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Abstract 

The malaria parasite has a complex life cycle exhibiting phenotypic and morphogenic variations in 

two different hosts. Phenotypic cell-to-cell variability can be an important determinant of cellular 

adaptation, stress tolerance and immune evasion in the host. To investigate cellular heterogeneity, 

we performed single cell RNA-sequencing (scRNA-seq) of 4949 and 6873 synchronized 

Plasmodium cells in control and under temperature stress condition (phenocopying the cyclic bouts 

of fever experienced during malarial infection). High-resolution clustering of scRNA-seq datasets 

and a combination of gene signatures allow identification of cellular heterogeneity and stage 

transition during stress adaptation. We identified a subset of parasites primed for gametogenesis and 

another subset primed for stress adaptation. Interestingly, temperature stress inducted the process of 

gametogenesis by upregulation of master regulator (AP2-G) of sexual conversion. Moreover, 

pseudotime analysis indicated bifurcation for cell-fate decision to gametogenesis at two different 

stages of intra-erythrocytic cycle. Furthermore, we identified a rare population of cells, which is 

only emerged during the stress condition, showing the reactive state of the pathogen against the 

temperature stress condition. Interestingly, genes associated with the gametogenesis, chaperon 

activity and maintenance of cellular homeostasis showed maximum variation under temperature 

stress condition. We also developed an online exploratory tool (website: http://bit.ly/plasmo_sync), 

which will provide new insights into gene function under normal and physiological stress condition.  

Thus, our study suggests that the variability and versatility of 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.  
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Introduction 

Malaria is a major public health problem, with the parasite Plasmodium falciparum causing most of 

the malaria-associated mortality. Despite global efforts to eradicate the disease, over one million 

people die and 300-600 million suffer due to malaria every year [1]. P. falciparum completes its life 

cycle into two different hosts progressing through multiple developmental stages. The persistent 

infection and clinical manifestation of malaria require development of parasite in red blood cells 

(RBCs) via asexual intra-erythrocytic cycle (IEC). During the 48-h IEC, parasite invades RBC and 

develops into a ring stage, followed by trophozoite and schizont stages. The transmission of malaria 

parasite to mosquito depends on intra-erythrocytic differentiation to gametocytes in human host. 

Thus, parasite maintains balance in transmission and persistent infection by an unknown 

mechanism. Recent single-cell RNA sequencing (scRNA-seq) suggests commitment to gametocytes 

during the preceding cycles by epigenetic regulation of master regulator of sexual development, 

AP2-G [2-4]. However, the environmental cues and the hitherto mechanism therein, which initiate 

the gametogenesis are not yet clear.  

 

P. falciparum is exposed to different 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 [5] (hypoglycaemia), high temperature (fever) [6] and oxidative stress (haemoglobin 

degradation and drug therapy)  [7] during IEC cycle. Under such adverse conditions some cells in 

the isogenic population survive whereas others do not. Presence of heterogeneity is indicated in 

both unicellular and multicellular organism at different levels and it helps in better survival of the 

organism during unfavourable conditions [8]. Multicellular organism are more advanced and 

developed in terms of fighting these fluctuations where heterogeneity is key to differentiation 

resulting in the diverse functions [9]. In unicellular organism presence of heterogeneity is a 

population level survival strategy [10]. Single cell organisms need to develop tight machinery for 

fighting against the unfavourable conditions. Slight change in the ability to respond to different 

stress conditions can result in competitive advantage over other organisms in the population. 

Ecological studies have suggested that survival chances of a particular population during extreme 

conditions are more if they have diverse populations [8]. Thus, cells which are less fit (stress-

tolerant) in a particular population can have better survival chances during unfavourable conditions. 

But whether this stress-tolerant cells have a fully mounted stress response or they emerge from 

partial response is unclear. Thus, understanding cell-to-cell heterogeneity in stress survival has 

broad applications in stress adaptation and drug-resistance emergence.  

 

One of the most common stresses experienced by Plasmodium is heat stress. During its 
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intraerythrocytic life cycle, there are cyclic episodes of fever due to the release of merozoites. 

During the fever, temperature peaks as high as 41 degree Celsius for a period of 2-6 hours. Early 

ring stage of parasite growth is more resistant whereas later stages are more fragile to heat stress. 

High temperature during the malaria infection is known to be responsible for synchronizing 

Plasmodium growth in human host [11]. Despite of such variation in temperature during its life 

cycle, Plasmodium manages to overcome these unfavourable conditions resulting in successful 

infection. Stress response machinery is known to plays an important role in establishment of 

successful infection inside the host. Earlier, population studies have identified various proteins 

playing an important role in building temperature stress response [12]. Increase in temperature is 

also known to accelerate the growth and development of the parasites [6, 12]. Moreover, exposure 

of parasites to higher temperature results in increase of cytoadherence to CD36 and ICAM-1 

receptors [12, 13]. This is attributed to the fact that during heat stress there is an increase in 

virulence (var) gene expression which helps in the binding of infected RBCs to the endothelial 

receptors resulting in cytoadherence [12]. Recent reports also suggest stress responses as crucial 

mediator of artemisinin resistance in P. falciparum [14, 15]. 

 

Plasmodium is known to have tight gene regulation orchestrated at multiple levels by chromatin 

structure [16, 17], transcription [18-20] and translation [21, 22], which helps in timely expression of 

different genes required at various stages of parasite growth [23]. Despite tight-gene regulation 

there is a huge amount of transcriptional heterogeneity exists in the parasite populations [3]. The 

cell-to-cell heterogeneity can be attributed to various environmental and physiological conditions 

such as availability of nutrients, temperature fluctuations, cell-cycle progression and different 

morphological states. Advent of single-cell RNA sequencing (scRNA-seq) has been instrumental in 

unravelling the cell-to-cell heterogeneity in the population [24-26]. It provides information pertinent 

to different states co-exist in a cell population leading to dynamic cell-to-cell variability in mRNA 

numbers and concentrations. Earlier study in Plasmodium using scRNA-seq has revealed the 

heterogeneity in the parasite population during intraerythrocytic like cycle [3].  

 

In this study, we have performed scRNA-seq under control and temperature stress condition to 

understand the cell-to-cell heterogeneity within and between the Plasmodium populations. Using 

this approach, we identified a combination of gene signatures of cellular heterogeneity and stage 

transition during stress adaptation. Interestingly, we identified a subset of parasites primed for 

gametogenesis and another subset primed for stress adaptation. On temperature stress there is 

upregulation in the expression of gametocyte related makers in these parasites which indicates that 

high temperature can further trigger/ accelerate the process of gametogenesis. Moreover, we 
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identified a rare population of cells, which is only emerged during the stress condition, showing the 

reactive state of the pathogen against the temperature stress condition. Thus, our scRNA-seq 

analysis reveals important insights into the cell-to-cell heterogeneity in parasite population under 

temperature stress condition that will be instrumental towards mechanistic understanding of cellular 

adaptation, population dynamics and drug-resistance emergence in P. falciparum. 

 

Results 

Single-cell RNA sequencing (scRNA-Seq) during temperature stress in P. falciparum  

Plasmodium while harboured within the human RBCs, exposed to different kinds of environmental 

and physiological stresses. The impact of these environmental and physiological changes on gene 

expression heterogeneity is important to understand the mechanism of stress tolerance and 

adaptation. To investigate this, we performed single-cell RNA sequencing (scRNA-seq) under 

control and physiologically stress condition, high temperature (equivalent to fever) in P. falciparum. 

Parasites were synchronized by sorbitol during early (0-3 hrs) ring stage. Temperature stress was 

given at 40 degree Celsius approximately at late ring stage (~17 hrs) for a period of 6 hours.  For 

parasites grown under normal and temperature stress conditions, the infected RBCs were enriched 

by Percoll gradient in order to get rid of uninfected RBCs. We obtained around 80% enrichment of 

infected RBCs using Percoll gradient centrifugation. Enriched parasites under normal and high 

temperature growth conditions were assayed for their single cell gene expression profiles using the 

10x chromium single cell RNA-sequencing v3 chemistry (Figure 1A). We sequenced 4949 single 

cells in control and 6873 single cells under temperature stress condition. Median number of genes 

detected per cells (count >1) is 637 and 546 with sequencing depth (mean reads per cell per gene) 

17945 and 13001 for control and temperature stress sample, respectively (Figure 1B).  

 

Further to identify different cell types (Figure 1C), markers genes specific to each cluster identified, 

which are expressed by at least 30% of the population and have 50% higher average expression than 

other clusters (Figure 1D, Supplementary Figure S1A-S1B and Supplementary table S1). 

Interestingly, we found a novel cluster which is only present during the temperature stress 

conditions (Figure 1C). Moreover, we also found significant change in the number of cells (%) in 

different cluster during temperature stress condition (Figure 1E). Changes in the number of cells 

maybe 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 cluster 0, 1 

and 4). Interestingly despite of double synchronization of the parasites we were able to observe 

significant variation in the population of the parasites during control condition. This is an important 

observation since most of the experiments performed in the field depend on the usual method of 
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synchronization like percoll gradient and sorbitol treatment. In summary, scRNA-seq datasets 

generated under control and temperature stress conditions indicative of transcriptional heterogeneity 

in P. falciparum, which is analysed in detail below.  

 

scRNA-seq identifies transcriptome heterogeneity during temperature stress condition 

To understand the cell-to-cell variability of transcriptome regulation we calculated average number 

of RNA molecule per cell during control and temperature stress condition. Interestingly, average 

numbers of RNA molecules per cells are downregulated during the temperature stress condition 

indicative of the fact that parasites slowdown or shutoff global transcription machinery during 

temperature stress condition (Figure 2A). Downregulation can be also observed when RNA 

molecules per cells are calculated for each cluster except cluster 1 (Figure 2B). The number of RNA 

molecules is particularly affected in clusters associated with stress tolerance, immune response, and 

gametogenesis (cluster 5-7). Next, we performed bulk RNA sequencing under control and 

temperature stress conditions to compare global transcription. We observed high correlation in 

relative expression in control (Spearman’s correlation, 0.51) and during temperature stress condition 

(Spearman’s correlation, 0.41) in scRNA-seq and bulk RNA sequencing. Moreover, we also 

observed global transcriptional downregulation during temperature stress condition in bulk RNA-

sequencing (Figure 2C). Further to understand the heterogeneity present between the control and 

temperature stress condition, we calculated the measure of dispersion with in a population using 

Coefficient of Variation (CV). To check the heterogeneity between the populations we performed 

the Flinger-Killeen test which checks for homogeneity for variance when data is non-normally 

distributed. The Flinger-Killeen Test [27] for equal coefficients of variation suggest significant 

variation between control and stress condition (CV, 128.19 and 136.32 for control and temperature 

stress condition, respectively; p value =2.08e-5) (Figure 2D). Interestingly, genes associated with 

the gametogenesis, chaperon activity and maintenance of cellular homeostasis showed maximum 

variation under temperature stress condition (Figure 2E and 2F). This in turn suggests that 

variability and versatility of 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 P. falciparum.  

 

Gene expression analysis of stress responsive genes under temperature stress condition 

Most of the organisms have evolutionary conserved mechanism of stress response against variety of 

the environmental fluctuations. These stress response machineries consist of various proteins main-

taining cellular homeostasis during unfavourable conditions. One of the most studied classes of pro-

teins which play a crucial role in maintenance of cellular homeostasis is heat shock proteins. These 
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proteins are known to play diverse functions like refolding of misfolded proteins and helps in the 

mRNA processing and maturation. They are considered central to the stress response machinery in 

higher eukaryotic systems. In order to understand the transcriptional variation in stress responsive 

genes under temperature stress condition 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, clusters asso-

ciated with stress and immune response, and gametogenesis (cluster 5-7) showed highest overall 

expression and upregulation under temperature stress condition (Figure 3A and 3B). Interestingly, 

cluster 8, which is unique to temperature stress condition, showed very high expression of antigenic 

variation gene-families like var, rifins and stevors. This unique cluster represents cells which ex-

press the genes associated with the reactive state of the pathogen against the elevated temperature. 

Furthermore, we looked at the different stage specific markers for these clusters. Cluster 3 showed 

the genes specific to ring stage markers whereas cluster 6 shows genes specific to schizont stage 

(Figure 3C). Marker genes from cluster 6 shows expression of different chaperone proteins which 

are known to play an important role in the stress response in an organism (Figure 3C). Gene ontol-

ogy of the marker genes from these clusters indicate that they play an important role in stress re-

sponse and immune response functions. Most of the other cluster shows gene expression similar to 

trophozoite stage which is expected since parasites were harvested during trophozoite stage. This 

indicates that the heterogeneity is an inherent property of P. falciparum growth as it is also exhib-

ited under control condition. This is interesting since we have used synchronized parasites for the 

study. In order to further validate our observation we compared our clustering with the single cell 

data available from Malaria Cell Atlas [28]. Since the Malaria Cell Atlas has asynchronized para-

sites we observed a partial overlap with their data (Supplementary Figure S1C). Around 98% of 

cells of our datasets (both control and temperature stress condition) cluster together with cells of 

data from Malaria Cell Atlas that lie in clusters containing at least 0.5% cells from the our datasets 

on the other hand only 49.8 % of the cells of the Malaria Cell Atlas dataset cluster together with 

cells of our datasets that lie in clusters containing at least 0.5% cells from our dataset. 

 

We wondered if there is any specific transcription factor associated with the regulation of stress and 

immune response clusters (5-7). We looked at the status of AP2 transcription factors in these 

different clusters (Figure 3D). Interestingly, we identified an AP2 transcription factors 

(PF3D7_1239200), which is downregulated in cluster 5. Another AP2 transcription factor 

(PF3D7_1342900) was specifically found to be upregulated in cluster 6 during the temperature 

stress condition. PF3D7_1342900, AP2 transcription factor was also found to be highly expressed 

in other stress responsive clusters like 7 and 8 (Figure 3D).  Other AP2 transcription factors with 
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cluster specific expressions are represented in the heat map (Figure 3D). Thus, it is plausible that 

these marker AP2 transcription factors regulating the expression of the genes which are 

differentially expression in their respective clusters. Interestingly we identified histone deacetylase, 

HDA1 (PF3D7_1472200) showing high expression in cluster 5, 6, 7 (Figure 3D). Expression of the 

histone deacetylase, HDA1 decreases upon temperature treatment suggestive of the fact that it may 

help in the upregulation of genes related to stress response and gametogenesis 

 

Temperature stress results in induction of gametogenesis in P. falciparum 

Gametogenesis is a genetically encoded phenomenon but it is known to be influenced and triggered 

by various environmental fluctuations [27]. Previous studies have suggested various factors such as 

host immune response, high parasitemia load, elevated temperature, drug treatment etc., act as 

trigger for the process of gametogenesis in P. falciparum [29-34]. Furthermore, stress conditions are 

also shown to induce gametogenesis in Plasmodium [35]. In similar context, we investigated the 

enrichment of gametocyte markers in various clusters under temperature stress condition (Figure 

4A). Interestingly, we found significant upregulation of gametocyte marker (PF3D7_1302100, 

PF3D7_0406200,  PF3D7_1253000) as well as gametogenesis regulator (PF3D7_1222600) genes 

in cluster 7 (Figure 4B). Interestingly, genes which are only expressed in cluster 7 include 

PF3D7_1222600 (AP2 domain transcription factor AP2-G), PF3D7_1466200 (early gametocyte 

enriched phosphoprotein EGXP), PF3D7_0936600 (gametocyte exported protein 5), 

PF3D7_1253000 (gametocyte erythrocyte cytosolic protein), PF3D7_1302100 (gamete antigen 

27/25) and PF3D7_0406200 (sexual stage-specific protein precursor) (Figure 4C). Recent report in 

P. falciparum identified markers of gametogenesis using scRNA-seq data [2]. We observed 

significant overlap of these genes, which are upregulated in the gametocyte specific population like 

surface-associated interspersed protein 8.2 (SURFIN 8.2) (PF3D7_0830800), early transcribed 

membrane protein 4, serine/threonine protein kinase (PF3D7_1356800), putative NYN domain-

containing protein (PF3D7_0406500), putative CPSF (cleavage and polyadenylation specific factor) 

(PF3D7_0317700), PF3D7_0801900 (lysine-specific histone demethylase) and PF3D7_1472200 in 

cluster 7 (Supplementary Figure S1A and Supplementary table S1). Thus, we hypothesize that 

cluster 7 represent a rare population within the parasites, which is already primed for gametogenesis 

and these parasites show induction of gametogenesis once they are exposed to the higher 

temperature.  

 

Furthermore, we performed pseudotime analysis across the intraerythrocytic life cycle of P. 

falciparum to understand the cell-fate decisions and stage-transition under temperature stress 

condition (Figure 4D). Pseudotime ordering reveals a gradual stage-transition from cluster 3 (early 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 31, 2019. ; https://doi.org/10.1101/752543doi: bioRxiv preprint 

https://doi.org/10.1101/752543
http://creativecommons.org/licenses/by-nc-nd/4.0/


 9

ring stage) to cluster 6 (trophozoite/early schizont) in control as well as temperature stress 

condition. Interestingly, we observed two branching (indicated by 1 and 2 in Figure 4D). Branch 1 

indicates parasites which failed to diverge successfully from the default development trajectory.   

While second branch point indicates the parasites in cluster 7 which are primed for gametogenesis  

(expressing markers of gametogenesis) under control and temperature stress condition. Moreover, 

there is significant upregulation of gametogenesis related genes upon temperature stress condition 

(Cluster 7 in Figure 4A). This, in turn suggests that, though parasites are primed for gametogenesis 

even in the control samples, temperature stress trigger the process of gametogenesis (Figure 4A). 

Few parasites primed for gametogenesis are also found in the trophozoite stage of parasite 

development. Thus, it is possible that a subset of parasites is primed for gametogenesis and cell-fate 

decisions to gametogenesis and this process can be triggered depending on the environmental 

conditions.  

 

Export proteins regulation plays an important role in stress response adaptation 

Plasmodium during intraerythrocytic life cycle exports various proteins on the surface of the 

infected erythrocyte. Many of the exported proteins belong to the multivariant gene family, helping 

the parasites in sequestration by binding to various endothelial receptors. Also, there are export 

proteins mediate the process of rosetting, which helps in avoiding exposure of the parasite to host 

immune response. Previous studies on gene expression using microarray have suggested that there 

is a huge increase in the proteins which are known to be either transmembrane or secreted proteins 

during the temperature stress in P. falciparum [12]. Most of these proteins have either PEXEL motif 

or host target signal sequence. Such transportation is usually mediated during the early stages of 

intraerythrocytic life cycle [12]. Though transported proteins expressed in almost all clusters, they 

are significantly upregulated in cluster 3 (Figure 5A and 5B). This is intuitive as most of the 

transportation related processes take place during ring stage (and cluster 3 also exhibits 

characteristics of ring stage parasites, Figure 3C). Some of the export proteins which are 

upregulated in cluster 3 include PfEMP1 trafficking protein (which helps in the trafficking of 

PfEMP1 protein on RBC surface) and PF3D7_0424700 (FIKK kinase), which mediate the virulence 

associated changes over Plasmodium infected RBC surface. Interestingly, cluster 3 also shows 

downregulation of some of the transport proteins like PF3D7_1370300, PF3D7_0730800 and 

PF3D7_0532600 etc. This indicates mutually exclusive preference for transportation of proteins 

during the temperature stress conditions (Figure 5C and 5D). Various transport proteins showing 

deregulation during the temperature stress are represented in the heat map plotted for each clusters 

(Figure 5E). Surprisingly, cluster 1 also shows overrepresentation of genes which helps in 

transportation of proteins in parasites (Figure 5B). This might be the transition cluster, originated 
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from cluster 3 since parasite of these stage show expression of both ring and trophozoite stage gene 

expression and helps in transportation of different proteins. Presence of the cluster 1 adjacent to 

cluster 3 in pseudotime analysis (Figure 4D) further supports our observation that cluster 1 and 

cluster 3 parasites show similarity in their gene expression profile.  

 

Virulence gene regulation during temperature stress condition  

Plasmodium falciparum encodes several clonally variant multicopy gene families such as var, rifin 

and stevor, which are upon expression, presented on the surface of infected RBCs. These proteins 

play a central role in enabling host immune evasion and promoting pathogenesis. PfEMP1 

(Plasmodium falciparum Erythrocyte membrane protein 1) is the most commonly expressed 

immunodominant antigen on iRBCs. PfEMP1, encoded by a family of 60 var genes, believed to 

exhibit antigenic switching upon immune exposure and/or environmental fluctuation, stress 

conditions or chromatin organization etc. [36-39]. Bulk RNA-sequencing studies have suggested 

expression of only one var gene in a population. However, the mechanism of selection of a single 

var gene for expression and suppression of rest of the var genes is still not clear. Recent study using 

scRNA-seq employing Smart-seq2 has looked into the expression of var genes at the ring stage of 

the parasite [3]. As per this study majority of parasites (13 out of 17 individual cells) show 

expression of one dominant var gene belonging to var sub group B. Furthermore, only a few 

parasites showed expression of two var genes per cells [3].  

  

We decided to look at the expression of var genes per cell using the scRNA sequencing data under 

stress condition (Figure 6A and 6B). Interestingly, we found that var genes are expressed in cluster 

3 (transport related cluster) and in cluster 8 (reactive stage of pathogen to elevated temperature) 

(Figure 6A). We further plotted the normalized expression level of different var genes in control and 

temperature conditions and found the few var genes are expressed at a higher level in control 

condition. On temperature treatment, more var genes are expressed at higher expression level than 

control conditions (Figure 6B).  However, it is not clear if multiple var genes are expressed per cell 

or per parasite population. To investigate the regulation of expression of var genes at single cell 

level, we performed targeted analysis of var gene expression under control and temperature stress 

condition. We observed 1-4 var gene expression per cell under control condition and it goes up to 1-

6 var gene expression per cell under temperature stress condition (Figure 6C). It is possible that 

parasites in order to survive the unfavourable conditions may express more than one var genes per 

cell to increase the chances of binding to the endothelial cells. Interestingly, basal level of 

transcription was high for many var genes under temperature stress condition whereas it was 

comparable to control condition at higher expression level (Figure 6D). Thus, it can only be 
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speculated that parasite under unfavourable conditions express multiple var genes at basal levels 

and only a few of them are selected for high expression. Future functional analyses will discern 

weather var gene selection and activation involves poised chromatin activation or var-gene coded 

intronic non-coding RNAs. We next investigated the expression levels of var genes in scRNA-seq 

data from control and temperature stress condition. Interestingly, we observed that var group B and 

C are highly expressed under both the conditions. Moreover, bulk RNA-sequencing also showed 

upregulation of var genes during temperature stress condition which are also validated RT-qPCR 

(Figure 6E). Expression level of var genes was quantified after 6 hours heat treatment. Expression 

level was also checked after 54 hours to check the effect of heat treatment at later hours. 

Interestingly, we found var group B gene Pf3D7_1200100 to be highly upregulated in control 

sample. We wondered if expression of var group B is higher in patient samples as indicated by this 

and earlier study [3] and if it is geographical location dependant. Interestingly, we observed that 

indeed var group B is highly expressed in patient samples and it is independent of geographical 

location as we have observed similar profile from African and South Asian patient samples 

(Supplementary Figure 2A – 2C). This indicates that there is preference for expression of var group 

B over other var groups in P. falciparum. This can be further exploited to specifically design 

vaccines targeting members of var group B in P. falciparum.    

 

Other members of multivariant gene family like rifins and stevors are also known to play important 

role during the malaria pathogenesis. However, nothing much is known about their expression and 

role under different conditions. We studied expression of rifins and stevors under temperature stress 

condition. Interestingly, we observed a marked increase in number of rifins and stevors expressed 

during temperature stress conditions (Figure 6 A). Thus, in future studies temperature stress 

condition can be used to activate the expression of rifins and stevors to further characterize their 

role in P. falciparum.  

 

Discussions                                                                                                                                                                  

Parasites constantly face different environment fluctuations during their life cycle [40]. These fluc-

tuations can have different effect on the parasite growth and development. Most organisms have 

well developed stress response machinery which helps the organism to cope up the unfavourable 

conditions [41, 42]. Such machinery is not well studied and characterized in Plasmodium falcipa-

rum. Hence, cell-to-cell heterogeneity present in the population and how it affects the response of 

the parasites to different stress conditions is still unclear [8]. With recent studies appreciating the 

role of stress responses in drug resistance generation in P. falciparum, it is important to look at the 

effect of stress conditions on cell-to-cell variability using single cell RNA sequencing. Unlike pre-

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 31, 2019. ; https://doi.org/10.1101/752543doi: bioRxiv preprint 

https://doi.org/10.1101/752543
http://creativecommons.org/licenses/by-nc-nd/4.0/


 12

vious scRNA-seq studies that were performed on mixed parasite populations [2, 28, 43] at different 

stages of growth, we performed scRNA sequencing of more number of cells at higher depth to bet-

ter understand the composition and complexity of the synchronized Plasmodium cultures. Since 

synchronization is performed on a regular basis for different in vitro experiments, it is crucial to un-

derstand the transcriptional variation between sub-populations which can bias experimental out-

comes. We found nine transcriptionally distinct cell populations all of which were represented in 

the Malaria Cell Atlas [28] (Supplementary Figure 1C). Thus, though parasites are morphologically 

synchronized, they exhibit a transcriptionally heterogeneous population. 

 

Under temperature stress, few parasites (<1%) adopt a reactive state. They have higher expression 

level of stress responsive genes, gametocyte markers and multivariant gene family like var, rifins 

and stevor. Since rifins and stevor genes are expressed only in very few cells, not much is known 

about their role in parasitology. Therefore, temperature stress may be used to dissect the physiologi-

cal and molecular role of rifins and stevors in P. falciparum. About 10% of the parasites are primed 

for stress adaptation under normal conditions. Stress responsiveness is an important determinant for 

drug resistance in P. falciparum [14, 15]. This is also evident from the fact that even a clonal popu-

lation of resistant parasites do not show complete resistance (varying Ring Survival Assay (RSA) 

levels, a measure of resistance against artemisinin [44]. Thus, this sub-population (~10% of the total 

population), which exhibits upregulation of stress response pathways might be responsible for the 

possible artemisinin resistance in the parasites. This finding was averaged out in previously bulk 

transcriptomic studies and may have hampered dissection of drug-resistance mechanism in P. falci-

parum. 

 

Exposure to stress conditions can trigger the process of gametogenesis in Plasmodium. Here, we 

have identified a sup-population (< 5%) of parasites which express various gametocyte marker and 

regulator genes and thus committed for gametogenesis. Interestingly, this sub-population does not 

change upon temperature exposure but upregulates expression of gametocyte marker and regulator 

genes. This in turn suggests that a sub-population of the parasites is primed for gametogenesis and 

the temperature acts as cue to activate the marker genes and induces the gametogenesis. Further-

more, bulk RNA sequencing performed during temperature stress does not show any change in the 

levels of gametogenesis related genes indicating that there are very few parasites which are primed 

and identification of this rare population can only be done using single cell RNA sequencing tech-

niques. Interestingly, we found a bifurcation for cell-fate decision to gametogenesis at an early and 

at a later stage of intra-erythrocytic cycle, illustrating that a sub-population of the parasites is al-
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ways committed to gametogenesis. This may be a mechanism evolved by parasites to ensure con-

tinues transmission during each intra-erythrocytic cycle. 

 

Thus, the scRNA-seq transcriptional profiling generated under temperature stress condition im-

proved our understanding of the parasite stress response pathways under unfavourable condition. 

Our study also identifies the heterogeneity in the parasite population and how such diversity in their 

cellular states responds discreetly upon stress conditions. Importantly, the knowledge generated in 

this study could potentially be used to better understand the molecular mechanism of drug resis-

tance, pathogenesis and virulence of the parasite.   

 

Materials and Methods 

 

In Vitro culture of P. falciparum parasites and temperature stress 

P. falciparum strain 3D7  were cultured  in RPMI1640 medium supplemented with 25 mM HEPES, 

0.5 % AlbuMAX I, 1.77 mM sodium bicarbonate, 100 μM hypoxanthine and 12.5 μg ml−1 

gentamicin sulfate at 37 °C. Parasites were maintained at 1-1.5% haematocrit and 5% parasitemia. 

Fresh O+ve human RBC’s were isolated from healthy human donor.  Parasites were diluted after 

every two days by splitting the flask into 2-3 flasks in order to maintain the parasitemia around 5%.   

Parasites were synchronized at schizont stage using 63% percoll density gradient and synchronized 

at early ring stage using 5% sorbitol. Parasite growth was monitored using Giemsa staining of thin 

blood smear.   

 

Stress induction 

Tightly synchronized parasites were given temperature stress for 6 hours from late ring stage (~17 

hours) to early trophozoite (~23 hours) at 400 C. Control parasites were kept at normal culture 

conditions (370 C). 

 

Percoll gradient and isolation of single iRBCs 

In order to get rid of the uninfected parasites we performed percoll gradient to separate uninfected 

RBC from the infected RBC. Different percentages of percoll gradient were tried separation of early 

trophozoite from uninfected since 63% percoll is used for separation of schizont from the 

uninfected parasites. 81% Percoll was finally used for the enrichment of the infected parasites after 

the experiment. Parasites were washed with 1X PBS twice to get rid of any dead parasites and 

parasites were counted before proceeding with bar-coding of the cells.  
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scRNA-sequencing library preparation 

Gel Beads-in-emulsion (GEMs) are generated by combining barcoded Single Cell 3’ v3 Gel Beads, 

a master mix 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 is dissolved and cell are 

lysed inside the oil droplet, primers are released which binds to the poly A tail of the mRNAs and 

helps in the cDNA synthesis. Primers contain an Illumina TruSeq Read 1, 16 nucleotide 10x 

barcode, 12 nucleotide unique molecular identifier (UMI) and 30 nucleotide poly (dT) sequence. 

Enzymatic fragmentation and size selection are used to optimize the cDNA amplicon.  

 

scRNA-sequencing at NextSeq550 (Illumina) 

Quality of the cDNA was estimated using Bioanalyzer and concentration of the sample was 

calculated using HS DNA Qubit. Transcriptome sequencing was performed using Illumina NextSeq 

550 system (2x 75 bp read length) at Indian Institute of Science Education and Research, Pune.  

  

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. Bioanalyzer was performed to 

analyse the quality of RNA before proceeding for library preparation. Three biological replicates 

were pooled together for performing RNA sequencing. The cDNA libraries were prepared for sam-

ples using Agilent SureSelect strand specific RNA library preparation kit. Transcriptome sequenc-

ing was performed using Illumina NextSeq 550 system (2x150 bp read length) at Indian Institute of 

Science Education and Research, Pune. Quality control of the RNA-sequencing reads is 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. SAM-

tools [45] were used for file handling and conversion. Cufflinks [46] (cuffmerge, cuffmerge and 

cuffdiff) programs were used for differential gene expression. MA plot is generated using ‘R’ soft-

ware (http://r-project.org/). Gene ontology was performed using Plasmodb [47] 

(https://plasmodb.org/). 

  

 

scRNA-sequencing library preparation and sequencing 

1000 cells/μL dilution of 80% viable cells was loaded onto the 10x chip for library preparation us-

ing Single cell v3 chemistry. The libraries for both the control and the treated sample were multi-

plexed together and were sequenced using 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 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 31, 2019. ; https://doi.org/10.1101/752543doi: bioRxiv preprint 

https://doi.org/10.1101/752543
http://creativecommons.org/licenses/by-nc-nd/4.0/


 15

genome (PF3D7) to align and summarize per cell barcode (cell) read counts for each sample. For 

control samples 4949 cells were sequenced at a depth of 88.8 million reads with 88.1% reads in 

cells assigning a median of 17.9k reads/cell. For treated sample, 6873 cells were sequenced at a 

depth of 89.3 million reads with 88% reads in cells assigning a median of 13k reads/cell. 

     

scRNA-sequencing quality control and data analysis 

The sparse matrices generated by 10x cell ranger count were read into R 3.5.3 using the Seurat 3.0.0 

package. In order to remove potential duplets 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 the samples were combined using the Canonical correlation 

analysis using 10 principal components for finding integration anchors followed by 20 principal 

components to integrate the data. 20 principal components were used to perform t-SNE projections 

and clustering at a resolution of 0.5 using the Find Neighbours and Find Clusters functions (Sup-

plementary Figure 3 and 4). Cluster specific markers were identified using the Find Conserved 

Markers function (with default parameters) and differentially expressed genes were identified using 

Find Markers function (with default parameters). Psuedotime analysis was performed using Mono-

cle 2 package assuming a negbionomial distribution with a detection limit of 0.5 and a minimum 

normalized gene expression of 0.1. The marker genes for different clusters obtained from Seurat 

analysis above were used to calculate psuedotime and order the cells along psuedotime trajectory. 

Interactive web application and visualization was created using the open package from Rstudio 

called “Shiny apps” (https://www.shinyapps.io/).  

 

Patient sample data availability and analysis 

Patient sample data analyzed from the microarray data obtained from NCBI’s Gene Expression 

Omnibus (GEO) with accession number GSE59099. 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 was obtained from 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 reagent (Biorad). Post DNAse treatment 2 

μg RNA was used for cDNA synthesis using ImProm-II Reverse transcription system (Promega), as 

per the manufacture’s recommendation. Real time PCR was carried out using CFX96 Real Time 

PCR detection system (Biorad). 18S rRNA and tRNA synthetase were used as an internal control to 

normalize for variability across different samples. Quantification of the expression was done with 
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the help of fluorescence readout of SYBR green dye incorporation into the amplifying targets 

(Biorad). Each experiment included technical triplicates and was performed over three independent 

biological replicates. Primers used for qPCR are mentioned in the Supplementary table S2. 

 

Var gene expression level 

Violin plots (Figure 6C) was plotted for the number of cells expression different number of var 

genes. Maximum cells express single var genes per cell. But few cells also express higher number 

of var genes per cell. Number of cells expressing the one, two, three etc var genes were calculated 

and normalised with total number of cells in both control and temperature treatment. The normal-

ized value was multiplied with 1000 and bar plots (Figure 6D) was plotted to indicate the different 

in the number of cells expression different number of var genes in control and temperature treat-

ment.   

 

Data availability/submission 

Single-cell RNA sequencing data for Plasmodium for control and temperature stress are submitted 

to Sequence Read Archive (SRA) under ID PRJNA560557. 
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Figure 1: Single-cell RNA sequencing (scRNA-Seq) during temperature stress in P. falciparum. 

(A) Schematic representing the pipeline used for stress induction, isolation of single parasites and 

library preparation for scRNA-seq. Infected RBCs were enriched using 81% percoll gradient 
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centrifugation. Single cell bar coding and library preparation was performed using 10X chromium 

protocol as per the manufacturer’s instruction. (B) Table stating the number of cells sequenced, 

median genes per cell and mean reads identified per cell under both normal and temperature stress 

conditions. (C) t-SNE plot representing the different clusters generated for the Plasmodium 

population in control and temperature stress condition. (D) Bubble plot showing the percentage of 

cells expressing a marker gene under control and temperature stress condition. Marker genes are 

specific to each cluster and expressed by at least 30% of the cells and have 50 % or higher average 

expression than other clusters. (E) Number of cells in different clusters during control and 

temperature stress condition. Number of cells increased in cluster 0, 1, 3 and 5 and decreased in 

cluster 2, 4, 6, 7 and 8. 
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Figure 2: scRNA-seq identifies transcriptome heterogeneity during temperature stress 

condition. (A) Average RNA molecules expressed per cell is plotted for cells under control and 

temperature stress condition.  Downregulation in the number of RNA molecules was observed 
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during temperature stress. (B) Average number of RNA molecules were plotted for each clusters. 

(C) Mean expression level of all the genes expressed during control and temperature stress 

condition in both single-cell RNA sequencing and bulk-RNA sequencing. Overall transcription is 

suppressed upon temperature stress condition. (D, E) The Flinger-Killeen Test for equal coefficients 

of variation suggest significant variation between control and temperature stress condition (CV, 

128.19 and 136.32 for control and temperature stress condition, respectively; p value =2.08e-5). 

Coefficients of variation are plotted for temperature stress condition upon control condition. Under 

temperature stress condition genes associated with cellular homeostasis show greater variation. (F) 

Radar plot showing the gene ontology terms enriched for the genes which show highest variation 

under stress conditions.  
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Figure 3: Gene expression analysis of stress responsive genes under temperature stress 

condition. (A) Change in the expression level of the stress responsive genes in different clusters. 

Gene expression is plotted over ribosomal proteins since expression of these genes was found to be 
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relatively uniform in all the clusters. (B) Bubble plot showing the percentage of cell and average 

expression of a particular gene in different cluster. Stress responsive genes were plotted to show 

gene expression in different clusters. (C) Heatmap showing the expression of stage specific gene 

markers in different clusters. Different stages of parasite growth can be identified using these stage 

specific markers in various clusters. (D)  Heat map showing the specific AP2 transcription factors 

are enriched in different clusters indicating that these transcription factors may be regulating the 

expression of cluster specific gene expression programs. 
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Figure 4: Temperature stress results in induction of gametogenesis in P. falciparum. (A) 

Change in the expression level of the gametogenesis related genes in different clusters. Gene 

expression is plotted over ribosomal proteins since expression of these genes was found to be 
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relatively uniform in all the clusters. (B) Heat map showing the expression of early gametocyte 

marker and gametocyte regulator in different clusters. Stage specific gene markers were used to 

identify the stage of the parasites in different clusters. (C) Bubble plot showing the percentage of 

cell and average expression of gametocyte related genes. (D) Pseudotime analysis of the parasites 

sequenced under control and temperature stress condition. Pseudotime analysis indicated 

bifurcation at two stages of parasite growth for gametogenesis.  
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Figure 5: Export proteins regulation plays an important role in stress response adaptation. 

(A) Gene ontology analysis of the markers genes of cluster 3 indicated that these parasites have 

higher expression of genes related to transportation and secretion. (B) Bubble plot showing the 
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percentage of cell and average expression of transported proteins. (C, D) Transport related proteins 

showing deregulation during temperature stress condition. Mutually exclusive expression of 

representative transport proteins in control and temperature stress condition. (E) Heat map showing 

the change in the various transport proteins during the temperature stress in different clusters. 
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Figure 6: Virulence gene regulation during temperature stress condition. (A) Heat map 

showing the normalised expression of various var, rifins and stevors genes during the temperature 

treatment in different clusters. (B)  Bar plot showing the upregulation of different var genes during 
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temperature treatment. (C) Violin plot indicating the number of var genes expressed per cell. During 

control cells show 0-4 var genes per cell which is increased to 0-6 var genes per cells under 

temperature stress condition. (D) Expression level of var genes in control and temperature stress 

condition. Basal level of transcription was high for many var genes under temperature stress 

conditions whereas it was comparable to control condition at higher expression level. (E) RT-qPCR 

for parasites under temperature treatment for var genes indicating the upregulation of var genes 

during temperature stress condition. Heat stress was given for 6 hours and expression level was 

calculated after 6 hours and 54 hours post heat treatment. Interestingly, even after 54 hours of 

treatment few var genes show slight upregulation in the expression level in comparison to control.  
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Supplementary Information 

Supporting table S1: Markers genes which are expressed at a higher level in each cluster. 

An excel sheet provided as additional information.  

 

Supporting table S2: Primers used for RT-qPCR. 

Gene ID Primer Sequence  

PF3D7_020010 ATGTGCGCTACAAGAAGCTG 

TTGATCTCCCCATTCAGTCA 

PF3D7_0420900 AGAGGGTTATGGGAATGCAG 

GCATTCTTTGGCAATTCCTT 

PF3D7_0500100 GAAGCTGGTGGTACTGACGA 

TATTTTCCCACCAGGAGGAG 

PF3D7_0809100 TGCAAGGGTGCTAATGGTAA 

CCTGCATTTTGACATTCGTC 

PF3D7_1200600 TGGTGATGGTACTGCTGGAT 

TTTATTTTCGGCAGCATTTG 
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Supplementary Figure 3: A) Table showing the markers genes for each cluster obtained through 

single cell sequencing at control and temperature treatment. B) Representative tSNE plots showing 
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the expression of PF3D7_0532600 and PF3D7_0511200 in control and treatment condition. C) 

Comparison of the clustering of control and treated sample with the control cells of data obtained 

from Howick et. al. using 10x Genomics.  
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Supplementary Figure 2: A) Fold change in expression level of the var genes in patient samples 

normalised to 3D7 strain. B)  Fold change in expression level of the var genes in patients from 

Congo normalised to 3D7 strain. C) Fold change in expression level of the var genes in patients 

from Bangladesh normalised to 3D7 stain. 
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Supplementary Figure S3: (A and B) Sanity check plots of number genes (nFeature_RNA), num 

ber of RNA molecules (nCount_RNA) and percentage of mitochondrial genes (genes beginning 
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with “mal” in the annotation file) across individual cells in the dataset for both control and tempera-

ture stress sample respectively. (C and D) Sanity check plots to see any deviations from the ex-

pected relationship between number of RNA molecules (nCount_RNA) and percentage of mito-

chondrial gene expression (percent.mt); expected to be not correlated as shown; and number of 

genes (nFeature_RNA); expected to be linear because the deeper a cell is sequenced the more num-

ber of genes should be detected per cell. 

 

Supplementary Figure S4: (A and B) JackStraw procedure was implemented to determine the di-

mensionality of the datasets (Macosko et al.). 10 significant principal components (PCs) with strong 

enrichment and low P-value were identified.  (C and D) Elbow plots 6 (ranking of principal compo-

nents based on the percentage of variance) of 20 principal components (PC) for the control and the 

treated sample show that the percentage variation explained per PC flattened around PC10. Hence, 

only 10 PCs were taken for downstream analysis like cell clustering. t-Distributed Stochastic 
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Neighbor Embedding (t-SNE) projections of gene expression for control as well as treatment data 

set using nearest neighbourgraph based clustering followed by Louvain algorithm suggested 8 clus-

ters across both data set. Both the datasets were combined to explore clusters which are common 

between the two conditions. 
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