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Transient regulation of Plasmodium numbers below the density that induces fever has been 51 

observed in chronic malaria infections in humans.  This species transcending control cannot be 52 
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explained by immunity alone. Using an in vitro system we have observed density dependent 53 

regulation of malaria population size as a mechanism to possibly explain these in vivo 54 

observations. Specifically, P. falciparum blood stages from a high but not low-density 55 

environment exhibited unique phenotypic changes during the late trophozoite and schizont stages 56 

of the intraerythrocytic cycle. These included in order of appearance: failure of schizonts to 57 

mature and merozoites to replicate, apoptotic-like morphological changes including shrinking, 58 

loss of mitochondrial membrane potential, and blebbing with eventual release of aberrant 59 

parasites from infected erythrocytes. This unique death phenotype was triggered in a stage-60 

specific manner by sensing of a high-density culture environment. Conditions of glucose 61 

starvation, nutrient depletion, and high lactate could not induce the phenotype. A high-density 62 

culture environment induced rapid global changes in the parasite transcriptome including 63 

differential expression of genes involved in cell remodeling, clonal antigenic variation, 64 

metabolism, and cell death pathways including an apoptosis-associated metacaspase gene. This 65 

transcriptional profile was also characterized by concomitant expression of asexual and sexual 66 

stage-specific genes. The data show strong evidence to support our hypothesis that density 67 

sensing exists in P. falciparum.  They indicate that an apoptotic-like mechanism may play a role 68 

in P. falciparum density regulation, which, as in yeast, has features quite distinguishable from 69 

mammalian apoptosis. 70 

 71 

 72 

Introduction 73 

Protozoan parasites of genus Plasmodium are responsible for human malaria, a vector-borne 74 

febrile illness that impacts nearly half of the world’s population.  Chronic Plasmodium infections 75 

have been associated with regulation of within-host parasite numbers that could not be explained 76 

by innate or acquired immunity alone, suggesting that maintenance of population size may also 77 

be a behavioral response by the parasite to conditions of high parasite density [1–3].  Such 78 

regulated responses are commonly utilized in microorganisms to maximize community 79 

longevity, following exposure to various antagonists including drug pressure, immunity, resource 80 

scarcity, and inter-species or inter-genotype competition. In such cases, regulation or reduction 81 

of microbial population density via cell fate decision-making or programmed cell death can 82 

increase the overall fitness of the community. 83 
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 84 

In prokaryotic microorganisms, density sensing via the production and recognition of 85 

autoinducers is integral to the regulation of biofilm formation, adhesion, and expression of 86 

virulence factors in response to environmental change [4]. The opportunistic pathogen 87 

Pseudomonas aeruginosa produces an acyl-homoserine lactone that activates expression of two 88 

density-sensing circuits, resulting in an upregulation of genes encoding toxins and extracellular 89 

enzymes [5]. Density sensing is also a feature of eukaryotic unicellular organisms. For example, 90 

yeast populations respond to environmental changes by producing toxins, pheromones, and other 91 

secreted molecules [6–8]. In the polymorphic fungus C. albicans, transitions between budding 92 

yeast growth, filamentous growth, and apoptotic cell death are determined by the delicate 93 

interplay of two secreted molecules tyrosol and farnesol [8–10].  While elevated levels of tyrosol 94 

result in an upregulation of cell cycle regulation and DNA repair pathways, farnesol depletes 95 

cellular antioxidants by conjugating with intracellular glutathione, allowing Cdr1p-mediated 96 

extrusion of the glutathione conjugate and inducing apoptosis [11].   97 

 98 

Evidence of density and environmental sensing has also been observed in protozoan parasites.  99 

For example, differentiation from the slender to stumpy forms in Trypanosoma brucei brucei is 100 

induced by the density-dependent “stumpy-initiating factor” (SIF) through a putative mechanism 101 

involving cAMP-dependent signaling and the RNA-binding protein RBP7 [12–14].  102 

Differentiation of asexual Plasmodium falciparum to the transmissible gametocyte form is 103 

similarly density-dependent and can be induced by soluble factors [15–20].  Furthermore, earlier 104 

studies have reported an array of controlled responses to environmental changes in Plasmodium 105 

spp., including programmed cell death and coordinated transcriptional modification after 106 

exposure to extreme conditions such as febrile temperatures, nutrient depletion and antimalarial 107 

drug treatment [21–24].   108 

 109 

Here we explore whether density or environmental sensing occurs in P. falciparum in a manner 110 

analogous to yeast environmental response mechanisms. Parasites were cultured in vitro to study 111 

the parasite response to density in the absence of host immune factors, testing the hypothesis that 112 

parasites may regulate their own population as posited by Bruce and colleagues [25]. An isolated 113 

system provided a means to study inter-parasite communication without the confounding 114 
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influences of external regulatory forces. In vitro studies of density sensing are commonly used 115 

for other microorganisms, as in the fungi Candida albicans and Cryptococcus neoformans [8–116 

10,26]. Using the in vitro culture system, we examined the effect of high parasite density on P. 117 

falciparum asexual viability and replication, and the role of nutrient sensing in cultures with high 118 

density and high metabolic activity.  Comparison of asexual blood stage development under low 119 

and high-density conditions revealed a unique, density-dependent death phenotype with 120 

hallmarks of yeast apoptosis. Transcriptional profiling showed putative early responses to high 121 

density typified by upregulation of pathways involved in cell death and clonal antigenic 122 

variation, as well as dysregulation of sexual stage gene expression.   123 

Results 124 

 125 

High-density cultures inhibit parasite development at trophozoite stage 126 

The 3D7 P. falciparum clone from the Walliker Cross was maintained in vitro under conditions 127 

of limited passage and was frequently subcultured such that parasite density never exceeded 128 

2x104 parasites per microliter of culture (see methods). Parasites were then cultured without 129 

dilution for 3 full cycles over 6 days, with daily medium changes. After 4 days, parasite density 130 

had exceeded 3x104

 135 

 parasites per microliter and a reduction in parasite population size was 131 

subsequently observed (Fig. 1A).  Mature schizonts and reinvading rings were not observed after 132 

reaching this density threshold, but rather a high proportion of aberrant parasites that were 133 

released from the erythrocytes (Fig. 1B).  134 

A 2-day culture assay was developed to investigate whether the reduction in population size at 136 

high density was due to a failure of 1) schizont maturation/merogony, 2) egress, or 3) ring 137 

reinvasion. Parasites were synchronized in order to isolate stage-specific effects while 138 

approximating the in vivo conditions experienced by parasites during an infection.  Synchronicity 139 

of infection has been observed in the bloodstream as characterized by periodicity of 140 

multiplication over a 48-hour cycle, as well as in the capillaries where mature stages sequester 141 

[27,28]. In contrast, in vitro parasite cultures revert to asynchronicity, resulting in mixed cultures 142 

comprising all stages of parasite development [29–32]. Various studies have shown that parasite 143 

gene expression and metabolism are temporally hardwired, such that a mixed parasite culture 144 

would confound results due to conflicting rates of transcription, metabolic activity, protein 145 
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production and other biological functions [33,34]. Therefore, a synchronous culture was 146 

necessary to fully understand the effects of density on parasite behavior. This system was used to 147 

measure the effects of parasite density on stage-specific development during the trophozoite and 148 

early schizont stages (18-36hpi and 36-42hpi, respectively). Two extreme conditions were 149 

chosen to examine the response to parasite density where high-density cultures (HD; greater than 150 

3x104 parasites per microliter of culture) and low-density cultures (LD; less than 5x103

 161 

 parasites 151 

per microliter of culture) were fed with fresh complete culture media at 18hpi and observed over 152 

the 30-hour period of trophozoite and schizont development (Fig. 2A). Population size in the HD 153 

culture was drastically reduced due to failure of schizont maturation and merozoite formation, 154 

whereas the LD culture exhibited normal parasite development throughout ring, trophozoite, and 155 

schizont stages, followed by reinvasion as rings (Fig. 2B, Fig. 2C, Fig. 3). Differences in 156 

differential counts between HD and LD cultures were statistically significant for all parasite 157 

stages at both 40hpi and 50hpi (one-way ANOVA with Tukey’s post-hoc test; both p < 0.05). 158 

Trophozoite populations at 30hpi were not significantly altered in HD culture relative to LD 159 

culture (p > 0.05). 160 

The majority of parasites in HD culture failed to develop beyond the early schizont stage (Fig. 162 

2B, Fig. 2C, Fig. 3).  An imaging time course revealed the appearance of aberrant parasites by 163 

40hpi, characterized by a shrunken, irregular shape, amoeboid projections extending from the 164 

parasite cell membrane, and dense, compacted pigment when stained with Giemsa, indicating the 165 

completion of hemoglobin digestion and hemozoin formation.  Autophagy-associated vacuole 166 

formation was never observed in the aberrant parasites. At 45hpi, a significant proportion of 167 

aberrant parasites, resembling younger trophozoites in size, were released from erythrocytes in 168 

high-density cultures only (45hpi, 10±2%; 50hpi, 30±7%; one-way ANOVA, p < 0.0001) (Fig. 169 

2B). Similarly sized parasites have been seen previously in vivo in the spleen [35]. Release of 170 

aberrant parasites in HD cultures coincided with time of merozoite release in LD cultures. The 171 

sequence of morphological changes in a high-density parasite culture, defined here as the 172 

“density-dependent death phenotype”, includes (1) failure of early schizont maturation at 35hpi; 173 

(2) failure of merogony by 40hpi; and (3) cell shrinking and blebbing and (4) release of intact 174 

parasites from erythrocytes from 40 to 50hpi (Fig. 2B). 175 

 176 
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To assess the degree of cell shrinking throughout high-density, late stage parasite maturation, 177 

parasitized erythrocytes were stained with a BODIPY-TR-ceramide lipid dye for two hours prior 178 

to fixation and imaged in optical sections to generate a 3D reconstruction of the parasite 179 

membrane.  Volumetric measurements of parasites grown at high or low density at four time 180 

points between 30 and 50hpi demonstrated inhibition of parasite cell growth initiated during 181 

early schizont stage in high-density cultures of parasites.  In contrast, parasites grown at low 182 

density exhibited a continual increase in size that peaked around late schizont stage (HD vs. LD: 183 

one-way ANOVA with Tukey’s post-hoc test; p < 0.01 for time points 36, 45, 50hpi) (Fig. 2D, 184 

Fig. 3).  185 

 186 

To test whether high-density cultures shared similarities with yeast programmed cell death, we 187 

measured the loss of mitochondrial membrane potential (MMP) in high and low-density parasite 188 

cultures (Fig. 2E) [36]. MMP was measured as the percentage of parasites negative by flow 189 

cytometry for the dye JC-1. Density-dependent death was morphologically visible by 45hpi in 190 

high-density cultures, but the proportion of JC-1-negative high-density parasites at 45hpi was not 191 

significantly different compared to earlier time points. At 50hpi, 100% of high-density parasites 192 

exhibited density-dependent death morphology and 70±3% were JC-1 negative, a significant 193 

increase compared to earlier time points (two-way ANOVA with Tukey’s post-hoc test; p < 1e10-194 
7). Post-hoc testing for interaction effects further revealed that JC-1 negativity was significantly 195 

different between high and low density cultures, particularly at 50hpi (LD-HD: p < 1e10-7; 196 

LD50-HD50: p < 1e10-7

 201 

).  DNA fragmentation throughout parasite maturation as measured by 197 

TUNEL staining was not significantly different between high and low-density cultures (two-way 198 

ANOVA; p > 0.1). Aberrant parasite morphology was not observed in LD cultures during 199 

development (Fig. 2E).  200 

Cytoadherence is not affected in parasites cultured at high density 202 

P. falciparum sequesters at high density in lung, heart and adipose tissue at trophozoite stage. To 203 

investigate the effect of density-dependent death on the ability of P. falciparum to sequester, we 204 

performed cytoadherence assays using C32 melanoma cells with infected erythrocytes cultured 205 

at low and high parasite density.  Cytoadherence assays were performed using 40-42hpi parasites 206 

at which point the high-density death phenotype was already apparent. High and low-density 207 
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infected erythrocytes adhered at concentrations of 157±19 and 117±22 per 100 C32 melanoma 208 

cells (mean±sd). No significant reduction in cytoadherence in high-density parasites was 209 

observed.  210 

 211 

High-density conditioned medium operates in parasite density ranges relevant to human 212 

malaria  213 

To determine whether density-dependent death of P. falciparum mature blood stages could be 214 

induced by parasite-released factors present in the surrounding media, conditioned medium (CM) 215 

from parasite culture was added to logarithmically growing, low-density late trophozoites (Fig. 216 

4A). The CM was harvested from highly synchronous late trophozoite to early schizont stage 217 

parasite populations ranging between 102 – 105 parasites per microliter, and thus contained late-218 

stage parasite metabolites and other secreted factors from cultures grown at densities consistent 219 

with the densities observed in semi-immune, asymptomatic children (below 1000 parasites per 220 

microliter of blood) [25].  Low-density trophozoites incubated in CM were assessed for 221 

morphological aberration after a period of 12 hours, when parasites would normally appear as 222 

early schizonts. Density-dependent death was identified using Giemsa smears to determine 223 

whether parasite morphology aligned with the characteristic features observed in Figure 2B. 224 

Incubation in CM harvested from trophozoite populations in the range of 102 to 104 parasites per 225 

microliter resulted in partial inhibition of parasite growth. However, CM harvested from parasite 226 

densities of 105

 230 

 parasites per microliter induced the density-dependent death phenotype in 100% 227 

of parasites, a significant increase from parasites incubated in CM from lower parasite densities 228 

(one-way-ANOVA with Tukey’s post-hoc test; p < 0.001) (Fig. 4A).  229 

CM was harvested from mature stages incubated at high and low density for 18 hours and used 231 

for additional testing on late-stage, low-density trophozoites (Fig. 4B).  As in Figure 4A, high-232 

density conditioned medium (HDCM; harvested from parasite cultures greater than 3x104 233 

parasites per microliter) consistently produced density-dependent cell death when incubated on 234 

logarithmically growing, low-density late trophozoites.  These dying cells were identical to cells 235 

dying from growth at high density and exhibited the same phenotypes of failure of schizont 236 

maturation and merogony, cell shrinking, membrane blebbing and release from erythrocytes. 237 

Aberrations in parasite development and viability were not observed when incubated in low-238 
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density conditioned medium (LDCM; harvested from parasite cultures less than 5x103

 250 

 parasites 239 

per microliter) (Fig. 4C). CM harvested from ruptured low-density schizonts resulting in high 240 

densities of early rings (ER, 0-8hpi), or from high-density cultures of late ring or early 241 

trophozoite stages (LR, 8-16hpi; ET, 18-30hpi) also failed to induce the death phenotype in test 242 

cultures (Fig. 4D).  HDCM-induced cell death and aberrant morphology were diminished 243 

following titration below a threshold concentration of 80%, whereas concentrations of 80% or 244 

greater were sufficient to generate the density-dependent death phenotype in at least 50% of 245 

trophozoites in low-density culture (Fig. 4E) suggesting that the death phenotype is triggered by 246 

HDCM in a concentration-dependent manner.  CMs harvested from multiple strains induced 247 

failure of merogony and cell death in both homologous and heterologous parasite isolates and 248 

clones, indicating that the observed killing activity is not strain-specific (Fig. 4F). 249 

Nutrient supplementation delays but does not prevent the high-density death phenotype 251 

Glucose starvation and lactic acid accumulation can detrimentally affect parasite growth during 252 

the asexual stages in vitro [37,38] and the levels of these nutrients would likely be altered in 253 

HDCM. Normal glucose concentrations in human sera range between 3.89mM and 7.22mM, 254 

while lactic acid concentrations above 16mM and glucose levels below 4mM are reported to 255 

have inhibitory effects on P. falciparum growth rate [22,37]. To understand the rate of glucose 256 

depletion throughout the duration of an HD culture experiment (18-42hpi) and its possible role in 257 

the observed phenotype, we measured the glucose concentration in HD and LD cultures. A time 258 

course of CM samples was collected from HD, LD and uninfected erythrocyte cultures at 6-hour 259 

intervals from 18hpi to 48hpi.  Glucose and lactate concentrations at each time point were 260 

measured using gas chromatography mass spectrometry (GC-MS).  Glucose concentration 261 

decreased dramatically in HD culture between 24-42hpi (~11mM to ~1mM) (Fig. 5, left panel) 262 

to levels that would be described as hypoglycemic in vivo (below 4mM). This was expected due 263 

to the high glycolytic activity associated with this part of the life cycle [38]. Glucose levels in 264 

LD cultures, in contrast, decreased only marginally throughout the duration of culture (~11mM 265 

to 8.2mM). Lactic acid levels in HD cultures exceeded 16mM after 36hpi or 18 hours in culture, 266 

but this threshold was never exceeded in LD cultures even after 30 hours in culture (Fig. 5, right 267 

panel). Glucose and lactic acid metabolism was also measured for uninfected erythrocytes at 268 

culture conditions (5% hematocrit) and in vivo conditions (40% hematocrit). While uninfected 269 
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erythrocytes at 5% hematocrit metabolized glucose and lactic acid at a minimal rate, never 270 

exceeding toxic thresholds even after a 30-hour incubation, metabolism at 40% hematocrit 271 

reached growth-limiting levels between 12 and 18 hours. In contrast to glucose and lactate, 272 

essential amino acids and vitamins [39,40] were not significantly depleted in HDCM but were 273 

present at comparable levels to LDCM and UCM controls (Table S1). 274 

 275 

Supplementation assays were performed to determine the role of glucose depletion or lactate 276 

toxicity in density-dependent cell death. Decreasing glucose below the hypoglycemic threshold 277 

of 4mM for 24 hours resulted in a sharp decline in the numbers of ring stages in the following 278 

cycle, and high-density parasite cultures replenished with glucose exhibited a lesser degree of 279 

cell shrinking at the nominal schizont stage compared to those without supplementation, 280 

suggesting that glucose starvation plays a role in cell shrinking (Fig. 6A, Fig. 6B). However, 281 

supplementing HDCM with glucose to the levels found in fresh media or higher (up to 20mM) 282 

neither rescued parasite viability to control levels nor prevented aberrant growth, and therefore 283 

glucose depletion cannot have caused the HDCM-induced, density-dependent death phenotype 284 

(Fig. 6C).  Linear modelling of HDCM and glucose-depleted media titrations revealed that 285 

dynamic responses to density and glucose starvation are significantly different, highlighting a 286 

clear distinction between the density-dependent death phenotype and cell death due to starvation 287 

(ANOVA, p = 1.4e-9

 293 

).  Normal growth, characterized by replication rate consistent with parasites 288 

incubated in control complete culture medium and absence of aberrant schizont morphology, was 289 

observed in LDCM-treated samples regardless of glucose supplementation.  Lactate 290 

supplementation up to 40mM in LDCM also failed to reduce parasite replication rate or induce 291 

density-dependent death (Fig. 6C).   292 

Replenishing the culture medium at multiple time points throughout trophozoite development did 294 

not rescue high-density parasites from undergoing the density-dependent death phenotype prior 295 

to schizont maturation (Fig. 6D). However, reducing parasite density by subculture from 3x104 296 

parasites per microliter to 5x103 parasites per microliter at late trophozoite stage prevented 297 

density-dependent death and allowed progression to ring stage. This finding strongly suggests 298 

that high parasite density rather than nutrient depletion per se induces the death phenotype in the 299 

majority of the parasite population.  300 
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 301 

 302 

Removal of microvesicles does not prevent density-dependent killing 303 

 304 

Recent publications have suggested that cellular communication in Plasmodium takes place via 305 

transport of intracellular material within microvesicles and exosome-like vesicles [20,41]. To 306 

explore the potential role of microvesicles in the induction of the high-density death phenotype, 307 

100nm fractions were removed from HDCM using filtration units and trophozoites were 308 

incubated with the filtrate for 12 hours.  There was no difference in density-dependent death 309 

between parasites treated with filtered HDCM (78%) and parasites treated with unfiltered 310 

HDCM (85%) (Student’s t-test; p > 0.05), proving that the density dependent death phenotype 311 

was due to soluble factors and not microvesicles. 312 

 313 

 314 

Transcriptome analysis 315 

Transcriptional profiling was performed to explore the effect of a high-density environment on 316 

P. falciparum gene expression compared to a low-density environment.  Fresh complete culture 317 

medium was added to high-density and low-density parasite cultures at 18hpi, incubated for 18 318 

hours, and then harvested at 36hpi to collect the conditioned medium (CM). Low-density, late-319 

stage trophozoites were then incubated for 2 hours with the CM harvested from uninfected 320 

erythrocytes (U), low-density (LD) or high-density (HD) parasites before RNA extraction for 321 

microarray analysis. This relatively short incubation period was chosen to ensure maximal 322 

parasite viability and RNA integrity at time of RNA harvest as well as synchronicity, parameters 323 

difficult to obtain in high-density cultures after longer exposure to high-density environments.  324 

To evaluate the effects of CM treatment on transcriptional activity, late stage trophozoites were 325 

chosen because of the high metabolic activity and morphological changes previously observed in 326 

these stages, both in the literature and in the high-density culture system [34,42].  327 

 328 

A two-hour incubation in HDCM did not significantly affect parasite morphology, replication 329 

rate or mitochondrial membrane potential (data not shown). However, parasites underwent 330 

significant changes after 12 hours, as described earlier (Fig. 4C, Fig. 4D). In contrast, parasites 331 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

were not developmentally affected by incubations with LDCM or UCM for up to 18 hours (Fig. 332 

4C, Fig. 6C). Gametocytes were not observed in any of the conditions throughout the duration of 333 

the experiment, nor were any significant differences in mean gametocyte production found in a 334 

7-day culture assay following two-hour incubation in HDCM, LDCM, or UCM (one-way 335 

ANOVA; p > 0.1). 336 

 337 

Global differences in gene expression were observed after the two-hour incubation in CM when 338 

comparing between parasites incubated with HDCM or LDCM, as well as between parasites 339 

incubated with HDCM or UCM (Table 1, Table S2). Chromosomal mapping of all genes 340 

contained in the microarray indicated that transcriptional changes were broadly located 341 

throughout the genome (data not shown).  Significant differential expression predominantly 342 

affected functional categories associated with transport, translation, protein binding and 343 

biosynthesis, antigenic variation, and mitochondrion/apicoplast (Fig. 7A, Table S3, Table S4). 344 

Real-time PCR analysis using primers specific for both asexual and sexual gene markers 345 

confirmed microarray findings for fifteen genes that were significantly up or downregulated 346 

(Fig. 7B). 347 

 348 

Competitive gene set testing using correlation adjusted mean rank test (CAMERA) was 349 

performed to identify patterns of differential expression with respect to functional pathways and 350 

gene ontology classes [43]. Gene set testing for GO terms and metabolic pathways in HDCM-351 

treated parasites revealed enrichment of gene sets associated with cytoskeletal rearrangements, 352 

antigenic variation, cytoadhesion, motor activity and ribosome biogenesis when compared to 353 

LDCM-treated parasites (p < 0.01, FDR < 0.05) (Table 2, Table S5). In contrast, HDCM 354 

induced downregulation of gene sets related to metabolic and cellular machinery, including 355 

apicoplast, endoplasmic reticulum, post-translational transport and export, and lipid metabolism 356 

(p < 0.01, FDR < 0.05).  Barcode plots of highly differentially expressed gene sets illustrate a 357 

strong pattern of enrichment and evident directionality (Fig. 7C). 358 

 359 

Changes in specific gene sets related to cellular death mechanisms such as apoptosis, glycolysis, 360 

and autophagy were examined using rotation gene set testing for linear models (ROAST) (Table 361 

1, Table S6) [44].  The apoptosis gene set exhibited significant changes in gene expression (n = 362 
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25, FDR = 1.35x10-6), but this dysregulation was not found to be directional.  Interestingly, the 363 

apoptosis-associated metacaspase gene pfmc1 (PF3D7_1354800) was upregulated significantly 364 

at a low level (log2FC = 0.54, adj. p = 0.02), which was confirmed by RT-PCR analysis. 365 

Statistically significant, nondirectional dysregulation was also observed in genes encoding 366 

Plasmodium specific kinases (n = 130, FDR = 4.15 x 10-9).  In contrast, the glycolysis and 367 

autophagy gene sets were both significantly downregulated (n = 23, FDR = 1.19x10-3; n = 6, 368 

FDR = 5.25 x 10-6).  Mitochondrial antioxidant and glutathione-associated gene sets were 369 

assessed to identify potential disruption of oxidative stress pathways.  These exhibited significant 370 

downregulation (n = 10, FDR = 2.46 x 10-3; n = 16, FDR = 8.24 x 10-4

 372 

). 371 

Genes that are expressed in a clonally variant manner in P. falciparum include many that mediate 373 

the parasite’s response to the host environment, e.g. invasion and sexual development [45]. 374 

Transcription of clonally variant genes would be expected to differ from the reference 375 

transcriptome, but not in a uniform direction. However, growth in HDCM induced significant 376 

upregulation (ROAST; FDR = 4.15 x 10-4) of the variant expressed gene set from the 3D7 clone 377 

[46], suggesting that epigenetic mechanisms may have been affected (Table 1).  These variant 378 

expressed genes are enriched with the heterochromatin marks H3K9me3 and P. falciparum 379 

heterochromatin protein 1 (PfHP1) [45,47,48].  High density CM induced significant 380 

upregulation of both sets of heterochromatin-marked genes (ROAST; H3K9me3: FDR = 1.52 x 381 

10-3; HP1: FDR = 2.11 x 10-3

 384 

), further suggesting that the HD environment alters gene regulatory 382 

chromatin structure. 383 

To test the importance of glucose depletion in our transcriptome, we used CAMERA to assess 385 

whether genes associated with glucose deprivation are overrepresented in the high-density 386 

transcriptome. A panel of 184 P. falciparum genes was previously shown to be significantly 387 

dysregulated in an in vitro culture exposed to hypoglycemic conditions [22]. Competitive gene 388 

set testing for the high and low parasite density transcriptomes revealed no significant 389 

enrichment of the glucose deprivation gene set (p = 0.37, FDR = 0.37).  Supplementation of 390 

LDCM with metabolic byproducts (LDCM+) and replenishment of HDCM with additional 391 

nutrients (HDCM+) revealed moderate effects on gene expression measured by RT-PCR when 392 

compared to microarray data for unsupplemented HDCM and LDCM.  Differential expression in 393 
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a panel of 44 genes could not be entirely explained by starvation or waste accumulation, but 394 

rather a substantial proportion of gene responses behaved concordantly with microarray 395 

responses to high vs. low density (Fig. 8, Table S7).  Genes associated with glucose deprivation 396 

were not significantly dysregulated under conditions of high density and high glucose. 397 

 398 

 399 

Analysis of a gene set exclusively comprised of gametocyte- or commitment-specific genes 401 

revealed an upregulation of sexual transcripts under HD conditions compared to LD conditions 402 

(ROAST; FDR = 4.92 x 10

Gametocyte signature 400 

-2) (Fig. 9A, Table 1, Table S8, Table S9, Table S10). Comparison 403 

of stage-specific gene expression obtained by cross-referencing the assembled gene panel with 404 

time course expression data from Young et al. revealed that early and middle stage gametocyte 405 

genes were predominantly affected (Table 1) [49].  A panel was assembled containing 36 genes 406 

that were either essential to gametocyte development, were known markers of 407 

gametocytogenesis, or had experimentally verified significance to gametocyte commitment or 408 

development.  This panel was also upregulated under high-density conditions (ROAST; FDR = 409 

3.11 x 10-3

 411 

) (Fig. 9B, Table 1, Table S6).  410 

Transcriptional profiles from parasites exposed to HDCM, LDCM, and UCM were correlated to 412 

known transcriptional profiles corresponding to all intraerythrocytic stages of the parasite 413 

lifecycle.  A published transcriptional time course encompassing the entire asexual and sexual 414 

blood-stage development of P. falciparum was used for the analysis [49].  Pearson correlations 415 

performed initially between biological replicates for high density, low density, and uninfected 416 

conditions revealed low biological variation (r > 0.98, p < 0.0001, n = 3).  Subsequent Pearson 417 

correlation between experimental samples and the transcriptional time course revealed stronger 418 

correlation to late trophozoites rather than to committed or early gametocytes (LT; 0.74 < r < 419 

0.77 for all conditions, p < 0.0001) (Fig. 9C).   420 

Discussion 421 

 422 

High-density parasite cultures have a unique phenotypic signature 423 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Data presented show that P. falciparum undergoes cell death in response to a high parasite 424 

density environment above 3x104 parasites per microliter. Cell death can be initiated either in a 425 

high-density culture or during incubation in high-density conditioned medium but is never 426 

observed in a low parasite density environment. For this study, an in vitro culture system was 427 

adopted to isolate parasite behavior from host immune effects. Attempts to replicate in vivo 428 

conditions using normal human hematocrit at 40% proved unsustainable due to rapid 429 

consumption of glucose and production of lactic acid by uninfected red blood cells after 12 hours 430 

of incubation (Fig. 5). The death phenotype as defined above is different from the cell death 431 

modalities described in P. falciparum blood stages treated with antimalarial drugs [50–54], and is 432 

also morphologically distinct from autophagic-like cell death, crisis forms, and glucose-starved 433 

parasites, which rapidly shrink and die within the erythrocyte [22,37].  While aberrant parasites 434 

in high-density cultures shared similarities with apoptotic cells, they did not entirely conform to 435 

the conventional mammalian cell paradigm for programmed cell death or to other reports 436 

detailing programmed cell death in Plasmodium [55,56]. Interestingly, DNA fragmentation was 437 

never observed in the high-density parasites. A study by Engelbrecht et al. examining apoptosis-438 

like regulated cell death in P. falciparum reported that parasites cultured at 3% parasitemia 439 

matured to late schizont stage but produced fewer merozoites, resulting in reduced replication 440 

rates. Furthermore, parasites underwent mitochondrial depolarization by 24hpi and DNA 441 

fragmentation by 48hpi [57].  In contrast, the parasite density of 3x104 parasites per microliter 442 

used in our study is substantially higher than that used by Engelbrecht and colleagues, 443 

corresponding to 6% parasitemia.  Dilution of HDCM to below 80% in complete culture media 444 

significantly diminished its killing activity, demonstrating that parasites cultured above or below 445 

a density of 2x104

 454 

 parasites per microliter exhibit differential behavior. Given the differences in 446 

methods for parasite culture, it is possible that exposure to varying conditions and density 447 

thresholds may induce distinctly different death phenotypes. Such observations have been made 448 

in E. coli, where the density-sensing factor EDF both mediates the MazEF death pathway and 449 

inhibits the apoptosis-like death (ALD) pathway [58]. In the case of Plasmodium, the manner in 450 

which parasites undergo cell death may not be singular or even linear in effect. There may be 451 

multiple unique markers for Plasmodium cell death, as is the case for other unicellular organisms 452 

[59]. 453 
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High parasite density responses are independent of nutrient depletion and increased lactate 455 

Neither the addition of excess glucose into the culture media nor a full replenishment of fresh 456 

culture media every 6 to 12 hours during incubation was sufficient to rescue high density 457 

cultures from growth inhibition and loss of viability in the following cycle, though glucose and 458 

media supplementation mitigated the loss of cell volume generally observed in high density 459 

cultures.  Although frequent media changes could not restore viability in high-density cultures, 460 

late trophozoite stages but not schizonts could be rescued via dilution from high to low density, 461 

confirming that the observed cell death is indeed density-dependent as well as stage specific. The 462 

stage-specificity of killing activity by HDCM indicated that potential density sensing or 463 

signaling factors are likely to accumulate in the media during mature stage development.  464 

Whether these factors are byproducts of metabolic processes remains to be determined.  Nutrient 465 

depletion was assessed by profiling of media components in HDCM, which revealed that 466 

essential amino acids and vitamins present in culture media were not significantly perturbed.  Of 467 

all detectable components, only glucose was significantly depleted.  Glucose and lactate were 468 

therefore selected for further analysis as the main signifiers of starvation and toxicity in high-469 

density cultures.   470 

 471 

Although glucose levels below the human hypoglycemic threshold were observed in HDCM and 472 

were independently shown to negatively affect parasite viability, gene set testing and validation 473 

by RT-PCR of nutrient-supplemented CM revealed that transcriptional responses to high density 474 

were not solely affected by dysregulation due to glucose starvation [22,43]. The continued 475 

consumption of glucose by high-density parasites even after cell death morphology had 476 

commenced may suggest that density-dependent death is a controlled process. Studies of 477 

apoptosis-like death by Ch’ng et al report that cellular death processes can continue for up to 10 478 

hours after induction by chloroquine [60]. Linear modeling of glucose and HDCM titrations 479 

revealed different dynamic parasite responses with a threshold effect for HDCM induced death 480 

that was not observed for glucose depletion.  We concluded that HDCM induced a more complex 481 

reaction than mere glucose starvation. The combined effect of glucose depletion and lactate 482 

supplementation on parasite cultures was not examined, as glucose depletion alone was already 483 

sufficient to cause a severe reduction in parasite growth and reinvasion whereas excess lactic 484 

acid had no effect.   485 
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 486 

The high density transcriptome is characterized by unusually broad effects and reveals 487 

stress but not sexual commitment 488 

Exposure to high density induced a broad and unique transcriptional change overall, such that 489 

16% of the genes present on the microarray were significantly differentially expressed.  This 490 

percentage exceeds that of C. albicans (8.8%), P. aeruginosa (10%), and E. coli (6%) in 491 

response to environmental stressors, and is considerably higher than P. falciparum responses to 492 

antiparasitics such as chloroquine, antifolate, and choline analogs [5,24,50,52,61,62]. This 493 

unique high-density induced transcriptome contained elements of stress response, including 494 

upregulation of PfEMP1 genes and downregulation of translation and transport machinery [21–495 

23]. Dysregulation of an essential kinase CRK1 (PF3D7_0417800) suggests major remodeling of 496 

downstream processes such as cell cycle control.  Although the 2-hour incubation in HDCM 497 

promoted expression of sexual stage transcripts, this was insufficient to induce 498 

gametocytogenesis as determined by a 7-day culture. In fact, Pearson correlation coefficient 499 

analysis revealed that the expression pattern of parasites exposed to high-density environments 500 

correlated most highly with asexual trophozoites and not early gametocytes or committed mature 501 

stages, suggesting that the sexual development transcriptome undergoes a rapid dysregulation 502 

independent of sexual commitment under high-density conditions. Additionally, RT-PCR 503 

analysis of transcripts after supplementation of CM with nutrients and metabolic byproducts 504 

suggests that nutrient availability may have a strong impact on the expression of stage-specific 505 

transcripts.  All together, these results highlight a novel transcriptional profile characteristic of 506 

density-dependent cell death, which is distinct from that of a sexually committed parasite.  507 

 508 

Transcriptional responses to high density are associated with mechanisms of epigenetic 509 

control 510 

The impetus for developmental decision-making, as in density sensing systems in unicellular 511 

populations, likely relies on communication between individuals through the release of signaling 512 

molecules that trigger coordinated responses.  Our filtration assays precluded the possibility that 513 

the density-dependent death phenotype was the result of signaling via large secretory vesicles 514 

and suggested the presence of a small molecule in the culture medium at concentrations 515 

proportional to parasite density. As with density sensing molecules farnesol in yeast and SIF in 516 
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trypanosomes, soluble factors can indirectly lead to changes in parasite gene expression. In P. 517 

falciparum, induction of gametocytogenesis requires remodeling of the heterochromatic locus 518 

encoding the transcription factor ApiAP2G. Metabolic changes might affect the NADPH-519 

dependent Sir2 histone deacetylases leading to chromatin remodeling and ApiAP2G activation. 520 

Interestingly, we have shown that variant expressed genes subject to epigenetic control were 521 

dysregulated in the high-density transcriptome. Epigenetic modifications have been shown to 522 

play a role in the activation of pathogenic processes such as invasion and cytoadherence, and 523 

have been proposed as a potential regulator of lifecycle transitions in T. gondii and P. falciparum 524 

[63–66].    525 

 526 

Dysregulated metacaspase in high-density culture is linked to apoptotic-like mechanisms 527 

P. falciparum exposed to high-density conditions exhibited hallmarks of oxidative stress and 528 

transcription of cell death pathways. These included mitochondrial injury, as evidenced by loss 529 

of membrane potential and downregulation of mitochondrial transcripts; shutdown of glutathione 530 

redox system and copper transporter transcripts; and downregulation of protein translation 531 

pathways.  RT-PCR analysis confirmed the downregulation of an ubiquitin-activating enzyme 532 

(UBA1) (PF3D7_1333200) and a copper transporter-encoding gene CTR2 (PF3D7_1421900), as 533 

well as the upregulation of cytochrome c heme lyase (CCHL) (PF3D7_1224600).  CCHL 534 

catalyzes the production of heme and cytochrome c, which are involved in oxidative stress and 535 

regulation of apoptosis, respectively [67].  Whereas Plasmodium sexual commitment has been 536 

widely studied, our results only begin to shed light on the density sensing pathways mediating 537 

cell death responses triggered by high-density parasite environments. Plasmodium cultured with 538 

drugs or at high densities have been shown to upregulate genes encoding cysteine proteases and 539 

metacaspases, respectively [55,60]. The yeast metacaspase YCA1 plays a pivotal role in 540 

activating apoptosis and its Plasmodium ortholog is a putative metacaspase with conserved 541 

caspase activity domains [68–70]. Accordingly, the P. falciparum metacaspase 1 gene MCA1 542 

(PF3D7_1354800) was upregulated in parasites incubated in HDCM, suggesting that the 543 

response to high-density environments may involve a caspase-dependent cell death mechanism. 544 

Additionally, the phylogenetically conserved caspase and metacaspase substrate tudor 545 

staphylococcal nuclease (TSN) has been implicated in the caspase-mediated cell suicide pathway 546 
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in yeast and Plasmodium [71]. Further functional and metabolic studies are required to confirm 547 

these putative mechanisms underlying density-dependent cell death in P. falciparum. 548 

 549 

A model for developmental decision-making: growth, sex or death? 550 

We propose that high-density environments induce a unique death phenotype in P. falciparum, 551 

which has apoptotic-like features.  This is consistent with other studies describing Plasmodium 552 

sexual commitment and density-dependent death in various microorganisms, where both sexual 553 

commitment and cell death are distinct developmental decisions undertaken as a response to 554 

varying external conditions [17,72–74].  In particular, the global transcriptional changes 555 

observed meet one of the criteria for a density-sensing system like quorum sensing in yeast.  A 556 

model for Plasmodium decision-making would define the circumstances in which mature blood 557 

stages in a parasite population could progress through asexual development, convert to sexual 558 

development, or commit to death depending on the presence, absence or concentration of 559 

triggering signals in the surrounding environment.  These signals may act synergistically with 560 

nutrient availability.   561 

 562 

Identifying a mechanism for density-dependent cell death has the potential to unlock an entirely 563 

new area of research and provide a myriad of avenues for future investigation into a unique, 564 

alternative lifecycle decision in asexual Plasmodium parasites. Characterization of a signaling 565 

molecule and its relationship, if any, to caspase-dependent cell death pathways may lead to 566 

insights into parasite-mediated environmental sensing and variant-independent mechanisms of 567 

population regulation.  These discoveries may consequently lead to greater understanding and 568 

control over parasite viability and infectivity while providing parasite-specific targets for 569 

intervention. 570 

 571 

Materials and methods 572 

 573 

A cloned line of 3D7 was obtained from a gametocyte producing stabilate used for a genetic 575 

cross (D. Walliker). Chemical reagents were obtained from Sigma-Aldrich (St. Louis, MO USA) 576 

unless otherwise specified.    577 
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 578 

P. falciparum asexual parasites were maintained in vitro as described with modification [29,75]. 580 

Cultures were maintained in type O+ sickle cell negative human erythrocytes suspended in 5% 581 

hematocrit in complete medium (RPMI 1640, pH 6.75 (Life Technologies, Grand Island, NY, 582 

USA), 25mM HEPES, 10 µg/ml gentamicin, 0.5mM hypoxanthine, 10% heat inactivated human 583 

serum and 25mM sodium bicarbonate). Cultures were incubated in a chamber with a gas 584 

environment of 5% CO

Parasite culture 579 

2, 1% O2 and 94% N2 at 37̊C. Medium was replenished daily or as 585 

indicated and cultures were split frequently to maintain parasite density below 2x104

 591 

 parasites/µl 586 

or 4% parasitemia, until needed for assays. For experimental setups, late stage trophozoites and 587 

schizonts were isolated using gelatin flotation, Percoll enrichment, or heparin treatment as 588 

indicated for each assay (GE Life Sciences, Pittsburgh, PA USA; Sigma-Aldrich), followed by 589 

sorbitol synchronization of ring stages to within a 4-hour window.  590 

For the 2-day high-density culture assay, synchronized starting cultures were obtained by 593 

harvesting late trophozoites and schizonts by centrifugation on a 40%/70% Percoll gradient, 594 

followed by sorbitol synchronization of ring stages no more than 4 hours after reinvasion. 595 

Starting cultures were diluted to 6x10

High-density culture assays 592 

3 parasites/µl for high density and 1x103 parasites/µl for 596 

low density (1-1.5% and 0.2% parasitemia in 5% hematocrit), yielding ring stage parasites at 597 

3x104 and 5x103 parasites/µl (6% and 1% parasitemia), respectively, in the following cycle.  598 

Parasite cultures at 3x104 parasites/µl and 5x103 parasites/µl were designated high density (HD) 599 

and low density (LD), respectively. HD and LD cultures were fed complete culture media during 600 

the late ring stage (~18hpi) and examined after 24 hours for morphological effects and after one 601 

full cycle for changes in viability. High-density culture assays were prepared in triplicate unless 602 

otherwise stated. For the 6-day growth assay, parasites were synchronized as described above.  603 

Ring stage parasites were seeded in duplicate at 5x103

 606 

 parasites/µl and maintained for 6 days 604 

with daily medium changes without subculturing.  605 

Brightfield microscopy 607 
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Brightfield microscopy and image acquisition was performed on Giemsa-stained thin smears 608 

using a Nikon Labophot microscope (Nikon, Melville, NY USA). For parasitemia and 609 

differential stage counts, an Olympus BX41 microscope (Olympus, Center Valley, PA USA) was 610 

used. At least 1000 erythrocytes were counted to determine parasitemia. The proportions of 611 

different morphological stages were determined by counting 100 parasites. Freeman 612 

classification was used for parasite staging. “Aberrant parasites” are defined as shrunken, 613 

irregularly shaped, and highly dense in staining with compacted pigment at 40hpi, with or 614 

without release from the erythrocyte.  615 

 616 

Parasites were live-stained using BODIPY-ceramide TR (Sigma-Aldrich) and Hoechst 33342 618 

(Thermo Fisher Scientific, Waltham, MA USA) for 2 hours prior to fixation and imaged on a 619 

DeltaVision Elite deconvolution microscope using the POL, TRITC and DAPI channels.  Images 620 

were analyzed for spot detection and volumetric analysis using Volocity (Perkin Elmer, 621 

Waltham, MA USA). For high-density time points, n = 100+ parasites were imaged for 622 

volumetric analysis. For low-density time points 30-45hpi, n = 40+ parasites were imaged for 623 

volumetric analysis.   At 50hpi, only 20 parasites in the low-density culture were imaged due to a 624 

substantial proportion of parasites having undergone merogony and reinvasion. Significant size 625 

differences between high and low density parasites were determined by one-way analysis of 626 

variance (ANOVA) and post-hoc analysis was performed using Tukey’s honest significant 627 

difference test. 628 

Volumetric analysis 617 

 629 

Mitochondria membrane potential (MMP) (Ψm

The loss of MMP (Ψ

) assay 630 

m) was assessed with JC-1 stain (Life Technologies, Grand Island, NY 631 

USA). For MMP staining, 6.5µg/ml (1 µM) JC-1 in modified complete medium (RPMI, 10% 632 

human serum) was added to cells at 5x105 cells/µl one hour prior to each time point in 100µl 633 

volumes. Aliquots of 2-day cultures were pelleted, incubated with JC-1 stain preparation and 634 

washed.  JC-1 positivity was calculated as the ratio of parasite population with JC-1 red-635 

aggregate signal in polarized mitochondria (PE) to parasites with JC-1 green-accumulation signal 636 

(FITC) as determined by flow cytometry. A background level of JC-1 negativity less than 5% 637 

was observed in all samples. Significance between time points was determined by ANOVA and 638 
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Tukey’s post-hoc test. Flow cytometry was performed on an Accuri C6 Flow Cytometer (BD 639 

Biosciences, Franklin Lakes, NJ USA) and analyzed with FlowJo v. 7.6.5 (Tree star, Ashland, 640 

OR USA). 105

 643 

 total singlet cells were collected per sample. Side scatter was used to gate the 641 

singlet cell population used for all fluorescence analyses. 642 

Parasite binding on C32 melanoma cells was carried out as described with changes [76,77]. 645 

Parasites were selected for adhesion to a C32 melanoma cell line (ATCC CRL 1585 C32r) as 646 

described. C32 cells were seeded onto coverslips at 5x10

C32 binding assay 644 

4 cells/ml 24 h prior to parasitized 647 

erythrocyte seeding and grown overnight. HD and LD cultures were prepared as described 648 

above, and binding assays were performed using late stage parasites collected 24 hours after the 649 

initial media change, following the appearance of aberrant morphology but prior to parasite 650 

release from the erythrocyte in HD cultures. Late stage parasites from both cultures were 651 

normalized to 6x103

 656 

 parasites/µl in 2% hematocrit, and 300µl of infected erythrocytes were 652 

added to C32 cells on coverslips and incubated at 37˚C for 90 min in standard gas environment. 653 

Coverslips were washed and fixed in 2% glutaraldehyde overnight at 4˚C. The number of 654 

parasites bound to 100 melanoma cells was determined using Giemsa stained smears.  655 

Conditioned medium (CM) was harvested from trophozoites with densities in the range 658 

described in semi-immune children [25] and tested on low-density late trophozoites. For the 659 

harvest of CM, 27hpi trophozoite pellets were enriched using gelatin flotation and resuspended 660 

in complete medium. At 30hpi, trophozoites were seeded at the following parasite densities per 661 

96 well: 10

In vitro parasite density threshold assay  657 

4, 105, 106, 107 parasites/100 µl and incubated for 12 hours. CM was collected from 662 

each well and stored separately until use. 75µl of each CM was added undiluted to late 663 

trophozoites at 5x103-1x104

 667 

 parasites/µl and smears were taken after 12 hours of incubation for 664 

microscopy analysis. Control samples were treated with either complete culture medium or with 665 

UCM harvested after a 12-hour incubation on uninfected erythrocytes.    666 

Harvest of parasite culture conditioned media 668 
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Parasites were prepared as for high and low-density culture assays and fed complete culture 669 

medium at late ring stage.  Cultures were incubated as described for 18-24 hours unless 670 

otherwise indicated. CM was harvested by pelleting cultures at 1700rpm for 5 minutes and 671 

collecting the supernatant. CM was then centrifuged at 4500rpm for 10 minutes to remove cell 672 

and parasite debris and stored at 4°C for up to one week until use.  Control UCM was harvested 673 

after incubation for 18-24 hours with uninfected erythrocytes. 674 

 675 

CM harvested as described above was added to late trophozoites (30hpi) at low density (5x10

Conditioned medium assays 676 
3

 697 

 677 

parasites/µl). Cultures were assayed for morphological effects after 12 hours in CM (at schizont 678 

stage) or after 24 hours to assess ring stage density and replication rate.  Complete culture 679 

medium or UCM harvested from uninfected erythrocytes were used as controls.  Parasitemia and 680 

differential counts were determined as described above. For stage-specific CM assays, CM 681 

fractions were harvested from incubations spanning schizogony to 8hpi, 8-16hpi, 18-30hpi and 682 

18-36hpi parasites in HD cultures in 150mm polystyrene petri dishes. Parasite cultures were 683 

given fresh medium changes at 0hpi (schizogony/bursting), 8hpi, and 18hpi, respectively, and 684 

collected as described at the end of each incubation period. Harvested CM was added to 685 

synchronized low-density rings and incubated for 24 hours. Control samples were fed with 686 

complete culture medium. For titration assay, CMs from high, low and uninfected erythrocyte 687 

cultures were diluted in complete culture medium to 0, 20, 40, 60, 70, 80, 90, and 100% of 688 

original CM concentrations. Titrations were added to low density, late trophozoites and 689 

examined for aberrant morphology after 12 hours; n = 6. For the intra-isolate assay, test cultures 690 

were synchronized as described above using P. falciparum isolates 3D7, Dd2, D6, HB3, and 691 

1776. CM from 3D7 parasite cultures was added to low density test cultures for each of the 692 

above isolates at late trophozoite stage.  Ring parasitemia was measured after 24 hours.  Control 693 

samples were fed with complete culture medium. For all CM assays, Giemsa-stained thin blood 694 

smears were examined by brightfield microscopy for parasitemia counts and changes in cell 695 

morphology.  696 

Mass spectrometry 698 
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Glucose and lactate analysis was performed at the Metabolomics Core Facility at Bio21 Institute. 699 

HD and LD cultures were prepared as described and fed fresh medium at 18hpi for subsequent 700 

incubation.  Uninfected erythrocyte cultures were prepared at 5% hematocrit and 40% 701 

hematocrit. CM from all cultures was harvested at 6-hour time points over a 30-hour incubation 702 

and diluted 1:50 for analysis. Samples were added 1:1 with equal volumes of scyllo-inositol as a 703 

normalizing factor. Methoxyamine was added for ring expansion and samples were then 704 

derivatized using BSTFA-TCMS for gas chromatography mass spectrometry (GC-MS) analysis. 705 

Standard curves for lactic acid and glucose, respectively, were prepared in complete media.   706 

To assess nutrient depletion in the HD and LD cultures, samples for liquid chromatography-mass 707 

spectrometry (LC-MS) analysis were prepared by adding 10µl of conditioned media into 390µl 708 

80% acetonitrile/water to extract metabolites. Samples were incubated at 4 °C for 1 h on a vortex 709 

shaker. Samples were centrifuged 10’ at 4000rpm to obtain a particle-free extract and stored at -710 

80°C until analysis. 711 

A Dionex RSLC U3000 LC system (Thermo) coupled with a high-resolution, Q-Exactive MS 712 

(Thermo) was used for analysis of medium components, as described elsewhere [78]. Briefly, 713 

10µL sample was separated on a ZIC-pHILIC column (5μm, 4.6 by 150mm; Merck) over a 714 

32 min gradient using 20mM ammonium carbonate (A) and acetonitrile (B) as mobile phases. 715 

The Q-Exactive MS was fitted with a heated electrospray source that switched between positive 716 

and negative modes. The mass resolution was 35,000 from m/z 85 to 1,050. A pooled quality 717 

control sample was analyzed periodically throughout the run to assess instrument drift. Analyte 718 

abundance was measured by LCMS peak height and identification of analytes was performed by 719 

matching accurate mass and retention time to authentic standards using the IDEOM software 720 

[79]. 721 

 722 

For glucose and lactate supplementation assays, HDCM and LDCM were supplemented with 0, 724 

10, and 20mM glucose or 0, 20, and 40mM lactate. Supplemented CM was added to low-density 725 

late stage trophozoites and assessed for the density dependent death phenotype after 12 hours of 726 

incubation or for ring-stage reinvasion after 24 hours of incubation. For the glucose titration 727 

assay, a 1M stock solution of glucose was added to glucose-free RPMI to final concentrations of 728 

0, 1, 2, 4, 6, 8, 10, and 11mM prior to preparation of culture media. Control treatments included 729 

Nutrient replenishment and rescue assays 723 
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fresh complete medium or HDCM with and without 10mM additional glucose. Glucose titrations 730 

were added to low-density late trophozoites and assessed as for supplemented CM assays. 731 

For medium replenishment assays, high and low density parasite cultures were prepared at late 732 

ring stage and measured for onset of the density-dependent death phenotype or loss of viability 733 

after 1 or 2 medium changes (18/30hpi, 18/24/26hpi, 18/30/36hpi, and 18/36/42hpi) or no 734 

medium change (control).  At each time point, parasite cultures were spun at 300xg for 5 735 

minutes, washed three times with complete medium and resuspended in fresh complete medium. 736 

Control cultures were pelleted and resuspended in original supernatant.  737 

For subculture dilution assay, high-density parasite cultures were fed with fresh complete 738 

medium at late ring stage.  At 30 and 42hpi, small volumes of each replicate were removed and 739 

washed twice in complete medium. Cell pellets were resuspended in fresh complete medium and 740 

uninfected erythrocytes to reduce the parasite density from 3x104 parasites/µl to 5x103 741 

parasites/µl, or 1 in 6, keeping hematocrit constant. Control parasites were cultured at low 742 

density (5x103

 744 

 parasites/µl) without dilution.   743 

High and low density parasite cultures were prepared as described above (under High Density 746 

Culture Assays). At late ring stage (~18hpi), parasite cultures were fed with complete culture 747 

medium and supplemented with additional 20mM glucose for a final concentration of 30mM, or 748 

3x normal concentration.  Control cultures were not supplemented.  Parasites were washed 3x 749 

after 24 hours of incubation at the nominal late schizont stage and nuclear content stained with 750 

1uM SYTO 61 (Invitrogen, Carlsbad, CA USA) for 45 minutes at room temperature.  Stained 751 

cells were washed an additional 3x and analyzed immediately on a BD FACSCanto (BD 752 

Biosciences, Franklin Lakes, NJ USA) using a far-red laser (excitation max 628 nm, emission 753 

max 645 nm).  Mean fluorescent intensity was determined using FlowJo software (FlowJo LLC, 754 

Ashland OR USA).  Significance was determined using Student’s t-test. 755 

Glucose supplementation assay and flow cytometry 745 

 756 

Filtration assays for vesicle depletion were performed using a Nalgene 100nm pore size PES 758 

filter filtration unit.  Filtered and unfiltered CM was incubated on low-density late trophozoites. 759 

For all assays, parasites were assessed at schizont stage to quantify aberrant morphology and 760 

Vesicle depletion 757 A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

induction of the density-dependent death phenotype.  Ring stage density and replication rate was 761 

measured after 24 hours of incubation or following reinvasion.   762 

 763 

Low-density late stage trophozoites in two 150mm polystyrene plates (per replicate per 765 

condition) were treated with HDCM, LDCM or UCM for 2 hours prior to RNA harvest.  This 766 

scale guaranteed adequate RNA yield for gene expression profiling as well as enabled high 767 

synchronicity of parasite cultures. A 2-hour treatment was selected to capture early 768 

transcriptional events associated with the phenotype. 769 

Parasite culture for gene expression profiling 764 

 770 

Total RNA was harvested from the packed blood of P. falciparum 3D7 samples using TRIzol 772 

Reagent (Gibco, Gaithersburg, MD USA) as per manufacturer’s instructions. RNA integrity was 773 

measured using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA USA) and samples with 774 

an RNA integrity number (RIN) of 6 and greater were hybridized to GeneChip® 775 

Plasmodium/Anopheles genome arrays (Affymetrix, Santa Clara, CA USA) in accordance to 776 

manufacturer’s instructions.   777 

RNA harvest and gene expression detection 771 

 778 

Sample RNA harvested from P. falciparum cultures was purified via the TRIzol method and 780 

used to synthesize 50ng/µl cDNA with the iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA 781 

USA).  Real-time PCR was prepared using approximately 100ng cDNA per sample with 2x 782 

Quantitect SYBR Green PCR Master Mix (Qiagen, Hilden, Germany) and 3 biological replicates 783 

were analyzed in triplicate on a Corbett Research Rotogene 3000 (Qiagen) (n = 9). Control 784 

samples containing no reverse transcriptase or no template DNA confirmed sample purity.  785 

Primers were designed using IDT PrimerQuest and run separately with optimized annealing 786 

temperatures.  For CM supplementation, glucose and human serum were added to HDCM to 787 

10mM and 5%, respectively (HDCM+).  LDCM was supplemented with lactate and HDCM to 788 

20mM and 1%, respectively (LDCM+).  Cell cultures were incubated as described and 3 789 

biological replicates of RNA were harvested per condition. Data was normalized against 790 

Real-time RT-PCR 779 
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housekeeping genes PF3D7_0307100 and PF3D7_1444800. Primer sequences used are included 791 

in the Supplemental material. 792 

 793 

Non-Anopheles probe-sets were pre-processed and expression measures were calculated using 795 

the GeneChip multi-array average (GCRMA) method [80]. The analysis was performed using R 796 

(version 2.15.0) [81] with the affy (version 1.34.0) and gcrma (version 2.28.0) packages that are 797 

part of the Bioconductor project [82]. The R package limma (version 3.12.0) [83] was used for 798 

calculation of differential expression by linear modeling and empirical Bayes statistics.  799 

Microarray data analysis 794 

Gene set enrichment analysis was performed in R (version 2.15.0) using correlation adjusted 800 

mean rank gene set test (CAMERA). CAMERA is a competitive gene set test that compares 801 

members of a gene set to all members of the dataset, to determine whether transcripts 802 

differentially expressed under conditions of interest are overrepresented in the gene set, taking 803 

inter-gene associations into account [43]. GO-terms and gene descriptions were obtained from 804 

PlasmoDB (version 8.2) [84,85]. Additional gene sets (named PdBMET) were obtained from the 805 

website “Malaria parasite metabolic pathways” by Hagai Ginsburg 806 

(http://priweb.cc.huji.ac.il/malaria/). The autophagy, apoptosis, glycolysis and kinase gene sets 807 

were compiled from the Ginsburg website and recent literature [70,86–89]. Gametocyte specific 808 

genes were compiled from literature.  Gene sets with nominal p-values less than 0.01 and false 809 

discovery rate (FDR) less than 0.05 were regarded as significant. Differential expression was 810 

determined by changes in transcript levels of 1.5-fold or greater when comparing between 811 

density samples. For assessing dysregulation of specific gene sets, significance and directionality 812 

of dysregulation were calculated using rotation gene set testing for linear models (ROAST) [44]. 813 

This method is a self contained gene set test that measures changes within an individual gene set 814 

as a whole by comparing the effect of different density conditions only on the genes within each 815 

set. For all comparisons, duplicates were removed and genes not available on the Affymetrix 816 

array were excluded from the analysis.  817 

 818 

Statistical tests were applied as indicated.  Significance between multiple populations was 820 

determined by one- or two-way ANOVA for one or two factors, respectively (Matlab: 821 

Statistical analysis 819 
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Mathworks, MA USA), followed by Tukey’s honest significant difference test for post-hoc 822 

testing.  Significance between two populations was determined by a two-tailed Student’s t-test or 823 

Welch’s t-test and p-values were adjusted for multiple comparisons.  Parasite responses to 824 

HDCM versus glucose depletion were compared using linear regression modeling of cell death 825 

as a function of media titration.  HDCM and glucose-free culture medium were titrated via 826 

dilution in complete culture medium from 100% to 0% and 11mM to 0mM, respectively.  827 

Parasite death for both conditions was calculated as percent loss of growth compared to 828 

uninhibited growth in control samples and log transformed for linear regression.  For comparison 829 

of parasite responses to both treatments, we performed a global fit for the combined data 830 

resulting from both treatments and used ANOVA to calculate the probability of the variance 831 

arising from the global fit.  The significance test resulting in p-value < 0.05 favored a more 832 

complex model with two linear regression models fitted to each data set over the null hypothesis 833 

with a single linear regression model [90]. For all comparisons, adjusted p-values of less than 834 

0.05 were considered statistically significant. For gene set analysis (CAMERA, ROAST), FDR 835 

values of less than 0.05 were considered statistically significant.  Error bars indicate standard 836 

error for differences between two populations. 837 

 838 

A panel of 711 genes was assembled from the literature. The resulting panel included genes 840 

associated with gametocytogenesis by correlation, expression profiling, or functional analysis. 841 

532 of these 711 genes were present on the Affymetrix microarray.  Upregulated and 842 

downregulated genes were classified with ontology annotations gathered from the PlasmoDB 843 

website.  An additional panel of 36 gametocyte “marker” genes was assembled from published 844 

literature, including known signifiers of specific sexual stages (i.e. pfs16, pfg377) as well as 845 

putative inducers of gametocytogenesis (i.e. pfgig, pfgdv1) that have been confirmed and 846 

validated using in vivo experimentation, such as gene knockdown and other molecular and 847 

cellular assays. Heat maps were generated with Broad Institute software using ranked 848 

gametocyte gene expression values from microarray analysis [91]. Transcriptional signatures 849 

from each experimental condition were compared with those of various stages in asexual and 850 

gametocyte development as in Young et al [49]. Pearson correlation coefficients were calculated 851 

for the transcriptional profiles for all experimental conditions using R (version 2.15.0).   852 

Gametocyte transcript analysis 839 
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 853 

HDCM, LDCM, and UCM were harvested as described previously.  Low-density trophozoites 855 

were synchronized as for gene profiling assay.  At 33hpi on Day 0, cultures were washed twice 856 

in RPMI and replated in HDCM, LDCM, UCM or complete culture media, in triplicate for each 857 

condition.  Samples were incubated for 2h at 37C, washed 3x in RPMI, and then replated in 858 

complete culture media for gametocyte culture.  CM-treated cultures were fed daily with 859 

standard culture media and sorbitol synchronized on Days 1, 2 and 3 to remove asexual stages 860 

from culture.  On Day 7, samples were stained with thiazole orange (Sigma, 1:10,000) and 861 

measured for gametocytemia by flow cytometry.  Data was analyzed using FlowJo software.  For 862 

each condition, mean and standard error was computed.  The difference between means was 863 

calculated using one-way ANOVA with Tukey’s post-hoc test. 864 

Gametocyte culture assay 854 
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vs. low density 1172 

Table S11. RT-PCR Primer sequences 1173 

Figure Legends 1174 

 1175 

Figure 1. P. falciparum growth is inhibited at high densities. (A) Parasite density and (B) 1176 

differential count was measured over 6 days of growth with no subculturing. Counts were 1177 

averaged over all replicates and presented as parasite density per microliter of culture.  R: rings; 1178 

T: trophozoites; S: schizonts. “Aberrant” indicates parasites that are shrunken, irregularly 1179 

shaped, and highly dense in staining with compacted pigment. “Released” refers to parasites that 1180 

are not contained within an erythrocyte and do not contribute to parasitemia. Mean ± SEM. n = 1181 

3. 1182 

 1183 

Figure 2. High-density parasite cultures exhibit aberrant morphology. (A) Schematic of high-1184 

density culture set up.  High and low-density parasites are fed at late ring stage and incubated for 1185 

18h until late trophozoite stage.  Morphology is assessed throughout late trophozoite and 1186 

schizont stage, or 18-30h after initial feeding.  (B,C) Brightfield microscopy of low parasite 1187 

density (LD) and high parasite density (HD) cultures illustrates a unique death phenotype. (B) 1188 

LD parasites undergo normal development while HD parasites exhibit inhibition of schizont 1189 

maturation and merogony, cell shrinking, blebbing and release of parasites from erythrocytes. 1190 

Scale bar, 5µm. Differential counts (C) are shown as proportions out of 100 infected erythrocytes 1191 

(iRBC) and averaged over replicates (n = 3). R: rings; T: trophozoites; S: schizonts. “Aberrant” 1192 

indicates parasites that are shrunken, irregularly shaped, and highly dense in staining with 1193 

compacted pigment. (D) Volumetric analysis of HD and LD parasites shows inhibited late stage 1194 

development in HD parasites. For HD parasites, n >= 100 for all time points; for LD parasites, n 1195 

>= 40 at 30-45hpi and n = 20 at 50hpi. (E) Loss of mitochondrial membrane potential in high-1196 

density parasites is shown as the percentage of parasites with JC-1 negativity out of 100 infected 1197 
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erythrocytes. Parasites (iRBCs) exhibiting the density-dependent death phenotype (“Death”) 1198 

were assessed by brightfield microscopy. Significance was determined by two-way ANOVA 1199 

with Tukey’s post-hoc test for non-confounding interaction effects. HD45-HD50, p < 1e10-7; 1200 

LD45-LD50, p = 1; HD50-LD50, p < 1e10-7

 1202 

; HD45-LD45, p = 1. Mean ± SEM. n = 3.   1201 

Figure 3. Failure of parasite growth, schizont maturation and merogony in high-density parasite 1203 

cultures.  Parasites prepared for high and low-density culture as described were live-stained for 1204 

volumetric analysis using the lipid dye BODIPY-ceramide TR (TRITC) and nucleic acid dye 1205 

Hoechst 33342 (DAPI).  Representative images at 30 and 50hpi indicate inhibition of growth and 1206 

nuclear division in late stage, high-density parasites (HD) only, compared with normal increases 1207 

in parasite cell volume and merogony between 30 and 50hpi in low-density parasites (LD). Scale 1208 

bar, 5µm. 1209 

 1210 

Figure 4. High density conditioned medium inhibits normal parasite development and is stage- 1211 

and density-specific. (A) Conditioned medium (CM) operates in parasite density ranges relevant 1212 

to human malaria. Parasites exhibiting the density-dependent death phenotype (“Death”) are 1213 

shown as a proportion of 100 iRBC after treatment with CM harvested from late trophozoites at 1214 

concentrations of 102, 103, 104 and 105 parasites/µl. Percentages are averaged over replicates (n = 1215 

3). (B) Schematic of CM harvest and testing.  High and low-density parasites are prepared as in 1216 

Figure 2A and fed fresh media at late ring stage. CM from iRBC and uninfected erythrocytes are 1217 

harvested by pelleting cultures and removing supernatant after 18 hours of incubation. CM is 1218 

tested by adding to low-density, late stage trophozoites (~30hpi) and assessing for changes in 1219 

morphology and replication rate after 12 hours and 24 hours, respectively.  (C) CM harvested 1220 

from low parasite density (LD) cultures and uninfected erythrocytes (U) does not inhibit normal 1221 

development, compared to CM harvested from high parasite density (HD) cultures. n = 3. 1222 

Differential counts are given as percent of 100 iRBC. R: rings; T: trophozoites; S: schizonts; Ab: 1223 

aberrant parasites that exhibited the density-dependent death phenotype during late stage 1224 

development. (D) CM was harvested from high-density parasite cultures at varying stages and 1225 

assessed for stage-specific killing activity on low-density cultures during maturation.  ER: 1226 

bursting schizont to early ring, 0-8hpi; LR: late ring, 8-16hpi; ET: early trophozoite, 18-30hpi; 1227 

T/ES: trophozoite and early schizont, 18-36hpi; Ctrl: fresh complete culture media. n = 3. (E) 1228 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Titration of HDCM in complete culture medium below 80% abrogates killing activity. n = 6. (F) 1229 

CM harvested from 3D7 HD cultures exhibits inter-isolate activity when incubated on cultures of 1230 

P. falciparum isolates Dd2, HB3, D6, and 1776.  Ring stage parasite density after 24h incubation 1231 

was used to measure efficacy of kill ing activity. Mean ± SEM. n = 3. 1232 

 1233 

Figure 5. Essential nutrient concentrations in HDCM. Glucose (left panel) and lactate (right 1234 

panel) levels were measured in CMs collected in 6-h intervals from high and low parasite density 1235 

cultures and two uninfected erythrocyte controls over the course of 30 hours. Incubations for 1236 

infected erythrocytes were initiated using 18hpi parasites. HD: high density; LD: low density; U: 1237 

uninfected, 5% hematocrit; R: uninfected, 40% hematocrit. Dashed lines indicate threshold 1238 

concentrations required for parasite viability as described by Jensen et al, 1983 [37]. n = 3. 1239 

 1240 

Figure 6. Nutrient replenishment of high-density parasite cultures or HDCM does not prevent 1241 

density-dependent death. (A) Parasite viability as assessed by ring stage parasite density in low-1242 

density test cultures after 24h incubation in complete culture media with titrated levels of 1243 

glucose. 0-11: mM concentration of glucose added to glucose-free RPMI prior to culture media 1244 

formulation; Ctrl: complete culture medium; HD: high-density CM; HDG: high-density CM 1245 

supplemented with 10mM glucose. (B) The effect of glucose supplementation on late stage 1246 

development of high and low-density cultures was assessed by nuclear staining of cultures at the 1247 

nominal schizont stage.  G-: no added glucose; G+: parasite culture supplemented with an 1248 

additional 20mM glucose (total of 30mM in fresh culture medium fed at late ring stage); HD, 1249 

LD: high or low-density parasite cultures.  Mean fluorescence intensity (MFI) was determined 1250 

for parasites stained with SYTO61 to measure nuclear content.  Significance was determined by 1251 

Student’s t-test: HD G+ vs. HD G-, p = 0.004; LD G+ vs. LD G-, p = 0.39. (C) HDCM and 1252 

LDCM was supplemented with 10mM glucose (G10), 20mM glucose (G20), 20mM lactate 1253 

(L20), or 40mM lactate (L40), and tested on low-density late stage trophozoites. Ctrl: no 1254 

supplementation. Left panel: replication rate of test cultures after 24h incubation; right panel: 1255 

percent density-dependent death (“Death”) in test cultures after 12h incubation. (D) HD parasite 1256 

cultures are rescued by dilution to low density, but not by media replenishment. HD and LD 1257 

cultures were replenished with fresh complete culture media at 1 or 2 time points as indicated: 1258 

30hpi (Δ30), 24hpi and 36hpi (Δ24/36), 30hpi and 36hpi (Δ30/36), or 36hpi and 42hpi (Δ36/42). 1259 
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HD parasites were diluted 1:6 in fresh complete culture media at 30hpi (Sub30) or 42hpi 1260 

(Sub42), keeping hematocrit constant. Left panel: replication rate of parasite cultures after 1 1261 

cycle of replication; right panel: percent density-dependent death (“Death”) in parasite cultures at 1262 

nominal schizont stage. Ctrl: no media change or subculture. LD controls for Sub-30 or Sub-42 1263 

were not diluted but maintained at 5x103 parasites/µl. Starting cultures were initiated at 3x104 1264 

parasites/µl (HD) or 5x103

 1266 

 parasites/µl (LD). Mean ± SEM.  n = 3 for all assays. 1265 

Figure 7. Parasites exposed to high-density vs. low-density conditions exhibit differential gene 1267 

expression. (A) Functional categorization of differentially expressed genes after treatment of 1268 

parasites with HDCM compared to LDCM. Transcripts were considered to be differentially 1269 

expressed where fold change is greater than or equal to 2 and adjusted p-value < 0.05. Functional 1270 

categorization of differentially expressed genes was determined by gene ontology. (B) Real time 1271 

PCR of 15 genes confirms microarray expression patterns when comparing between HDCM and 1272 

LDCM treatment. All genes exhibited significant differential expression after RT-PCR 1273 

(Student’s t-test, p < 0.05).  All genes except MCA2 showed significant differential expression in 1274 

the microarray.  PFIDs and primers sequences are contained in the supplemental material (Table 1275 

S11).  (C) Barcode plots illustrate distribution of genes in highly differential gene sets as 1276 

determined by correlation adjusted mean rank test (CAMERA): GO_0020033: antigenic 1277 

variation, GO_0020025: cytoadherence to microvasculature mediated by parasite protein, 1278 

GO_0005783: endoplasmic reticulum, and GO_0008654: phospholipid biosynthesis.  1279 

Enrichment plots above barcode plots show relative enrichment between high and low-density 1280 

conditions using t-statistics for each gene set.  No significant enrichment was observed for the set 1281 

of dysregulated genes associated with glucose deprivation. Results shown are averaged over 1282 

replicates (n = 3). 1283 

 1284 

Figure 8. Real time PCR of 44 genes using conditioned medium supplemented with replenished 1285 

nutrients (HDCM+) or with metabolic by-products (LDCM+).  Fold change (log2) represents the 1286 

ratio of expression values for HDCM+ over LDCM+ and are plotted against -log10 p-value.  1287 

Blue data points highlight HDCM+/LDCM+ RT-PCR expression values concordant with the 1288 

microarray expression values for HDCM/LDCM.  P-value is determined by Student’s t-test, 1289 

dashed line indicates p = 0.05. Results shown are averaged over replicates (n = 3). 1290 
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 1291 

Figure 9. Exposure to high parasite density induces dysregulation of sexual stage transcripts in 1292 

asexual parasites. (A) Exposure to HDCM induces changes in gametocyte gene RNA transcript 1293 

levels within 2 hours as compared to parasites exposed to LDCM or UCM.  A gametocyte gene 1294 

set was compiled using 532 genes either coding for known gametocyte markers or whose 1295 

expression correlated with gametocytogenesis based on published literature. Heat maps indicate 1296 

dysregulation of gametocyte-associated genes when comparing treatment with HDCM to LDCM 1297 

or to UCM, but no significant differential expression when comparing treatments between 1298 

LDCM and UCM.  Columns indicate independent biological replicates; rows represent 1299 

individual genes.  Z-scores indicate standard deviations from the mean, centered and normalized 1300 

for each row giving relative signal intensity between sample columns. Red: upregulated, blue: 1301 

downregulated. (B) Differential expression of a panel of 39 sexual development markers.  Left 1302 

panel: A panel of 39 gametocyte markers with known roles in gametocytogenesis were arrayed 1303 

from earliest to latest expression throughout sexual development (rows).  Expression values from 1304 

previously published time course data were clustered using pairwise average linkage (columns). 1305 

Right panel: Heat map generated for stage-specific gametocyte marker panel using expression 1306 

data from high and low density CM-treated parasites. Gametocyte marker expression is 1307 

upregulated in HD samples throughout all stages of sexual development. C. Transcriptional 1308 

profiles for parasites exposed to HDCM, LDCM, and UCM were correlated with known 1309 

transcriptional profiles for all stages during the P. falciparum lifecycle [49].  Biological 1310 

replicates were correlated within experimental condition groups to assess extent of biological 1311 

variation and found to exhibit low variation (r > 0.98, all conditions).  For all samples, 1312 

transcriptomes correlated most strongly with late trophozoites, but not with early gametocytes.  1313 

All Pearson correlation coefficients are significant (p < 0.0001).  U1-3; LD1-3; HD1-3: 1314 

biological replicates for trophozoites treated with UCM, LDCM, and HDCM, respectively.  Mz: 1315 

merozoite; ER: early ring; LR: late ring; ET: early trophozoite; LT: late trophozoite; ES: early 1316 

schizont; LS: late schizont; G1-12: gametocyte commitment to maturation; Spz: sporozoite. 1317 

Table 1. High parasite density environment induces global changes in gene expression 1318 

Table 1. (A) Global changes in gene expression are induced by a 2-hour incubation in HDCM 1319 

when compared with gene expression in LDCM (n = 3). Number of genes with statistically 1320 

significant differential expression is indicated. (B) Dysregulation of the gametocyte-associated 1321 
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gene set. Early, peak expression during gametocyte developmental stages I/IIA; Middle, stages 1322 

IIB/III; Late, stages IV/V.  Numbers of genes with statistically significant differential expression 1323 

and at least 1.5x fold change are indicated. (C) Dysregulation of P. falciparum pathways under 1324 

high-density conditions measured by rotation gene set testing (ROAST).  Differential expression 1325 

of gene sets associated with sexual development, cell death mechanisms, epigenetic 1326 

modifications or variant gene families, including gene set size and directionality of expression in 1327 

high density conditions (up, down or bidirectional). Up/Down: total number of significant genes 1328 

up- or down-regulated per gene set.  Overall gene set significance is indicated by false discovery 1329 

rate < 0.05 (FDR). PFIDs for gene sets are contained in the supplemental material (Table S6). 1330 

Data for variant expressed genes, H3K9me3-enriched genes, and HP1-enriched genes are found 1331 

in [45–48]. 1332 

 1333 

 1334 

 1335 

 1336 

 1337 

 1338 

 1339 

 1340 

Table 1. High parasite density environment induces global changes in gene expression 1341 

A. Global gene expression Total Upregulated Downregulated 

Genes on chip 4298   

Differentially expressed genes, all significant 1384 593 791 

- Two fold or greater change 666 203 463 

- Less than two fold change 718 390 328 

B. Sexual development genes Total Upregulated Downregulated 

Differentially expressed genes, all significant 123 72 51 

- Early (Stages I-II) 51 31 20 

- Middle (Stages II-III) 49 31 18 

- Late (Stages IV-V) 23 10 13 
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C. Gene set dysregulation Size Direction (Up/Down) FDR 

Gametocyte-associated genes, full panel 711 Up (90/61) 4.92 x 10
-2 

Gametocyte genes, verified (36) 36 Up (6/2) 3.11 x 10
-3

 

Apoptosis 25 Bidirectional (6/5) 1.35 x 10
-6

 

Glycolysis 23 Down (2/7) 1.19 x 10
-3 

Autophagy 6 Down (0/3) 5.25 x 10
-6 

Kinase 130 Bidirectional (22/21) 4.15 x 10
-9

 

Mitochondrial antioxidant system 10 Down (0/3) 2.46 x 10
-3

 

Thioredoxin/glutaredoxin/peroxiredoxin 16 Down (0/4) 8.24 x 10
-4 

Variant expressed genes, 3D7 138 Up (18/2) 4.15 x 10
-4

 

H3K9me3-enriched genes 384 Up (19/1) 1.52 x 10
-3

 

HP1-enriched genes 425 Up (36/3) 2.11 x 10
-3

 

 1342 

Table 2. Density-induced alterations in P. falciparum functional pathways 1343 

Table 2. Enrichment of P. falciparum pathways in parasites cultured under high and low parasite 1344 

density conditions, as determined by competitive gene set testing using correlation adjusted 1345 

mean rank test (CAMERA) and averaged over replicates (n = 3). For each category, the number 1346 

of dysregulated pathways is indicated.  “Enrichment profile” indicates whether functional 1347 

pathways are upregulated in the high-density condition compared to low density (“High” ) or in 1348 

the low-density condition compared to high density (“Low”). Significance of gene set 1349 

enrichment was determined by false-discovery rate q-value < 0.05. 1350 

 1351 

Table 2. Density-induced alterations in P. falciparum functional pathways 1352 

Category No. of Pathways Enrichment Profile 

  High Low 

    

Antigenic variation and cell adhesion 14 x  

Apicoplast 2  x 

Endoplasmic reticulum / protein transport 6  x 
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Export 1  x 

Metabolism 2  x 

Motor activity and cytoskeletal 

rearrangements 5 x  

Nuclear component 2 x 
 

Ribosome biogenesis 2 x  

 1353 
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