasites. (A) Schematic representing the pipeline used for stress induction, isolation of single parasites, and
library preparation for scRNA-seq. Parasites were initially synchronized at the schizont stage using a 63% Percoll density
gradient and later at the early ring stage using 5% sorbitol before starting the stress experiment. Stress was induced at
17 h postinvasion for a period of 6 h. Early trophozoite stage parasites were used for single-cell RNA sequencing. To
separate uninfected from infected RBCs, an 81% Percoll density gradient (enriched infected early trophozoite stage) was
used. Single-cell bar coding and library preparation were performed using standard 10� Chromium protocols with the
Chromium Single-Cell 39 reagent kit (v3) as per the manufacturer’s instruction. (B) Table indicating the number of single
cells sequenced, median genes per cell, and mean reads identified per cell under control and temperature treatments.
(C) t-SNE plots representing the combined clustering of cells sequenced under control (red) and temperature treatment
(blue) conditions. (D) t-SNE plot representing the different clusters generated for the Plasmodium population under
control and temperature treatment conditions. (E) Change in the percentage of cells in different clusters under
temperature treatment.
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represents a unique cluster or dead parasites, we analyzed mitochondrial gene expres-
sion in all the clusters (Fig. S1C) and found no significant difference in cluster 8. To fur-
ther investigate if cluster 8 could have emerged due to a larger number of cells being
assayed in the temperature treatment, we performed downsampling and were able to
obtain cluster 8 (.30 cells) every time we performed clustering (Fig. S1D). Additionally,
we performed random sampling and coclustering, and 97 out of 100 times, cells of the
temperature-treated sample retained the unique cells of cluster 8 (Fig. S1E). Together,
these findings suggest that cluster 8 is a unique cluster that emerged during tempera-
ture treatment. However, due to the absence of a more direct approach to differentiate
live from dead cells using flow cytometry and the presence of a very small population
in cluster 8, we do not exclude the possibility that cluster 8 includes some dead or
dying cells. Moreover, significant changes in the numbers (percentages) of cells in dif-
ferent clusters (decrease in clusters 2, 4, and 6 and increase in cluster 1) during temper-
ature treatment (Fig. 1E) are indicative of how the treatment rewired gene expression
and biases the cells to exist in specific states that may be functionally relevant to the
treatment.

Assignment of developmental stages to clusters identifies heterogeneity within a
synchronized population. In order to further study the stage progression under the
temperature treatment, we utilized single-cell data available from the Malaria Cell Atlas
(42), which has annotation of cells at 4 bulk stages (ring, early trophozoite, late tropho-
zoite, and schizont). The pseudotime analysis of the Malaria Cell Atlas also reflects the
progression from ring to trophozoite to schizont stage through a continuing change in
gene expression (Fig. 2A). Next, we coclustered our data from both control and tem-
perature-treated Plasmodium cells and projected them onto the Malaria Cell Atlas
pseudotime cell trajectory (shown as a translucent cloud of gray cells in the back-
ground in Fig. 2A) to assign names to various clusters. Surprisingly, our morphologi-
cally synchronized parasites exhibit significant transcriptional heterogeneity in both
control and heat treatments, as depicted in the heat map (Fig. 2B). Next, we performed
pseudotime analysis using the Monocle 3 package across the IDC of P. falciparum to
understand finer details of the stage transition under temperature treatment. We per-
formed pseudotime analysis for control and temperature-treated cells together
(Fig. 2C). Since cluster 3 was identified as the ring stage (beginning of parasite develop-
mental trajectory), it was chosen as the root for the pseudotime trajectory. As
expected, we observed three transitions in pseudotime trajectory, when parasites
move from cluster 3 to 1 (ring to early trophozoite), cluster 4 to 0 (early trophozoite to
late trophozoite), and clusters 2 and 6 to 7 (late trophozoite to gametocyte), as para-
sites move from one stage of IDC to another (Fig. 2C). A separate pseudotime analysis
for the control and heat treatment cells did not yield any additional information about
the change in stage transition under temperature treatment. Thus, contrary to expecta-
tion, despite double synchronization of the parasites, we observed significant tran-
scriptional heterogeneity and developmental variation under control and temperature
treatment conditions. This is an important observation since most of the experiments
performed in the field depend on the usual methods of synchronization, like the
Percoll gradient and sorbitol treatment.

Temperature treatment leads to decreased global transcription and increased
transcriptional heterogeneity. Since expression is regulated temporally in Plasmodium
(28, 43), we performed gene expression network analysis and identified four modules
(1 to 4) (Fig. 3A). Different modules correspond to the different developmental trajectory
in the pseudotime analysis, which indicates the functional significance of these clusters
based on transcriptional profile. Module 4 includes ring stage clusters, representing the
initial stage of development, whereas module 1 represents early trophozoite clusters.
Module 2 presents late trophozoite parasites, whereas module 3 contains clusters 5 and 7
(stress-responsive and gametocytogenesis-committed parasites, respectively). Moreover,
Gene Ontology of different modules aligns with the Gene Ontology of the cluster-specific
marker genes (Fig. 3B; see Fig. S2A and Table S2 in the supplemental material). Cluster 3,
which shows a ring stage transcriptional profile, was found to be associated with transport
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of molecules into the host. Similarly, cluster 5 shows enrichment of “response to drug”
and “response to stimulus,” which indicates that these parasites have expression of stress-
responsive genes. Moreover, differential gene expression analysis across clusters during
treatment identified cluster-specific deregulated pathways (Table S2). Interestingly, cluster
3 shows mutually exclusive up- and downregulation of genes important for the process of
interaction with the hosts through adhesion (Fig. S2A). Stress-responsive cluster 5 shows
upregulation of genes important in the DNA conformational change, which is known to
affect replication and transcription (Fig. S2A).

Next, we looked at global transcriptional deregulation associated with the tempera-
ture treatment. Interestingly, we observed a global decrease in transcription in both
scRNA-seq as well as bulk RNA sequencing under temperature treatment (Fig. 3C).
Furthermore, to understand the cell-to-cell variability, we calculated the average number

FIG 2 scRNA-seq reveals stage transitions. (A) Pseudotime analysis of the Malaria Cell Atlas (MCA) data with the assigned stages: ring,
early trophozoite, late trophozoite, and schizont. Control and temperature-treated cells were coclustered with cells from MCA to identify
the developmental stage of the clusters (identified in our study) based on the overlapping with MCA trajectory (shown in gray). (B) Heat
map used to assign stages to clusters in our analysis, representing the percentage of cells from our clusters (rows) that cocluster with
MCA data cells, with the assigned annotation per cell (columns). Cluster 3 coclusters most with ring stage parasites. Clusters 1, 4, and 0
(having only a few cells) cocluster with the early trophozoite stage. Clusters 0 (the majority of these cells), 2, 5, 6, and 7 cocluster with
the late trophozoite stage, whereas cluster 8 coclusters with schizont cells from the MCA. (C) Pseudotime analysis of the parasites
sequenced for a combined total of 11,822 of all the synchronized parasites (control and treatment together) sequenced under both
control and temperature treatment conditions.
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FIG 3 scRNA-seq reveals transcriptional heterogeneity during temperature treatment. (A) Genes were
grouped into four modules (1 to 4) based on the similarity in their gene expression patterns. (B) Each
module represents a unique set of genes that correspond to unique pathways (Gene Ontology terms)
enriched in these different modules. Gene Ontology analysis was performed to identify these
pathways/biological processes associated with each module. (C) Mean expression level of all the genes
expressed during control and temperature treatment by both single-cell RNA sequencing and bulk
RNA sequencing. Overall transcription is suppressed upon temperature treatment. Pseudo-bulked
single-cell gene expression was correlated with gene expression under control (Spearman’s correlation,
0.51) and temperature treatment (Spearman’s correlation, 0.41) conditions. Significance was
determined using a paired t test: ***, P , 0.005. (D) Comparison of the variance per mean (dispersion
index) for all the genes between the control and temperature treatments. The dispersion is higher
under temperature treatment compared to the control condition. The increase in gene expression
variance under the temperature treatment is statistically significant, with a P value of 6.688e210
(calculated using the Wilcoxon rank sum test). (E) Coefficients of variation are plotted for control and
temperature treatments using scRNA-seq data. Under the control condition, only 10 genes were found
with variation more than 2-fold, whereas under temperature treatment, 57 genes were found to show
variation greater than 2-fold.
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of RNA molecules per cell during control and temperature treatments. The average num-
bers of RNA molecules per cell were reduced during the temperature treatment, indica-
tive of the fact that parasites slow down or shut off global transcription machinery dur-
ing temperature treatment, resulting in delayed life cycle progression (Fig. S2B). The
average numbers of RNA molecules are found to be decreased across the clusters,
except cluster 1 (Fig. S2C). Furthermore, to validate this observation, we estimated the
level of RNA molecules by labeling RNA using an RNA-specific dye, SYTO RNASelect, in
control and treated samples. Flow cytometry analysis as well as confocal imaging
showed a decrease in the level of RNA using SYTO RNASelect (Fig. S2D and S2E).
Furthermore, to calculate the index of dispersion between the control and temperature-
treated conditions, we plotted variance/mean or standard deviation/(n � mean) per
gene from raw data. The increase in gene expression variance under the temperature
treatment is statistically significant, with a P value of 6.688e210 (calculated using the
Wilcoxon rank sum test) (Fig. 3D). To understand the heterogeneity present between the
control and temperature treatments, we calculated the measure of dispersion within a
population using the coefficient of variation (CV) (Fig. 3E; Fig. S2F). We observed higher
dispersion under temperature treatment for genes associated with gametocytogenesis,
chaperone activity, and maintenance of cellular homeostasis (Fig. 3E; Fig. S2G).

Temperature treatment results in upregulation of stress-responsive and regulators
of gametocytogenesis genes. Most of the organisms have an evolutionarily conserved
mechanism of stress response against a variety of environmental fluctuations. These
stress response machineries consist of various proteins maintaining cellular homeosta-
sis during unfavorable conditions (44, 45). To understand the transcriptional variation
in stress-responsive genes under temperature treatment, we plotted expression levels
of stress-responsive genes relative to ribosomal protein genes (which were found to
be unchanged in all clusters). Though most of the clusters showed upregulation in the
expression of stress-responsive genes, the clusters associated with stress and immune
responses and gametocytogenesis (clusters 5 to 7) showed the highest overall expres-
sion and upregulation under temperature treatment (Fig. 4A; Fig. S3A). One of the
most studied classes of proteins that play a crucial role in maintenance of cellular ho-
meostasis is heat shock proteins (46–48). These proteins are known to play diverse
functions like refolding of misfolded proteins and help with mRNA processing and
maturation. We plotted expression of various heat shock proteins in each cluster and
found them to be upregulated across the clusters upon temperature treatment
(Fig. 4B). Similarly, we looked at the expression status of heat shock proteins (46) and
ubiquitin proteasome pathway proteins (20) in bulk RNA sequencing under control
and temperature-treated conditions. As expected, temperature treatment upregulates
heat shock proteins and downregulates ubiquitin proteasome-related proteins (Fig.
S3B). Moreover, marker genes from cluster 6 showed increased expression of different
chaperone proteins that are known to play an important role during various stress
responses (Fig. 4C).

Gametocytogenesis is a genetically encoded phenomenon, but it is known to be
influenced and triggered by various environmental fluctuations (49, 50). Previous
studies have suggested various factors such as host immune response, high parasit-
emia load, elevated temperature, drug treatment, etc., as triggers for the process of
gametocytogenesis in P. falciparum (49–54). Furthermore, stress conditions are also
shown to induce gametocytogenesis in Plasmodium (55, 56). In a similar context,
we investigated the enrichment of gametocyte markers and regulators in various
clusters under temperature treatment (Fig. 4C). Cluster-specific marker gene analysis
showed that cluster 7 has higher expression of gametocyte marker genes, like the gamete
antigen 27/25 gene (PF3D7_1302100), the sexual stage-specific protein precursor gene
(PF3D7_0406200), the gametocyte erythrocyte cytosolic protein gene (PF3D7_1253000),
the early gametocyte enriched phosphoprotein EGXP gene (PF3D7_1466200), and
GEXP02 (PF3D7_1102500) (57, 58), as well as the gametocytogenesis regulator, the AP2
domain transcription factor gene AP2-G (PF3D7_1222600) (3, 58, 59) (Table S1). Moreover,
we also observed a significant overlap of our cluster 7 marker genes with recently
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FIG 4 Gene expression analysis of stress-responsive genes under temperature treatment. (A) Comparison of the expression of stress-
responsive genes in different clusters in control and temperature treatments. Gene expression is plotted over ribosomal proteins since
expression of these genes was found to be relatively uniform in all of the clusters. Clusters 5, 6, and 7 show significant expression and
upregulation of stress-responsive genes under temperature treatment. Significance was determined using a paired t test: ***, P , 0.001;
****, P , 0.0001. (B) A bubble plot shows relative upregulation of various heat shock proteins across clusters during temperature treatment
as measured by scRNA sequencing. Bubble size is proportional to percentage of cells expressing a gene, and color intensity is proportional
to average scaled gene expression within a cluster. (C) Heat map illustrating the relative expression level of chaperone proteins, different
intraerythrocytic (IEC) stage markers, gametocyte markers, and gametocyte regulators across different clusters. A list of the genes used for
generation of the heat map is provided in Table S5. (D) Heat map showing the relative expression of the AP2 transcription factors and
different gametocytogenesis markers across clusters in the control and during temperature treatment. The cluster-specific enrichment of
AP2 transcription factors indicates a distinct cluster-specific role of AP2 in gene expression programs. The colored scale bar at the bottom
right side denotes the relative expression value, where 22 and 2 represent down- and upregulation of genes, respectively.
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identified markers of gametocytogenesis using scRNA-seq: the putative NYN domain-con-
taining protein gene (PF3D7_0406500), the putative gene CPSF (cleavage and polyadenyl-
ation-specific factor) (PF3D7_0317700), the lysine-specific histone demethylase gene
(PF3D7_0801900), and HDA1 (PF3D7_1472200) (2, 3) (Table S1). Furthermore, many of the
known gametocytogenesis marker genes like AP2 domain transcription factor gene AP2-
G, the sexual stage-specific protein precursor gene, etc., were found to be further upregu-
lated upon temperature stress (Fig. 4D; see Table S3 in the supplemental material). Thus,
cluster 7 represents a rare population of parasites that are committed to gametocytogen-
esis, and exposure to higher temperature further upregulates the expression of some of
the gametocytogenesis makers and regulators. Moreover, stress conditions like higher
temperature and low doses of antimalarial drugs are shown to induce gametocytogenesis
in P. falciparum (51, 54, 55, 60). This shows that temperature stress can upregulate the
expression of gametocytogenesis regulators in a specific cluster. However, we have not
experimentally demonstrated that temperature stress can affect the process of gametocy-
togenesis or sexual conversion rate.

Next, we explored if there is any specific transcription factor and epigenetic modi-
fier associated with the regulation of stress/immune response and gametocytogenesis
clusters. The ApiAp2 family transcription factors are known to regulate diverse biologi-
cal processes in Plasmodium (58, 61–63). We identified an AP2 transcription factor
(PF3D7_1239200) that is downregulated in cluster 5. Another AP2 transcription factor
(PF3D7_1342900) was specifically upregulated in clusters 6, 7, and 8 during the tem-
perature treatment (Fig. 4D). Other AP2 transcription factors with cluster-specific
expression are represented in the heat map (Fig. 4D). Thus, it is plausible that these
cluster-specific AP2 transcription factors may function as global/master regulators of
respective clusters. Interestingly, we found the histone deacetylase gene HDA1 showed
increased expression in clusters 5, 6, and 7 (Fig. 4D). Furthermore, the expression of
HDA1 decreases upon temperature treatment, indicating that it may help in the upreg-
ulation of genes related to stress response and gametocytogenesis. Other histone
modifier genes, such as Sir2A, HDA2, and the SET domain protein gene, were also
found to be downregulated during temperature treatment in clusters 5, 6, and 7.
Changes in the expression levels of these chromatin regulators indicate their possible
role in the process of stress responses and gametocytogenesis.

Export protein regulation plays an important role in stress response adaptation.
Previous reports have suggested the importance of export protein in initiating the pro-
cess of sexual differentiation through host cell remodeling (64). Also, microarray stud-
ies have suggested a significant increase in the expression of transmembrane or
secreted proteins during temperature treatment in P. falciparum (20). Interestingly,
many of the exported proteins belong to the multivariant gene family, helping the par-
asites in sequestration by binding to various endothelial receptors (65, 66). Also, some
export proteins mediate the process of rosetting, which helps in avoiding exposure of
the parasite to the host immune response (67). Most of these proteins have either a
PEXEL motif or host target signal sequence. Such transportation is usually mediated
during the early stages of IDC (20). Though transported proteins are expressed in
almost all clusters, they are significantly upregulated in cluster 3 (Fig. 5A and B). This is
expected as most of the transportation-related processes take place during the ring
stage (and cluster 3 also exhibits characteristics of ring stage parasites) (Fig. 2B). Some
of the export proteins that are upregulated in cluster 3 include PfEMP1 (Plasmodium
falciparum erythrocyte membrane protein 1) and a trafficking protein (which helps in
the trafficking of PfEMP1 protein on the infected RBC surface), which mediates the viru-
lence-associated changes over the Plasmodium-infected RBC surface (20). Intriguingly,
cluster 3 also shows a mutually exclusive preference for transport proteins like
PF3D7_0424000 (PHISTc) and PF3D7_0401800 (PHISTb) during temperature treatment
(Fig. 5C and D). Various transport proteins showing deregulation during the tempera-
ture stress condition are represented in the heat map plotted for each cluster (Fig. 5E).
Surprisingly, cluster 1 also shows overrepresentation of genes which help in
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FIG 5 Expression of export proteins during temperature treatment. (A) Gene Ontology analysis of the marker genes of cluster 3.
Pathways related to the transport of protein and peptides, translocation of molecules into other organisms, vesicles budding from
the membrane, etc., were found to be enriched. (B) Bubble plot showing relative expression of transported proteins. Bubble size
is proportional to percentage of cells expressing a gene, and color intensity is proportional to average scaled gene expression
within a cluster. (C and D) Violin plots of representative examples of the transport-related proteins exhibiting mutually exclusive
expression in control and temperature treatment across clusters. (E) Heat map showing the relative expression of transport
proteins in the control and temperature treatment across clusters. Cluster 3 shows maximum expression of transport proteins.
The colored scale bar at the bottom right side denotes the relative expression value, where 23 and 3 represent down- and
upregulation of genes, respectively. Genes upregulated and downregulated under temperature treatment are represented by red
and blue, respectively.
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transportation of proteins in parasites (Fig. 5B). Thus, cluster 1 might be the transition
cluster, which originated from cluster 3, since parasites of these stages show expres-
sion of both ring and trophozoite stage markers and help in transportation of different
proteins, as observed in the pseudotime analysis (Fig. 2C).

Virulence gene regulation during the temperature stress condition. Next, we
decided to study the change in the transcription level of multivariant genes during
temperature treatment. These genes’ products constitute a major fraction of the pro-
teins transported from the parasites into the RBC membrane. Plasmodium falciparum
carries several clonally variant multicopy gene families, such as var, rifin, and stevor,
which are presented on the surface of infected RBCs upon expression. These proteins
play a central role in enabling host immune evasion and promoting pathogenesis.
PfEMP1 is the most expressed immunodominant antigen on infected RBCs (iRBCs).
PfEMP1, encoded by a family of 60 var genes, is believed to exhibit antigenic switching
upon immune exposure and/or environmental fluctuation and stress conditions
(68–70). Bulk RNA sequencing studies have suggested expression of only one var gene
in a population. However, the mechanism of selecting a single var gene for expression
and suppressing the rest of the var genes is still not clear. A recent study using scRNA-
seq employing Smart-seq2 indicated that the majority of the parasites (13 out of 17
individual cells) show expression of one dominant var gene, and only a few parasites
express two var genes per cell (3).

We decided to look at the expression of var genes per cell using the scRNA
sequencing under control and temperature treatments (Fig. 6A). Importantly, var genes
are mostly expressed in cluster 3 (a transport-related cluster) and in cluster 8 (unique
to temperature treatment). Moreover, cluster 8 exhibited exceptionally high expression
of clonally variant multicopy gene families, such as var, rifin, and stevor (Fig. 6A), which
play an important role in malaria pathogenesis by promoting cytoadherence, rosetting,
and sequestration of the parasites (64, 65). Virulence of P. falciparum is associated with
the cytoadhesion of the infected erythrocytes, leading to severe malaria (71–74). Since
there is a positive correlation between var gene expression and pathogenicity, we
believe cluster 8 is possibly a specific response of the pathogen against the elevated
temperature. Furthermore, pseudotime analysis reveals that cluster 8, which is
uniquely present during temperature treatment, is intermediate to the late trophozoite
clusters 2, 6, and 7 (Fig. 6B). Moreover, cluster 8 was found to express the gametocyte
marker AP2 domain transcription factor gene AP2-G (Fig. 4D), indicating that these par-
asites may convert into gametocytes if the stress is given for a longer duration.

Furthermore, to corroborate our findings, we investigated the expression levels of
var genes in scRNA-seq and bulk RNA sequencing data under control and tempera-
ture-treated conditions. Interestingly, var genes are mostly upregulated in scRNA-seq
as well as in bulk RNA sequencing under temperature treatment (Fig. S4A and S4B).
This might also be because of the delayed progression in the life cycle of parasites
under stress conditions. Since we found upregulation in the var gene at the transcript
level, we decided to validate the deregulation of var genes using real-time quantitative
PCR (RT-qPCR) after 6 h of treatment and 54 h after temperature treatment (Fig. 6C).
The extended time point, 54 h (i.e., with parasites returned to 37°C after the 6-h tem-
perature treatment), was used to investigate the effect of temperature stress on var
gene expression at a comparable time point during the next cycle of the parasite
growth. Interestingly, we found upregulation of two var genes at the 6- and 54-h time
points (though to a lesser extent) after temperature treatment. This shows that febrile
temperature can modulate the expression of var genes during the IDC for a few cycles.

DISCUSSION

Parasites constantly face various environmental fluctuations during their life cycle,
which can have different effects on parasite growth and development (75). Most organ-
isms have a well-developed stress response machinery that helps them to cope up with
the unfavorable conditions (76, 77). Such machinery is not well studied and characterized
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in P. falciparum. With recent studies appreciating the role of stress responses in drug resist-
ance generation in P. falciparum (22, 23), it is important to look at the effect of stress condi-
tions on cell-to-cell variability using single-cell RNA sequencing. Unlike previous scRNA-seq
studies that were performed on mixed parasite populations (2, 42, 78) at different stages
of growth, we performed scRNA sequencing of a larger number of cells at greater depth

FIG 6 Expression of clonally variant multicopy gene families during temperature treatment. (A) Heat map showing
the normalized expression of the var, rifin, and stevor genes under the control and temperature-treated conditions
across clusters. The colored scale bar at bottom right side denotes the relative expression value, where 23 and 3
represent down- and upregulation of genes, respectively. Cluster 8, which is unique to temperature treatment, shows
very high expression of clonally variant multicopy gene families. (B) Pseudotime analysis shows cluster 8 as the
transitional cluster between cluster 7 (gametocytogenesis) and the rest of the parasite population. (C) RT-qPCR
analysis of selected var genes under control and temperature treatments (after 6 h of treatment and 54 h after
temperature treatment). The extended time point of 54 h (with parasites returned to 37°C after the 6-h temperature
treatment) was used to investigate the effect of temperature treatment on var gene expression at a comparable time
point during the next cycle of the parasite growth. var genes are upregulated upon 6 h of temperature treatment.
Interestingly, even after 54 h of treatment, few var genes show slight upregulation in the expression level in
comparison to the control.
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to better understand the composition and complexity of the synchronized Plasmodium
culture. Furthermore, it is imperative to quantify transcriptional heterogeneity within
synchronized cultures, as synchronization is performed on a regular basis for various in
vitro experiments that are utilized to dissect the parasite’s biology in a controlled labora-
tory setting, and any effects due to underlying heterogeneity may bias the interpretation
of these experiments.

We found nine transcriptionally distinct cell populations, all of which were repre-
sented in the Malaria Cell Atlas (42) (Fig. 2A). Thus, although parasites are morphologi-
cally synchronized, they exhibit a transcriptionally heterogeneous population. We also
found significant changes in the numbers of cells in different clusters during tempera-
ture treatment (Fig. 1D and E). Change in the number of cells might be indicative of
how the treatment rewired gene expression and biases the cells to exist in specific
states that may be functionally relevant to the treatment (particularly evident for clus-
ters 0 and 4). In vivo, the parasites are asynchronized during the initial stages of malaria
infection within the human host. However, temperature stress (fever condition) occur-
ring after every 48 h in the case of P. falciparum infection is known to synchronize
these parasites eventually (79). This is in accordance with the previous observation
that showed ring stage parasites are more resistant to stress conditions than other
stages of the parasites (19, 20). Hence, under temperature treatment, the majority of
the parasites slow down their progression—possibly to increase their survival chances.

Clusters 5, 6, and 7 represent about 10% of the parasites and are probably associated
with stress adaptation under adverse conditions. Stress responsiveness is an important de-
terminant for artemisinin drug resistance in P. falciparum (22, 23). Upregulation of stress-re-
sponsive pathways like unfolded protein response (UPR) and oxidative damage (redox
stress responses) have been implicated in the mechanism of artemisinin resistance (22,
23). The importance of the stress-responsive pathway is evident from the fact that even a
clonal population of resistant parasites does not show complete resistance (various rates
by the ring survival assay [RSA], a measure of resistance against artemisinin) (80). Thus, this
heterogeneous stress-responsive subpopulation (clusters 5, 6, and 7 [;10% of the total
population]), which exhibits upregulation of stress response pathways, might be associ-
ated with the possible artemisinin resistance in the parasites. Such findings would average
out in bulk transcriptomic studies and may hamper the dissection of the mechanism of
drug resistance in P. falciparum (22, 23). A subpopulation (cluster 7) of the parasites
showed expression of various gametocyte markers and regulatory genes and thus looks
committed for gametocytogenesis. Interestingly, this subpopulation does not change
upon temperature exposure but upregulates expression of many gametocyte markers and
regulators. Since lysophosphatidylcholine metabolism is known to trigger the process of
gametocytogenesis, it will be interesting to see metabolic pathways that are modulated
during heat stress in P. falciparum (5).

Thus, this study has identified the transcriptional heterogeneity in the parasite pop-
ulation and how such diversity in their cellular states responds discretely upon stress
condition. Since several reports suggest the importance of stress response pathways in
artemisinin resistance (22, 23), it is possible that genes showing maximum variation
under stress conditions as well as drastic stage transitions under unfavorable condi-
tions help cells to obtain a resistance-like phenotype. Importantly, the knowledge gen-
erated in this study could potentially be used to better understand the molecular
mechanisms of drug resistance, pathogenesis, and virulence of the parasite.

Limitations of the study. In this study, we have provided important insights into
the cell-to-cell heterogeneity under a temperature stress condition in a synchronized
parasite population. Although we demonstrated that temperature stress upregulates
the expression of gametocytogenesis regulators in a specific cluster, our work does not
demonstrate the effect of temperature on either gametocytogenesis or sexual conver-
sion rates. We also observed that temperature treatment results in the emergence of a
novel cluster that shows higher expression of multivariant and stress-responsive genes.
Unfortunately, due to technical limitations, we were not able to enrich the parasites of
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this cluster to understand their physiological significance. Subsequent work that uti-
lizes stronger temperature treatment (either increasing the temperature or with treat-
ment for longer duration) could add functional significance to our findings. These
observations are clearly fertile ground for further exploration by the scientific commu-
nity, and subsequent work will elucidate the specific effectors of these processes.

MATERIALS ANDMETHODS
In vitro culture of P. falciparum parasites and synchronization. P. falciparum strain 3D7 cells were

cultured in RPMI 1640 medium supplemented with 25mM HEPES, 0.5% AlbuMAX II, 1.77mM sodium bi-
carbonate, 100mM hypoxanthine and 12.5mg ml21 gentamicin sulfate at 37°C. Parasites were main-
tained at 1 to 1.5% hematocrit and 5% parasitemia. Fresh O1 human RBCs were isolated from healthy
human donors. Parasites were diluted after every 2 days by splitting the flask into 2 to 3 flasks in order
to maintain the parasitemia around 5%. Parasites were synchronized at the schizont stage using a 63%
Percoll density gradient and synchronized at the early ring stage using 5% sorbitol. For the stress experi-
ment, parasites were kept at 8% parasitemia and 2% hematocrit. Parasite growth was monitored using
Giemsa staining of a thin blood smear. Parasites were maintained in an incubator with 5% CO2. Annexin
V-FITC (ab14085; Abcam) staining was performed as mentioned in the protocol.

FACS analysis and confocal imaging. Parasites were stained with annexin V for 10 min in a binding
buffer before proceeding to flow cytometry. Parasites were stained using SYTO RNASelect (Thermo) for
30 min in RPMI with 0.5% fetal bovine serum (FBS). Parasites were washed and resuspended in 1� phos-
phate-buffered saline (PBS) before proceeding to FACS analysis. Flow cytometry analysis was performed
using BD FACS Aria Fusion (BD Biosciences), and data were analyzed using FlowJo software (www
.flowgo.com). Stained parasites were also smeared on glass slides for confocal imaging. Parasites were
fixed with methanol and mounted with Prolong Gold antifade with DAPI (49,6-diamidino-2-phenylin-
dole) (Thermo). Confocal images were acquired using Leica SP8 microscope (Leica).

Stress induction. Tightly synchronized parasites were given a temperature treatment of 40°C for 6 h
from the late ring stage (;17 h) to the early trophozoite stage (;23 h). Control parasites were kept
under normal culture conditions (37°C).

Percoll gradient and isolation of single iRBCs. In order to get rid of the uninfected parasites, we
performed a Percoll gradient centrifugation to separate uninfected from infected RBCs. Different percen-
tages of the Percoll gradient were tried for separation of early trophozoites from uninfected parasites. A
63% Percoll gradient was used for synchronization to separate schizonts from uninfected parasites. An
81% Percoll gradient was standardized and finally used for the enrichment of the infected parasites after
the experiment. Parasites were washed with 1� PBS twice to get rid of any dead parasites, and parasites
were counted before barcoding of the cells.

scRNA-seq library preparation. Gel beads in emulsion (GEMs) are generated by combining bar-
coded Single-Cell 39 v3 gel beads, a master mixture containing cells and partitioning oil, onto Chromium
Chip B. Cells are delivered at a limiting dilution in order to attain single-cell resolution. Once the gel
beads are dissolved and cells are lysed inside the oil droplet, primers are released, which bind to the
poly(A) tail of the mRNAs and help with the cDNA synthesis. Primers contain an Illumina TruSeq Read 1,
16-nucleotide 10� barcode, 12-nucleotide unique molecular identifier (UMI), and 30-nucleotide poly(dT)
sequence. Enzymatic fragmentation and size selection were used to optimize the cDNA amplicon.

scRNA-seq at NextSeq550 (Illumina). Quality of the cDNA was estimated using a Bioanalyzer, and
the concentration of the sample was calculated using HS DNA Qubit. Transcriptome sequencing was
performed using the Illumina NextSeq 550 system (2 � 75-bp read length) at the NGS Facility, IISER,
Pune, India.

RNA sequencing and data analysis. Bulk RNA sequencing was performed using parasites harvested
for RNA isolation after the stress induction. Total RNA isolation was performed using TRIzol reagent. The
Bioanalyzer was used to analyze the quality of RNA before proceeding to library preparation. Three bio-
logical replicates were pooled for RNA sequencing. The cDNA libraries were prepared for samples using
the Agilent SureSelect strand-specific RNA library preparation kit. Transcriptome sequencing was per-
formed using the Illumina NextSeq 550 system (2 � 150-bp read length) at the NGS Facility, IISER, Pune.
Quality control of the RNA sequencing reads was performed using FASTQC, and reads were trimmed
based on the quality estimates. RNA paired directional reads were mapped to GTF annotation file v41.0
of the P. falciparum genome using TopHat. SAMtools (81) were used for file handling and conversion.
Cufflinks programs (cuffmerge, cuffmerge, and cuffdiff) (82) were used for differential gene expression.
The MA plot was generated using R software (http://r-project.org/). Gene Ontology was performed using
Plasmodb (83; https://plasmodb.org/).

scRNA-seq library preparation and sequencing. A 1,000-cell/ml dilution of 80% enriched infected
parasites was loaded onto the 10� chip for library preparation using Single-cell v3 chemistry. The libraries
for both the control and temperature-treated samples were multiplexed together and were sequenced
using a mid-output 75-bp single-end-configuration flow cell on the Illumina NextSeq 550 system. Cell
Ranger count was run on samples using v41.0 P. falciparum genome (PF3D7) to align and summarize per-
cell barcode (cell) read counts for each sample. For control samples, 4,949 cells were sequenced at a depth
of 88.8 million reads, with 88.1% reads in cells, assigning a median of 17,900 reads/cell. For the treated
sample, 6,873 cells were sequenced at a depth of 89.3 million reads, with 88% of reads in cells, assigning a
median of 13,000 reads/cell.
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scRNA-sequencing quality control and data analysis. The sparse matrices generated by 10� cell
ranger count were read into R 3.5.3 using the Seurat 3.0.0 package. In order to remove potential dou-
blets at a frequency of 5% and droplets with background RNA content, we removed cells with the top
5% and bottom 5% of total RNA molecules (or UMIs) from each sample. Thereafter, both of the
samples were combined using the canonical correlation analysis with 10 principal components to find
integration anchors followed by 20 principal components to integrate the data. Twenty principal com-
ponents were used to perform t-SNE projections and clustering at a resolution of 0.5 using the Find
Neighbours and Find Clusters functions (Fig. S5). Cluster-specific markers were identified using the Find
Conserved Markers function (with default parameters), and differentially expressed genes were identi-
fied using the Find Markers function (with default parameters). Pseudotime analysis was performed
using the Monocle 3 package, assuming a binomial distribution with a detection limit of 0.5 and a mini-
mum normalized gene expression of 0.1. The marker genes for different clusters obtained from Seurat
analysis described above were used to calculate pseudotime and order the cells along the pseudotime
trajectory.

Data analysis. GraphPad (www.graphpad.com) was used for plotting the normalized log2 expression
ratios of the RNA sample/3D7 RNA reference pool for all probes. Single-cell data were obtained from
The Malaria Cell Atlas (https://www.sanger.ac.uk/science/tools/mca).

Primer design and RT-qPCR analysis. Total RNA was isolated from the parasites using TRIzol rea-
gent (Bio-Rad). Post-DNase treatment, 2mg RNA was used for cDNA synthesis with the ImProm-II reverse
transcription system (Promega), as per the manufacturer's recommendation. Real-time PCR was carried
out using a CFX96 real-time PCR detection system (Bio-Rad). 18S rRNA and tRNA synthetase were used
as an internal control to normalize for variability across different samples. Quantification of the expres-
sion was done with the help of fluorescence readout of SYBR green dye incorporation into the amplify-
ing targets (Bio-Rad). Each experiment included technical replicates and was performed over three
independent biological replicates. The primers used for real-time quantitative PCR (RT-qPCR) are listed
in Table S4 in the supplemental material.

Fligner-Killeen test. The coefficient of variation (CV) was calculated as the standard deviation/mean
for 5,066 P. falciparum genes individually and plotted. The coefficient of variation of individual genes
was used to calculate the coefficient of variation for the control and temperature-treated conditions
using Past3 (https://www.nhm.uio.no/english/research/infrastructure/past/). The Fligner-Killeen Test (a
nonparametric test for homogeneity of group variances based on ranks) for equal coefficients of varia-
tion suggested significant variation between control and stress conditions (CVs of 128.19 and 136.32 for
control and temperature treatments, respectively; P = 2.08e25).

Interactive web application. An interactive web application and visualization were created using
the open package from Rstudio called “Shiny apps” (https://www.shinyapps.io/). The interactive tool
(iitd.info/synchronised_plasmodium_cell_atlas/) allowed easy visualization of the data set of single-cell
sequencing performed under control and temperature treatment conditions. Expression of a particular
gene (violin plots) and t-SNE projection of a particular gene could be generated by entering the
Plasmodium gene ID. Pseudotime analysis of control and treatment samples for different cells sequenced
could be also analyzed. Furthermore, we have also incorporated Malaria Cell Atlas data for parallel com-
parison with our sequenced data.

Ethics statement. This study did not involve human participants. The human RBCs used in this study
were obtained from the KEM Blood Bank (Pune, India) as blood from anonymized donors. Approval to
use this material for P. falciparum in vitro culture has been granted by the Institutional Biosafety
Committee of the Indian Institute of Science Education and Research Pune (BT/BS/17/582/2014-PID).

Data availability. Further information and requests for resources and reagents should be directed
to and will be fulfilled by the lead contact, Krishanpal Karmodiya (krish@iiserpune.ac.in). Note that this
study did not generate new unique reagents. Single-cell RNA sequencing data for Plasmodium for the
control and temperature treatments have been submitted to the Sequence Read Archive (SRA) under
accession no. PRJNA560557.
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SUPPLEMENTAL FILE 3, XLS file, 1.2 MB.
SUPPLEMENTAL FILE 4, XLSX file, 0.02 MB.
SUPPLEMENTAL FILE 5, XLSX file, 0.01 MB.
SUPPLEMENTAL FILE 6, XLS file, 0.1 MB.
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