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Transient egulation of Plasmodium numbersbelow the density that inducdsver has been

observed in chronic malaria infections in humans. This species transcending camtat be
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explaing by immunity aloneUsing anin vitro system we have observensity depeneht
regulation of malaria population sizeas a mechanisnto possibly explain thesein vivo
observations. SpecificallyP. falciparum blood stages from a high but nébdw-density
environment exhibitednique phenotypichangesiuring the late trophozoite and schizont stages
of the intragrythrocytic cycle. These included in order of appearafakire of schizontsto
mature andnerozoites taeplicate apoptoticlike morphological banges including shrinking,
loss of“mitochondrial membrane potential, and blebhbiith eventual release ofaberrant
parasites frominfected erythrocytes.This unique éath phenotypewas triggeredn a stage
specific mannerby sensingof a high-density cuure environment Conditions of glucose
starvation autrient depdtion, and high lactate could not induce the phenatypéigh-density
culture environmentinduced rapid global changes in the parasite transcriptociading
differential expression ofgenes involved in cell remodelingclonal antigenic variatign
metabolism, and cell death pathwagsludingan apoptosigssociateanetacaspase genehis
transcriptional profile waslso characterized by concomitant expression of asexual and sexual
stagespeifiergenes. The datahow strong evidence to support our hypothesis that density
sensing existsAR. falciparum. They indicate thaan apoptotielike mechanisnmay play a role

in P. falciparum density regulation, which, as in yeakgs features quitdistinguishable from

mammalianapoptosis.

I ntroductien

Protozoanparasite of genusPlasmodium are responsible fohuman malaria, a vecttmorne
febrile illness that impactsearlyhalf of the world’s population.ChronicPlasmodium infections
have beenssociated witliegulation of withirhost parasite numbetisatcould not be explained
by innate or.acquired immuniglone suggesting that maintenance of population size atsy
be a behavioral response by the parasite to conditbriggh parasitedensty [1-3]. Such
regulated_.responseare commonly utilized in microorganism® maximize community
longevity,following exposure to variousntagonistencludingdrug pressurgmmunity, resource
scarcity andinter-specis or intergenotype competitiorin such cases, regulation or reduction
of microbial population densityia cell fate decisionmaking orprogrammed cell deatban

increase the overall fithess of the community.
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In prokaryotic microorganisms, density sensing via the production and recognition of
autoinducers is integral to the regulation of biofilm formation, adhesion, and expression of
virulence _factorsin response to environmental chan§®. The opportunistic pathogen
Pseudomonas.aeruginosa produces an acjiomoserine lactone that activates expression of two
densitysensing' circuits, resulting in an upregulation of genes encoding toxins and exwacellul
enzymeg5]."Density sensing is also a feature of eukaryoticellular oganisms For example,
yeast populations respond to environmental changes by producing toxins, pheromoaot®rand
secretedmolecules[6—8]. In the polymorphic fungu€. albicans, transitiors betweerbudding

yeast growih gfilamentous growth, and apoptotic cell death are determined by the delicate
interplay oftwoesecretednoleculegyrosol and farnesgB—10]. While elevated levels diyrosol
resultin an uprgulation of cell cycle regulation and DNA repair pathways, farndspletes
cellular antioxidants by conjugating with intracellular glutathione, allowingl@drediated
extrusion of the glutathione conjugate and inducing apoptosis [11].

Evidence of density and environmentansinghas alsdbeen observed in protozoan parasites.
For exampledifferentiation fromthe slender to stumpy formis Trypanosoma brucei brucei is
inducedby-thedensity-dependeristumpy-initiating factor” (SIF) through a putative mechanism
involving cAMP-dependent signaling and the RMN¥ading protein RBP7 [12-14].
Differentiation of asexual Plasmodium falciparum to the transmissible gametocyte form i
similarly densitydependent andan beinduced by soluble factof45-20]. Furthermoregarlier
studieshavereporedan array of controlled responses to environmental clsaimg& asmodium

spp, including programmed cell death and coordinated transcriptional modification after
exposure to extreme conditions such as febrile temperatures, nutrient depidtamtienarial

drug treatmenfi2z1-24].

Here we explore whether density or environmental sensing occBrdaltiparumin a manner
analogoustoyeast environmental response mecharismrasites were cultured vitro to study
the parasite response to density indheence of host immune factors, testimg hypothesighat
parasites may regulate their own populagposited by Bruce and colleaguy@%]. An isolaed
system provided a means to study ifgarasite communication without the confounding
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115 influences of external regulatory forcés.vitro studies of density sensing are commonly used
116 for other microorganisms, as in the furigandida albicans and Cryptococcus neoformans [8—

117 10,26].Usingthein vitro culture systemwe examinedhe effect of high parasiteedsity onP.

118 falciparumasexual viability and replicatiorgandtherole of nutrient sensingn cultures withhigh

119 density and:high metabolic activitfComparson of asexuablood stage development under low
120 and highdensity conditions revealed a uniqueenditydependent death phenotype with
121 halmarks "ofyeastapoptosis Transcriptional profilingshowedputativeearly responses to high
122 density typified byupregulation of pathways involved in cell death and clonal antigenic
123 variation, as well as dysregulation of sexual stage gene expression.

124 Results

125

126 High-density culturesinhibit parasite development at trophozoite stage

127 The 3D7P. falciparum clonefrom the Walliker Crossvas maintainedn vitro under conditions

128 of limited ‘passagend vas frequently subcdured such that parasitensity never exceeded
129 2x10" parasites’per microliter of cultusee methods)Parasites were then culturedthout

130 dilution for'3 full cycles over 6 daysvith daily medium changeg\fter 4 days, parasite density
131 had exceeded 31 parasites per microliter and raductionin parasitepopulationsize was

132 subsequently observeHi@. 1A). Mature schizonts an@invadingrings were not observeadter

133 reaching this density threshold, but rather a high proportion of aberrant Eathaitevere

134 released from the erythrocyt@sg. 1B).

135

136 A 2-day culture assayas developed to investigate whether the reduction in population size at
137 high density was due to a failure bj schizontmaturatiovmerogony, 2)egress, o013) ring

138 reinvasion. Pa@asites were synchronized in order to isolate stpgeific effects while

139 approximating.then vivo conditions experienced by parasites during an infection. Synchronicity
140 of infection_has been observed in the bloodstream as characterized by periodicity of
141 multiplicatien”over a 4&our cycle, as well as in the capillaries where mature stages sequester
142 [27,28] In"€entrastin vitro parasite cultures revert to asynchronicity, resulting in mixed cultures
143 comprising all stages of parasite developnj2ét+32] Various studies have shown that parasite
144  gene expression and metabolism are temporally hardwired, such that a mixed paktasde c
145 would confound results due to conflictingtes of transcription, metabolic activity, protein
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production and other biological functiori83,34] Therefore, a synchronous culture was
necessary to fully understand the effects of density on parasite befi#nsosystem was uddo
measurehe effects of parasite density on stagecific development during the®phozoite and
early schizontstages (18-36hpi and 3&42hpi, respectively) Two extreme conditions were
chosen to examine the response to parasite density wgarddrsity culturegHD; greater than
3x10 parasites per microliter of culture) and lalensity cultures (LDless tharbx1C® parasites
per microliter‘of culture) were fed with fresh complete culture media at 18hpi and observed over
the 3Ghour period of trophozoite and schizont developn(Eerg. 2A). Population size in the HD
culture was drastically reduced duefédure of schizont maturation ancherozoite formation
whereas the kDR uture exhibitednormal parasite developmehtoughoutring, trophozoite ard
schizontstages, followed byeinvasion as ringsF{g. 2B, Fig. 2C, Fig. 3). Differencesin
differential countsbetween HD and LD cultures were statistically significkmtall parasite
stages aboth 40hpiand 50hpi (oneway ANOVA with Tukey’s posthoc test both p < 0.05).
Trophozoite_populations at 30hpi were not significantly altered in HD culture relativ®
culture (p >0:05).

The majority_ofparasitesn HD culturefailed to develop beyonthe early schizont stagé&ig.
2B, Fig..2C7Fig. 3). An imaging time course revealed the appearancebefrant parasitey
40hpi, characterized by a shrunken, irregular shape, amoeboid projections extendingefrom t
parasite cell membrane, and dense, compacted pigment when stained with (Beicega)g he
completionrofhemoglobindigestion anchemozoinformation Autophagyassociatedracuole
formation wassneverobserved inthe aberrant parasite#t 45hpi, a significant proportion of
aberrant parasites, resembling younger trophozoites inveeze, relasedfrom erythrocyts in
high-density cultures only (45hpi, £@%; 50hpi, 3@7%; oneway ANOVA, p < 0.0001)Fig.
2B). Similarly.sized parasites have been seen previouslyivo in the spleerf35]. Release b
aberrant parasiteés HD culturescoincidedwith time of merozoite release in LD culturébhe
sequencegoimorphological changes a highdensity parasiteculture defined hereas the
“density-dependerdeath phenotypgeincludes () failure of early schizont maturation at 35hpi
(2) failure of merogony by 40hpand (3) cell shrinkingand blebbing an@4) release of intact
parasites from erythrocytéom 40 to 50hpiKig. 2B).
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To assess the degree a#ll shrinking throughout highensiy, late stage parasite maturation
parasitized erythrocytes were stained with a BODIHR¢ceramide lipid dye for two hours prior

to fixation and imaged in optical sections to generate a 3D reconstruction of Hwtepar
membrane. Volumetric measurementsparasites grown at high or low density at four time
points between 30 and 50hpi demonstrated inhibitiopasésite cell growh initiated during
early schizont.staga high-density cultures of parasites. In contrast, parasites grown at low
density‘exHbited a continual increase in siteat peakedaroundlate schizont stag@iD vs. LD:
oneway ANOVA with Tukey’s poshoc test; p < 0.01 for time points 36, ABhpi) Fig. 2D,

Fig. 3).

To test whether higlensity cultureshared similarities witlyeas programmed cell deathve
measuredhe loss of mitochondrial membrane potentdMP) in high and lowdensity parasite
cultures(Fig. 2E) [36]. MMP was measured as the percentage of parasites negative by flow
cytometry for the dye J@. Densitydependent death was morphologically visible by 45hpi in
high-densityseultures, but the proportion of-1€hegatve highdensity parasites at 45hpi was not
significantly different compared to earlier time points. At 50hpi, 100% of-teagtsity parasites
exhibited“densitydependent death morphology andt3% were JEL negative, a significant
increase.compared to earlitime points (tweway ANOVA with Tukey’s poshoc test; p < 1e10

7). Posthoc testing for interaction effects further revealed thal J@gativity was significantly
different between high and low density cultures, particularly at 50hpiHDD p < 1e10;
LD50-HD50"pw< 1e10). DNA fragmentation throughout parasite maturation as measured by
TUNEL staining was not significantly different between high and-d@nsity cultures (twavay
ANOVA; p > 0.1). Aberrant parasite morphology was not observed in ulBures during
developmentKig. 2E).

Cytoadherenceis not affected in parasites cultured at high density

P. falciparumisequesterat high density in lung, heart and adipose tissue at trophozoite Etage.
investigate the effect afensitydependent delatonthe ability of P. falciparum to sequesteme
performed cytoadherence assays using C32 melanoma cells with irdegtetcytescultured

at low and high parasite density. Cytoadherence assays were performe#Ouéihpgi parasites

at which pointthe high-density deattphenotype waslreadyapparentHigh and lowdensity
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208 infectederythrocytesadhered at concentrations of 38 and 11#22 per 100 C32 melanoma
209 cells (meanzsd) No significant reduction in cytoadherencen high-density parasiteswas

210 observed.

211

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

213 malaria

214 To determine“whethedensitydependent deatbf P. falciparum mature blood stages could be
215 induced byparasitereleasedactors present in the surroundimedia, conditioned medium (CM)
216 from parasite culture was added to logarithmically growing;dewsity late trophozoites$ig.

217 4A). The CMawas harvested from highly synchronous late trophozoite to early sclsiam®
218 parasitepopulations ranging between?:0 10 parasites per microliteandthus contained late
219 stage parasite metabolites and other secreted factors from cultures grown at densities consistent
220 with the densitie®bservedn semiimmune asymptomatichildren pelow 1000 parasiteper

221 microliter ‘of blood) [25]. Low-density trophozoitesncubated inCM were assessed for
222 morphologicalvaberration after a period of 12 howrfsen parasites would normally appear as
223 early schizontsDensitydependent death was identified using Giemsa smears to determine
224  whetherparasite morphology aligned Wwitthe characteristic featuredbservedin Figure 2B.

225  IncubationsifCM harvestedrom trophozoite populations in the range of &1 parasites per
226 microliter resulted in partial inhibitiolf parasite growthtHowever,CM harvested from parasite
227 densities 0f.10° parasites per microliténducedthe densitydependent death phenotype in 100%
228 of parasites; assignificant increase from parasites incuba&Mifrom lower parasite densities
229 (oneway-ANOVA with Tukey’s posthoc testp < 0.001) Fig. 4A).

230

231 CM washarvested frommaturestages incubatealt high and lowdensityfor 18 hours and used
232 for additional testing on latstage, lowdensity trophozoiteéFig. 4B). As inFigure 4A, high

233 density conditioned mediunfHDCM; harvested from parasite cultures afer than 3x1D
234 parasites_per microliteiconsistentlyproduced densitgependent cell deatithen incubatean

235 logarithmically.growing, lowdensity late trophozoitesThesedying cells were identical to cells
236 dying from growth at high density and exhibited the same phenotypes of failure of schizont
237 maturation and merogony, cell shrinking, membrane blebbing and release from ergtrocyt
238 Aberrations in parasitdevelopment and viabilityvere notobserved when incubated in lew
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density conditioned mediuf DCM; harvested from parasite cultures less than Spafasites

per microlitej (Fig. 4C). CM harvestedrom ruptured loweensity shizontsresulting in hidp
densities of early ringgER, 08hpi), or from highdensity cultures of late ring or early
trophozoie stages (LR,-86hpi; ET, 1830hpi)also failed tanduce the death phenotypetest
cultures (Fig=4D). HDCM-induced cell death and aberrant morphology were diminished
following titration _below a threshold concentration of §08hereasconcentratios of 80% or
greaterwere'sufficient to generatethe densitydependent death phenotypeat least50% of
trophozoites‘in‘lowdensity culture Kig. 4E) suggesting that the death phenotype is triggered by
HDCM in_a concentratiolependent mannerCMs harvestd from multiple strains induce
failure of meregonyand cell deathn both homologous and heterologous parasite isolates and

clones, indicating thahe observedilling activity is notstrainspecific Eig. 4F).

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

Glucose starvation and lactic acid accumulation can detrimentally affect parasite growth during
the asexualystagen vitro [37,38] and the levels of these nutrients wolileely be alteredin
HDCM. Normal glucose concentrations in human sera range between 3.89mM and 7.22mM,
while lactie,acid concentrations abovéndM and glucose levels belodmM are reported to

have inhibitory effects o. falciparum growth rate[22,37] To understand the rate of glucose
depletion throughout the duratiofan HD culture experimerii8-42hpi) and its possible role in

the observed phenotype, we measured the glucose concentration in HD and LD eutiores.
course ofCM'samples was colleadrom HD, LD and uninfected erythrocytelturesat 6-hour
intervals from=18hpito 48hpi. Glucose and lactate concentrations at each time point were
measured usingyas chromatography mass spectromet®C-MS). Glucose concentration
decreased dramatically in HD culture betweem2lpi (~11mM to~1mM) (Fig. 5, left panel)

to levels that.would be described as hypoglycamigvo (below4mM). Thiswas expected due

to the highglycolytic activity associated witthis part of the life cycl¢38]. Glucose levels in

LD culturesyiin contrast, decreased only marginally throughout the duration of cultdraN+~

to 8.2mM)."Lactic acid levels in HD cultures exceedécM after 36hpi or 18 hours in culture,
butthis threshold was never exceeded in LD cultures even after 30 hours in dtilguEe (ight

panel). Glucose and lactic acid metabolism was also measured for uninfected erythrocytes at
culture conditions (5% hematogriandin vivo conditions (40% hematocrit). While uninfected

This article is protected by copyright. All rights reserved



270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300

erythrocytes at 5% hematocrit metabolized glucose and lactic acidraimal rate, never
exceeding toxic thresholds even after ah80r incubation, metabolism at 40% hematocrit
reachedgrowthlimiting levels betweenl12 and 18hours In contrast to glucose and lactate,
essential aming, acidsnd vitaming[39,40] were not significantly depleted in HDCM bwere
present at comparable levétssLDCM and UCM control¢Table S1).

Supplementation assays were performed to deterthmeole of glucose depletion or lactate
toxicity in'densitydependentell death.Decreasing glucose below the hypoglycemic threshold
of 4mM far 24 hours resulted in a sharp decline in the numbers of ring stages in thenfpllowi
cycle, andshigkdensity parasite cultures replenished with glucose exhibited a lesser dégree
cell shrinking=at the nominal schizont stage compared to those without suppl&menta
suggesting that glucose starvation plays a role in cell shrinkiiig §A, Fig. 6B). However,
supplementing HDCM with glucose to the levels found in fresh medmgber (up to 20mM)
neither rescuegarasite viabilityto control levelshor prevergd aberrant growthand therefore
glucose depletion cannot have caused the HBi@Mced densitydependent death phenotype
(Fig. 6C). “Linear modelling ofHDCM and glucosalepleted media titrations revealed that
dynamic responses to density and glucose starvation are significantlerdjfféghlighting a
clear distinetion between the densitgpendent death phenotype and cell death due to starvation
(ANOVA, p = 1.4¢%). Normalgrowth,characterized byeplication rateonsistent wittparasites
incubated ircontrolcomplete culture mediumind absence of aberrant schizont morphqlogg
observed ginLITM-treated samples regardless of glucose supplementation. Lactate
supplenentation up to 40mNh LDCM alsofailed toreduce parasite replicatioate or induce
density-dependent deathig. 6C).

Replenishing.the cultunmedium at multiple time pointhiroughout trophozoite development did
not rescudiigh-densityparasitefrom undergoinghe densitydependent death phenotypeor

to schizont.maturatiofFig. 6D). However reducing parasite density by subculture from 3x10
parasitesper microliter to 510° parasitesper microliter at late trophozoite stage prevented
density-e&tpendent deathnd allowed progression to ring stagéis finding strongly suggests
that high parasite density rather than nutrient deplgioise induces the death phenotype in the
majority of the parasite population.
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Removal of microvesicles does not prevent density-dependent killing

Recent publications have suggested that cellular communicatlliagmodium takes place via
transport of intracellular material within microvesicles and exoslkaevesicles[20,41] To
explore"the“potential role of microvesicles in the induction ohigb-density death phenotype,
100nm fractions were removed froMDCM using filtration units and trophozoites were
incubated with ‘the filtrate for 1Bours. There was no difference in densdgpendent death
betweenparasites treated with filtered HDCNVF8%) and parasites treated with unfiltered
HDCM (85%) «(Student’s-test; p > 0.05), proving that the density dependent death phenotype

was due to soluble factors and not microvesicles.

Transcriptome@analysis

Transcriptional‘profiling was performed to exyahe effect of a highdensity environment on

P. falciparum gene expression compared to a-d&nsity environmentFresh complete culture
medium wasaddedto high-density and lowdensityparasiteculturesat 18hpj incubated for 18
hours, and then harvesl at 36hpto collectthe conditioned medium (CM). Lodensity, late
stage trophozoites were then incubated 2 hourswith the CM harvested from uninfected
erythrocytes™(4), lowdensity (LD) or highdensity (HD) parasites before RNA extraction for
microarraywanalysisThis relatively short incubation period was chosen to ensure maximal
parasite viability and RNA integrity at time of RNA harvastwell as synchronicifparameters
difficult to,obtain in highdensity culturesfter longer exposuréo high-density environments

To evaluate the effects @M treatment on transcriptional activitiate stage trophozoites were
choserbecause of the high metabolic activity and morphological changes previously observed i
these stage®oth in the literatureral in thehigh-density culture systeii34,42].

A two-hour incubationn HDCM did not significantly affecparasie morphology replication

rate or mitochondrial membrane potentiédlata not shown)However parasites underwent

significant changesfi@r 12 hours, as described earli€id. 4C, Fig. 4D). In contrast, prasites
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were not developmentally affecteg incubationsvith LDCM or UCM for up tol8 hours(Fig.

4C, Fig. 6C). Gametocytes were not observed in any of the conditions throughout the dofation
the experiment, nor were any significant differences in mean gametocyte prodaationiri a
7-day culture assay following twlour incubation in HCGM, LDCM, or UCM (oneway
ANOVA; p>.0.1).

Global differencesm gene expression were obsenradidr he twohour incubation in CMvhen
comparingbetween parasitescubated with HDCMor LDCM, as well as between parasites
incubated with/ HDCM or UCM(Table 1, Table S2). Chromosomal mapping ddll genes
contained in sthe microarrayindicated that transcriptal changes were broadly located
throughout*the genome (data not shhwrBignificant differential expression predominantly
affected functional categories associated with transport, translation, protein binding and
biosynthesis, antigenic variation, and mitochondrion/apicopkagt {A, Table S3, Table $4).
Reattime '‘PCR analysis using primers specific for both asexual and sexual gene markers
confirmedmicroarray findingsfor fifteen genesthat were significantly up or downregulated
(Fig. 7B).

Competitive"gene set testing using correlation adjusted mean rank test (CAMERA) was
performed to identify patterns of differential expression with respect to dmattpathways and
gene ontology classd43]. Gene set testinfpr GO terms and metaboliafhwaysin HDCM-
treated parasitevealedenrichmentof gene sets associated with cytoskeletal rearrangements,
antigenic variation, cytoadhesion, motor activity and ribosome biogenesis whgarednto
LDCM-treated parasitefp < 0.01, FDR < 0.05)Table 2, Table S5). In contrast, HDCM
induced downregulation of gene sets related to metabolic and cellular magchirotuging
apicoplast,.endoplasmic reticulupgstiranslational transport and export, and lipid metabolism
(p < 0.01,.EDR < 0.05) Barcode plts of highly differentially expressed gene sets illustrate a
strong pattern of enrichment and evident directionafitg.(7C).

Changes inecific gene sets related to cellular death mechanisms sagoptosis, glycolysis,

and autophagwere examinedssing rotation gene set testing for linear models (ROAS&ble
1, Table S6) [44]. The apoptosis gene set exhibited significant changes in gene expression (n =
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363 25, FDR = 1.35x16), but this dysregulation was not found to be directional. Interestitigdy,
364 apoptosisassociated metacaspase gpfmecl (PF3D7_1354800was upregulatedsignificantly
365 at a low level (log2FC = 0.54dj. p= 0.02), which was confirmed by RACR analysis
366 Stdistically significant nondirectionaldysregulation wasalso observed in genes encoding
367 Plasmodium.specific kinasegn = 130, FDR = 4.15 x 1¥). In contrast, the glycolysis and
368 autophagy.gene sets were both significantly downregulated (n = 23, FDRxA@*1n = 6,
369 FDR ="525"x"10). Mitochondrial antioxidant and glutathiorssociated gene sets were
370 assessedto'identify potential disruption of oxidative stress pathways. Thestedxidnificant
371 downregulation'(n = 10, FDR = 2.46 x3(h = 16, FDR = 8.24 x 1%).

372

373 Geneghat'aresxpressed in elonally variant manner iR. falciparuminclude many that mediate
374 the parasite’s response to the host environmegt,invasion and sexual developmedb].
375 Transcription_of clonally variant genes would be expected to differ from the meéere
376 transcriptome, but not in a uniform direction. Howevgnowth in HDCM induced significant
377 upreguladn(ROAST; FDR = 4.15 x 1) of the variantexpressed gene set from the 3@dne
378 [46], suggesting that epigenetic mechanisms may have been aff€ctdé 1). Thesevariant
379 expressedwgenes are enriched with the heterochromatin marks H3K9mé3 fahadparum
380 heterochrematin protein 1P{HP1) [45,47,48]. High density CM induced ignificant
381 upregulation of both sets of teeochromatirmarked genesROAST; H3K9me3: FDR = 1.52 x
382 103 HP1:'FDR = 2.11 x 18), further suggesting that the HD environment algene regulatory
383 chromatin structure.

384

385 To test the importance of glucose depletion in our transcriptome, we used CAkERSAess
386 whether genes, associated with glucose deprivation are overrepresented in tdenkityh
387 transcriptome.. A panel of 18R. falciparum genes was previously shown to be significantly
388 dysregulated. in am vitro culture exposed to hypoglycemic camezhs [22] Competitive gene
389 set testingsfor the high and low parasite density transcriptomes revealed no significant
390 enrichmentof.the glucose deprivation gene set (237, FDR = 0.37). Supplementation of
391 LDCM with metabolic byproducts (LDCM+) and replenishment of HDCM with additi
392 nutrients (HDCM+) revealed moderate effects on gene expresgasured by RPCRwhen
393 compared to microarray data for unsupplemeitB€M and LDCM Differential expression in
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a panel of 44genes could not be entirely explained digrvation or waste accumulatjolout
rather a substantial proportion of gene responses behaved concordantly with ayicroarr
responses to high vs. low densfFig. 8, Table S7). Genes associated with glucose deprivation

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

Gametocyte signature

Analysis of"a“gene seaixclusively comprised ofjlametocyte-or commitmenispecific genes
revealed & upregulation of sexual transcripts undd conditions compared tbD conditions
(ROAST; EDR«w= 4.92 x 16) (Fig. 9A, Table 1, Table S8, Table S9, Table S10). Comparison

of stagespecific gene expression obtained by cmedsrencing the assembled gene panel with
time course expression data from Youetcal. revealed thaearly and middle stage gametocyte
genes wer@redominantly affeetd (Table 1) [49]. A panelwas assembledontaining36 genes
that were_ either essential to gametocyte developmemere known markers of
gametocytogenesis, drad experimentally verifiedsignificance to gametocyte commitment or
development This panelwas alsoupregulaed under highdensity condition§ROAST, FDR =
3.11 x 109)«(Fig. 9B, Table 1, Table S6).

Transciptional profiles from parasites exposedHBCM, LDCM, andUCM were correlated to

known transcriptional profiles corresponding to all intraerythrocytic stages of the parasite
lifecycle. A"published transcriptional time course encompassing the entire asexual and sexual
bloodstagesdevelopment &f. falciparum was used for the analygd9]. Pearson correlations
performed initially between biological replicates for high density, low dgnariid uninfected
conditions, revealed low biological variation (r > 0.98, p < 0.0001, n = 3). Subsequent Pearson
correlation between experimental samples and the transcriptional time course revealed stronger
correlation to_late trophozoites rather than to comnhite early gametocytes (LT; 0.74 <r <

0.77 for all.eonditions, p < 0.0001fi@. 9C).

Discussion

High-density parasite cultures have a unique phenotypic signature
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Data presented show thBt falciparum undergoes cell death in response to a high parasite
density environmerabove 3x10 parasites per microliter. Cell déatan be initiated either in a
high-density culture or during incubation in higlensity conditioned medium but is never
observed in a low parasite density environment. For this study) @tro culture system was
adopted to.isolate parasite behavior from host immune effects. Attempts to replicate
conditions, using_normal human hematocrit at 40% proved unsustainable due to rapid
consumptiorof'glucose angroduction oflactic acidby uninfected red blood cells after 12 hours
of incubation(Fig. 5). The death phenotype as defined abovdifferent from the cell death
modalities described iR falciparum blood stages treated with antimalarial dr{g$-54], and is
alsomorphelegically distinct fromautophagidike cell deathcrisis forms and glucosestarved
parasites, whichapidly shrink and die within the erythrocyfg2,37] While aberrant parasites

in high-density cultures shared similarities with apoptotic céfiey didnot entirely conformnio

the conventional mammalian cell paradigm for programmed cell death or to refiuts
detailing programmed cell death Rhasmodium [55,56]. Interestingly, DNA fragmentatiorwas
never observed in the higlensity parasiteA study by Engelbrectdt al. examining apoptosis

like regulated=cell death iR. falciparum reported thatparasites cultured at 3% parasitemia
matured to.late schizont stage lpmbduced fewer merozoites, resulting in reduced replication
rates. Furthermoreparasites underwenmitochondrial depolarization by 24hpi arldNA
fragmentatiorby 48hpi[57]. In contrast, thearasite densitpf 3x10 parasites per microliter
used in our_ studyis substantially higher than that used by Engellreunid colleagues,
correspondingut®% parasitema. Dilution of HDCM to below 80% in complete culture media
significantly=diminished its killing activity, demonstrating thatrgsites cultured above or below

a density (of 2x1bparasites per microliter exhibit differential behavi®iven the differencein
methods for parasite culture, it is possible that exposure to varying conditidndeasity
thresholds may, induce distinctly different death phenotypes. Such observations havadeen m
in E. coli, where thedensitysensing factor EDF both mediaté®e tMazEF death pathway and
inhibits the.apoptosikke death (ALD) pathway58]. In the case oPlasmodium, the manner in
which parasites undergo cell death may not be singular or even linear in Effexct. may be
multiple unique markers foPlasmodium cell death, as is the case fiher unicellular organisms
[59].
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High parasite density responses ar e independent of nutrient depletion and increased lactate
Neither the addition of excess glucose into the culture media fudr replenishmat of fresh
culture media every6 to 12 hours during incubatiowas sufficient to rescue high density
cultures from growth inhibitiomnd loss of viability in the following cycléhough glucosend
media supplementation mitigated the loss of cell volugemerally observed in high density
cultures. Although frequenmedia changes could not restore viability in hdgmnsity cultures,

late trophozoite’ stagdsit not schizonts could be rescued via dilution from high to low density,
confirming thatthe observe cell deaths indeed densitgependenas well as stage specifithe
stagespecificity; of killing activity by HDCM indicated that potential density sensing or
signaling factorsare likely to accumulate in the media during mature stage development
Whether thesesfactors are byproducts of metabolic processes remains to be determined. Nutrient
depletion was jassessed pyofiling of media components iIHDCM, which revealed that
essential amino acids and vitamins present in culture media were not siglyifosaturbed. Of

all detectable components, only glucose was significantly depleétdaicose andactate were
therefore selected for further analyasthe mainsignifiers of starvation and toxicity in high

density cultures.

Although.glucose levels below tieimanhypoglycemic threshold were observed in HDCM and
were independently shown to negatively affect parasite viability, gene set @stinglidation

by RT-PCR of nutrienisupplemented CNevealed that transcriptional responses to high density
were notsolely affected by dysregulation due to glucose starvaji43]. The continued
consumption=0f glucose by higlensity parasiteeven aftercell death morphology had
commencedmay suggestthat densitydependent death is a controlled process. Studies of
apoptosidike death by Ch’'nget al report that cellular death processes can confiouep to 10

hours after induction by chloroquir{60]. Linear modeling of glucose and HDCM titrations
revealed different dynamic parasite responses with a threshold effect for HDCM induced death
that was notiobserved for glucose depletion. We concluded that HDCM induced a more complex
reaction than,mere glucose starvation. The combined effect of glucose depietidaciate
supplementation on parasite cultures was not examined, as glucose depletionaalaineady
sufficient to cause a severe reduction in parasite growth and reinvasion whereas excess lactic

acid had no effect.
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487 The high density transcriptome is characterized by unusually broad effects and reveals
488  stressbut not sexual commitment

489 Exposure to high density induced a broad and unigue transcriptional chaergd, such that
490 16% of the.genes present on the microarray were significantly differentially exprestes
491 percentage. exceeds that Gf albicans (8.8%), P. aeruginosa (10%), andE. coli (6%) in
492 response toenvironmental stressarsdis considerablyhigher thanP. falciparum responses to
493 antiparasitics“such as chloroquine, antifolate, and choline an@®24,50,52,61,62].This
494 unique highdensity induced transcriptomeontainedelementsof stress response, including
495 upregulation of, PIFEMP1 genes and downregulation of translation and transport mairery
496 23]. Dysregulation ohinessential kinase CRK1 (PF3D7_0417880¢gestsnajor remodelingf

497 downstream processes such as cell cycle contidlhough the2-hour incubation irHDCM

498 promoted _expression of sexual agtranscripts, thiswas insufficient to induce
499 gametocytogenesias determined by a-day culture In fact, Pearson correlation coefficient
500 analysis revealed that the expression pattern of parasites exposed-dersdi environments
501 correlated'most highly with asexual trophozoites and not early gametocytes or teahmnaiture
502 stages, suggesting that the sexual development transcriptome undergpes dysregulation
503 independent of sexual commitment under Hdgimsity conditions.Additionally, RT-PCR
504 andysis of transcripts after supplementation of CM with nutrients and metabgticoducts
505 suggests that nutrient availability may havstrang impact on the expressiohstagespecific
506 transcripts#~All together, these results highlight a novel transcriptional profile characteristic of
507 density-dependent cell deatthich is distinct from that of a sexually committed parasite.

508

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

511 The impetus_for developmental decismaking, as in density sensing systems in unicellular
512 populationsyilikely relies on communication between individuals througlelbdaseof signaling
513 molecules that trigger coordinated responses. Our filtration assays preclugedsibdity that
514 the densitydependent death phenotype was the result of signaling via large secretory vesicles
515 and suggested the presence of a small molecule in the culture medium at concentrations
516 proportional to parasite density. As willensitysensing molecules farnesal yeast and SIF in
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trypanosomes, soluble factors can indirectly lead to changes in parasite gene expression. |
falciparum, induction of gametocytogenesis requires remodeling of the heterochromatic locus
encoding the transcription factor ApiAP2G. Matéic changes might affect the NADPH
dependent Sir2_histone deacetylases leading to chromatin remodeling and ApiARat®act
Interestinglys=we have shown that variant expressed genes subject to epigenetic control were
dysregulated in the higtlensity tanscriptome Epigenetic modifications have been shown to

play a role“in“the activation of pathogenic processes such as invasion and cytoadherence, and
have been proposed as a potential regulator of lifecycle transitidngondii andP. falciparum

[63-66].

Dysregulated metacaspase in high-density cultureislinked to apoptotic-like mechanisms

P. falciparum exposed tahigh-density conditions exhibited hallmarks of oxidative streswl
transcription of cell death pathways. These incluasgtchondrial injury as evidenced by loss

of membrane potential and downregulatiommtochondrial transcripts; shutdown of glutathione
redox systemwand copper transporter transcripts; and downregulation of proteiatitnansl
pathways.™ RIPCR analysis confirmed the downregulationaofubiquitin-activating enzyme
(UBA1) (PE3D7_1333200and acopper transportegncoding gene CTR2 (PF3D7_1421900), as
well as_the™upregulation of cytochrome ¢ heme lyase (CCHL) (PF3D7_1224600). CCHL
catalyzes the production of heme and cytochromeha;h areinvolved in oxidative stress and
regulation of apptosis, respectivel{67]. WhereasPlasmodium sexual commitment has been
widely studiedy,our results only begin to shed light on the density sensing pathwagtingedi

cell deathresponsesriggered byhigh-densty parasite environment®lasmodium cultured with

drugs or at high densities have been shown to upregulate genes encoding cysteine pndteases a
metacaspases, , respectivghb,60]. The yeast metacaspase YChilays a pivotal role in
activating apoptosisand its Plasmodium ortholog is a putative metacaspase with cores
caspase activity domairj68-70]. Accordingly, theP. falciparum metacaspase 1 gene MCA1
(PF3D7_1354800) was upregulated in parasites incubatedlD@M, suggesting that the
response torhigdensity environments may involve a caspdspendent cell death mechanism.
Additionally, the phylogenetically conserved caspase and metacaspase substrate tudor

staphylococcal nuclease (TSN) has been implicated in the caspdsted cell suicide pathway
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547 in yeast andPlasmodium [71]. Further functional and metabolic studies are required to confirm
548 these putative mechanisms underlying derd@gendent cell death i falciparum.

549

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

551 We propose.that higlensity environments induce a unique death phenotype fedciparum,
552  which has apoptotitike features This is @nsistent with other studies describiBigismodium
553 sexual commitment andensiy-dependent death in various microorganisms, where both sexual
554 commitmentand cell deathare distinct developmentadlecisiors undertaken as a response to
555 varying external condition§17,72—74]. In particular, the global transcriptional changes
556 observed meet,one of the criteria for a ders@ysing systeriike quorum sensing igeast A
557 modelfor Plasmodium decision-makingvould define the circumstances in whictature blood
558 stages in a parasite populatioould progress througlasexual development, convert to sexual
559 development,or commit to deathdependig on the presencebsenceor concentrationof
560 triggering signaldn the surrounding environment. h@se signals may act synergistically with
561 nutrient availability

562

563 Identifying=a mechanism for densitiependent cell deatias the potential to unlock amtirely
564 new areasof research and provi@emyriad of avenues for futuiavestigationinto a unique,
565 alternative lifecycle decision in asexuRllasmodium parasites Characterizatiorof a signaling
566 molecule ‘and its relationship, if anyo caspaseependat cell death pathways mdgad to
567 insights intoparasitemediated environmental sensing aratiantindependent mechanisms of
568 population“regulation These discoveries mayprisequentlylead togreaterunderstanding and
569 control over parasite viability anéhfectivity while providing parasitspecific targets for
570 intervention.

571

572 Materialsand®methods

573

574 Parasites and reagents

575 A cloned line of 3D7 was obtained from a gametocyte producing stabilate used for a genetic
576 cross (D. Walliker). Chemical reagents weréagied from SigmaAldrich (St. Louis, MOUSA)
577 unless otherwise specified.
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Parasite culture

P. falciparum asexual parasites were maintaimeditro as described with modificatid9,75]
Cultures were maintained in type O+ sickle cell negative human erythrocytes suspended in 5%
hematocrit.m.complete medium (RPMI 1640, pH 6.75 (Life Technologies, Grand Island, NY
USA), 25mM HEPES, 10 pg/ml gentamicin, 0.5mM hypoxanthine, 10% heat inactivated human
serum ‘and*25mM sodium bicarbonate). Cultures were incubated in a chamber with a gas
environmenof'5% CQ, 1% O, and 94% N at 37C. Medium was replenished daily or as
indicated and cultures wesglit frequentlyto maintainparasite density belo@x1d parasites/pl

or 4% parasitemjaurtil needed for assay&or experimental setupkte stage trphozoites and
schizonts ‘were isolatedsing glatin flotation, Percoll enrichment, or heparin treatmast
indicated for each assay (GE Life Sciendestsburgh, PAJSA; SigmaAldrich), followed by
sorbitolsynchronization of ring stages to within dndur window.

High-densityseulture assays

For the 2daywhighdensity culture assay, synchronized starting cultwvegse obtained by
harvesting.late trophozoites and schizonts by centrifugation on a 40%/70% Perdmhtgra
followed by~ sorbitol synchronization of ring stages more thand hoursafter reinvasion
Starting culturesvere diluted to 6x10° parasites/ul for high density and 1Xfarasites/ul for
low density(1-1.5% and 0.2% parasitemia 5% hematocr)t yielding ring stageparasites at
3x10" and«5x%16 parasites/ul % and 1%parasitemia), respectivelyn the following cycle.
Parasite culturés &x10' parasites/uand 5x18 parasites/pere designated high density [
andlow density(LD), respectivelyHD and LD cultures were fed completdtove mediaduring
thelate ring stage (~18hpi) and examined after 24 hours for morphological effectseanohaft
full cycle forchanges in viabilityHigh-density culture ssays were prepared in triplicate unless
otherwise statedr-or the 6day growth asay, parasites were synchronized as described above.
Ring stagesparasites were seeded in duplicaixHF parasites/pand maintained for 6 days

with daily medium changes without subculturing.

Brightfield microscopy
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Brightfield microscopy and image acquisition was performedceema-stained thin smears
using a Nikon Labophot microscope (Nikon, Melville, NYJSA). For parasitemia and
differential stage counts, an Olympus BX41 microscope (Olympus, Center Vall&ySRAwas
used. At least 1000 erythrocytes were counted to determine parasitemia. The propdrtions
different merphological stages were determined by counting 100 paragitesman
classificationwas used for parasite staging. “Aberrant parasites” are defineshrasken,
irregularly“shaped, and highly dense in staining with compacted pigment at A0tfpior

without release“from the erythrocyte

Volumetric.analysis
Parasites ‘were livstained using BODIPXeramide TR (Sigmaldrich) and Hoechst 33342

(Thermo Fisher Scientific, Waltham, MBASA) for 2 hours prior to fixation and imaged on a
DeltaVision Elite deconvolution microscope using the POL, TRITC and DAPI clmanhelges
were analyzed for spot detection and volumetric analysis using Volocity r{PE&tkner
Waltham, sMATUSA. For highdensity time points, n = 100+ parasites were imaged
volumetrictanalysis. For lowensitytime points 3045hpi n = 40+ parasites were imaged for
volumetrieanalysis. At 50hpi, only 2farasitesn the lowdensity culturevere imaged due @
substarilsproportion of parasites having undergenerogonyand reinvasionSignificant size
differences between high and low density parasites were determined fyapranalysis of
variance (ANOVA) and podtoc analysis was performed using Tukey's honest faigni

difference test:

Mitochondria membrane potential (MMPY¥ ) assay

The loss of MMP(¥,) was assessed with <ICstain (Life Technologies, Grand Island, NY
USA). For, MMP staining6.5ug/ml (1 uM) JC1 in modified complete medium (RPMI, 10%
human serum)/was added to cells at 5xcHis/plone tour prior to each timepointin 10Qul
volumes. Aliguots of Zlay cultures were pelleted, incubated withlJGtain preparation and
washed. J€. positivity was calculated as the ratio of parasite population Wi red
aggregate signal in polarized mitochondria (PE) to parasites withgi€eraccumulation signal
(FITC) as determined by flow cytometm. background level of J@ negativity less than 5%
was observed in all sampleSignificance between time pagwas determined bANOVA and
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Tukey’s posthoc test Flow cytometry was performed on an Accuri C6 Flow Cytometer (BD
BiosciencesFranklin Lakes, NUSA) and analyzed with FlowJo v. 7.6.5 (Tree star, Ashland,
OR USA). 10 total singlet cellavere collectd per sample. Side scatter was used to gate the

singlet cell population used for all fluorescence analyses.

C32 binding assay

Parasite’ binding on C32 melanoma cells was carried out as described with cfTéngék
Parasites 'were"selected for adhesion to a C32 melanoma cell line (ATCC CRL 1585 C32r) as
described.C32 cells were seeded onto coverslips at %xis/ml 24 h prior to parasitized
erythrocyte: seeding and grown overnight. HD il cultures were prepared as described
above, andbinding assays were performed using late stage parasites collected 24 hours after the
initial media change, following the appearance of aberrant morphology but prior to parasite
release from_the erythrocyte@ HD cultures. Late stage parasites from both cultures were
normalized, to6x10° parasites/pin 2% hematocrit, and 300p! of infected erythrocytes were
added to €82«cells on coverslips andubated at 3T for 90 min in standard gas environment
Coverslips*were washed and fixed in 2% glutaraldehyde overniglt &thé number of

parasitestbound to 100 melanoma cells was determined using Giemsa stained smears.

In vitro parasite density teshold assay

Conditioned medium (CM) was harvested from trophozoites wihsitiesin the range
described dn“serimmune children[25] and tested on lowlensity late trophozoites. For the
harvest ofCMy27hpi trophozoite pellets were enriched using gelatin flotation and resuspended
in complete mediumAt 30hpi, trophozoites were seeded at the following parasite densities per
96 well: 10, 10, 1¢, 10’ parasites/10Q| and incubated for 12 hours. CM was collected from
each well_and, stored separately until use. 75ul of eachwasl added undiluted to éat
trophozoites.abx10-1x10* parasites/pand smears were taken after 12 hours of incub#tion
microscopys=analysisControlsamples were treated widlither complete culture medium or with
UCM harvestedfter a 12hour incubation on uninfected erythroey

Harvest of parasite culture conditioned media
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669 Parasiteswere prepared afor high andlow-densityculture assaysnd fed complete culture
670 medium at late ring stage. Culturegere incubated as describéor 1824 hoursunless

671 otherwise indicatedCM was harvested by pelleting cultures at 1700rpm for 5 minutes and
672 collectingthe supernatantCM was then centrifuged at 4500rpm for 10 minutes to remove cell
673 and parasite.debris and stored at 4°C for up to one week until use. Ciiolvas harvested
674 after incubation for 18-24 hours witlminfected erythrocyte

675

676 Conditioned'mediunassays

677 CM harvested as described above was added to late trophozoites (30hpi) at ldyv(Brh6

678 parasites/Pl Cultures were assayed for morphological effects afterol2shnCM (at schizont

679 stage) or after 24 hours to assess ring stage demsityeplication rate. Complete culture

680 medium ortUCM harvestedrom uninfected erythrocytes were used as controls. Parasitemia and
681 differential_counts were determined as ddsmmti aboveFor stagespecific CM assaysCM

682 fractions were harvested fromcubations spanningchizogony to 8hpi,-86hpi, 1830hpi and

683 18-36hpi marasites in HD cultures in 150mm polystyrene petri disRasasitecultureswere

684 given freshhmedium changeat Ohpi (schizogony/bursting)8hpi, and 18pi, respectively and

685 collected~as_described at the end of each incubation period. Harvested CM was added to
686 synchronized low-densityings and incubated for 24ofbrs. Control samples weréed with

687 complete cultte medium For titration assayCMs from high, low and uninfected erythrocyte

688 cultures were diluted in complete culture medium to 0, 20, 40, 60, 70, 80, 90, and 100% of
689 original CM™eencentrations. Titrations were added to low density, late trophozmites

690 examined fer-@aberrant morphology after 12 hours; n = 6. For theisolede assayestcultures

691 were synchronized as described above u&ingalciparum isolates3D7, Dd2, D6, HB3, and

692 1776.CM from 3D7 parasite culturewas added to low density teatlwresfor each of the

693 above isolateat, late trophozoite stageRing parasitemia waseasuredfter 24 hours. Control

694 samples weréed with complete culture mediunor all CM assaysziemsastained thin blood

695 smears were examined lyightfield microxopy for parasitemia counts and changes in cell
696 morphology:

697

698 Mass spectrometry
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Glucose and lactate analysis was performabdeaMetabolomics Core Facility at Bio®istitute.

HD and LD cultures were prepared as described and fed fresh medium at 1&ytsequent
incubation.  Uninfected erythrocyte cultures were prepared at 5% hematocrit and 40%
hematocrit.CM from all cultures wasarvested at-Bour time pointover a 3éhour incubation

and diluted. 2:50 for analysis. Samples were added 1:1 with equal volumes oirsugiiol as a
normalizing_factor. Methoxyamine was added for ring expansion and samples were then
derivatized"using BSTFACMS for gas chromatography mass spectrometry-K&} analysis.
Standard ceurves for lactic acid and glucose, resadygt were prepared in complete media.

To assess nutrient depletion in the HD and LD cultures, samples for liquid chraapatpgrass
spectrometry«(LEMS) analysis were prepared by addit@ul of conditioned media int890uI

80% acetonitrile/water to dxact metabolites. Samples were incubated at 4 °C for 1 h on a vortex
shakerSamples were centrifuged 10’ at 4000rfmrobtain a partickéree extract and stored at

80°C until analysis.

A Dionex RSLC U3000 LC system (Thermo) coupled with a fggolution, Q-Exactive MS
(Thermo) wvaswused for analysis of medium components, as described elsgi@heBeiefly,

10uL sampleswas separated orZEC-pHILIC column (5um, 4.6 by 150mm; Merck)over a
32min gradient using 26M ammonium carbonate (A) and acetonitrile (B) as mobile phases.
The QExactive MS was fitted with a heated electrospray source that switched between positive
and negative modes. The massohason was 35,000 fronm/z 85 to 1,050. A pooled quality
control sample waanalyzedperiodically throughout the run to assess instrument drift. Analyte
abundanceswas measured by LCMS peak height and identification of analytes wasquelpr
matching aeurate mass and retention time to authentic standards using the IDEOM software
[79].

Nutrientreplenishmenéand rescuassag

For glcose. and lactate supplementation asddiZzZx;M and LDCMwere supplemented with O,
10, and 20mM glucose or 0, 20, and 40mM lactate. Supplemented CM was addedi¢msatyw
late stage trophozoites and assessed for the density dependent death phenotypaaitsrof
incubation or for ringstage reinvasion after 24 hours of incubatibar the glucose titration
assay, a 1M stock solution of glucose was added to ghies&PMI to final concentrations of
0,1, 2, 4,6,8, 10, and 11mM prior to preparabboulture media. Control treatments included
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730 fresh complete medium or HDCM with and without 10mM additional glucose. Gutosions
731 were added to lowdensity late trophozoites and assessed as for supplemented CM assays.
732 For medium replenishment assakigh and low density parasite cultures wereparedat late
733 ring stageand measured for onset of the densigpendent death phenotypeloss of viability
734 after 1 or 2.medium change (18/30hpi, 18/24/26hpi, 18/30/36hpi, and 18/36/42hgmi)no
735 medium clange €ontrol). At each time pointparasitecultures were spun &00xg for 5
736 minutes; washed three times with complete medium and resusperfdeshitomplete medium.
737 Control cultures were pelleted and rggended in original supernatant.

738 For subculture dilution assay, higlensity parasite cultures were fed with fresh complete
739 medium atslate,ring stageAt 30 and 42hpismall volumes of each replicate were removed and
740 washed twice in complete medium. Cell pellets were resuspended in fresh comglieta ared
741 uninfected erythrocytes to reduce the parasite derfsitym 3x10' parasites/plto 5x10

742 parasites/ylor 1 in 6 keeping hematocrit constant. Control parasitesewarltured at low
743  density (5x18 parasites/pIwithout dilution.

744

745 Glucose supplementation assay dod/fcytometry

746 High and+lew density parasite cultures were prepared as described(abhdee High Density

747 Culture_Assays). At late ring stage (~18hpi), parasite cultures were fed with complete culture
748 medium and supplemented with additional 20mM glucose for a final concentration BF, 8m

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

750 after 24 heurswof incubation at the nominal late schizont stagewatear contenstained with

751 1uM SYTO=61(Invitrogen Carlsbad, CA USAfor 45 minutes at room temperature. Stained
752 cells were washed an additional 3x and analyzed immediately on a BD FACSCanto (BD
753 BiosciencesFranklin Lakes, NJ USA) usingfar-red laser (excitation max 628 nm, emission
754 max 646 nm)..Mean fluorescent intensity was determined using FlowJo software (FlowJo LLC,
755 Ashland ORUSA). Significance was determined using Studentést-

756

757  Vesicle depletion

758 Filtration assaydor vesicle depletiorwere performed using a Nalgene 100nm pgire PES
759 filter filtration unit. Filtered and unfiltered CM wascubated on lowdensity late trophozoites.

760 For all assays, parasites were assessed at schizontistggentify aberrant morphology and
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induction of the densitdependent death phenotypRing stage density and replication rate was

measured after 24 hours of incubation or following reinvasion.

Parasite culture for gene expression profiling

Low-density.late stage trophozoites in two 150mm polystyrene plates (per replicate per
condition) were 'treated with HDCM, LDCM or UCM for 2okrs prior to RNA harvest. This
scale guaranteed adequate RNA yield for gene expression prafgingell as enabled high
synchronicity™of parasite culturesA 2-hour treatment was selected to capture early

transcriptional events associated with the phenotype.

RNA harvest and gene expression detection

Total RNA was harvested from the packed bloodPofalciparum 3D7 samples using TRIzol
Reagen(Gibcg _Gaithersburg, MD USAas per manufacturer’s instructions. RiNAegrity was
measured-using an Agilent 2100 Bioanalyzer (Agjl&ainta Clara, CA USPand samples with

an RNA gintegrity number (RIN) of 6 and greater were hybridized to GeneChip®
PlasmodiumyAnopheles genome arrays (Affymetrix, Santa Clara, @fSA) in acordance to

manufacturer’s instructions.

Reattime RT-PCR

Sample RNA harvested frof. falciparum cultures was purified via theRIzol method and
used to synthesize 50pdg/cDNA with the iScript cDNA Synthesis kit (BiRad Hercules, CA
USA). Realtime PCR was prepared using approximately 100ng cDNA per sample with 2x

Quantitect SYBR Green PCR Master Mix (Qiagkeliilden, Germany) and 3 biological replicates
were analyzedin triplicate on a Corbett Research Rotogene 3QQ@agen)(n = 9). Control
samplescontaining no reverse transcriptase or no template DNA confirmed sample purity.
Primers were_designed using IDT PrimerQuest and run separately with optimizealirg
temperatures:For CM supplementation, glucose and human semere added to HDCM to
10mM and"5%, respectivelfHDCM+). LDCM was supplemented with lactate and HDCM to
20mM and 1%, respectivel DCM+). Cell cultures were incubated as descrilzed 3
biological replicates of RNA were harvest@eér condition Data was normalized against
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housekeeping gersePF3D7_0307100 and PF3D7_144480mer sequencassedare included
in the Supplemental material.

Microarray data analysis

Non-Anopheles. probesets were prprocessed and expression measures were calculated using
the GeneChip.muHarray aerage (GCRMA) metho{B0]. The analysis wagerformed using R
(version'2:15.0]81] with the affy (version 1.34.0) and gcrma (version 2.28.0) packages that are
part of the"Bioconductor projef®2]. The R package limma (version 3.12[83] was used for
calculation of differential expression by linear modeling and empirical Bayes statistics.

Gene set enrichment analysis was perfornme® (version 2.15.)0using correlation adjusted
mean rank<gene set test (CAMERA). CAMERA is a competitive gene set test that compares
members of a) gene set to all members of the dataset, to determine whether transcripts
differentially_expressed under conditions of interest @verrepresented in the gene set, taking
inter-gene associations into accoy#B]. GO-terms and gene descriptions were obtained from
PlasmoDB#(version 8.484,85]. Additional genesets (named PdBMET) were obtained from the
website “Malaria parasite metabolic pathways” by Hagai Ginsburg
(http://priweb.cc.huji.ac.il/malaria/)The autophagy, apoptosiglycolysis and kinasgene sets
werecompiled from the Ginsburg website and recent litergdii@e86—89].Gametocyte specific
genes were compiled from literature. Gene sets with norpialuesless tharD.01 andfalse
discoveryrate (FDR) less than0.05 were regarded as significabBlifferential expression was
determined*by,ltanges intranscript levels of 1fold or greater when comparinigetween
density samples-or assessing dysregulation of specific gene sgtsfisanceand directionality

of dysregulation were calculated using rotation gene set testing for linear models (R@#AST)

This method is a self contained gene set test that measures changes within an individual gene set
as a whole by comparing the effect of different density conditions only ayetiess within each

set. For all_comparisons, duplicates were removed gewes not available on the Affymetrix

arraywere.excluded from the analysis.

Statistical analysis

Statistical tests were applied as indicated. Significance between multiple populats was
determined by onreor twoway ANOVA for one or two factors, respectively (Matlab:
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Mathworks, MA USA), followed by Tukey’s honest significant difference test fot-pos

testing Significance between two populatiomas determined by a twailed Student’s {testor
Welch’s ttest and pvalues were adjusted for multiple comparisonBarasite responses to
HDCM versus glucose depletion were compared using linear regression modeling of tell deat
as a functien,of media titrationHDCM and glucosdree culture medium were titrated via
dilution in\complete culture medium from 100% to 0% and 11mM to OmM, respectively.
Parasite’ deattior both conditionswas calculated as percent loss of growth compared to
uninhibited growth in control samples and logrnsformed for linear regression. For comparison

of parasite responses to both treatments, we performed a global fit for thenednaaita
resulting from=both treatments and used ANOVA to calculate the probability of tlacar
arising from the global fit. The significance test resulting invalue < 0.05favored a more
complex modelwith two linear regression models fitted to each data set over the null hypothesis
with a single linear regression modéD]. For all comparisonsadjusted psalues of less than

0.05 were condered statistically significanFor gene set analysiCSAMERA, ROAST), FDR

values of desssthan 0.05 were considered statistically significant. Error bars indicate standard

error for differences between two populations.

Gametocyte transigt analysis

A panel of 711 genes was assembled from the literature. The resulting panel included genes
associated, with gametocytogenesis by correlation, expression profiling, or hahaimalysis.

532 of thesew711 genes were present on the Affymetrigroarray. Upregulated and
downregulated genes were classified with ontology annotations gathered from sime[PBa
website. [An additional panel o63jametocyte “marker” genes was assembled from published
literature, JUncluding known signifiers of specifsexual stages.¢. pfsl6, pfg377) as well as
putative inducers of gametocytogenesi®. (pfgig, pfgdvl) that have been confirmed and
validated usingin vivo experimentation, such as gene knockdown and other molecular and
cellular assays.Heat mapswere generated with Broad Institute software using ranked
gametocytergene expression values from microarray and8His Transcriptional signatures
from each experimental cdition were compared with thseof various stages asexual and
gametocyte developmeas in Younget al [49]. Pearson correlation coefficients were calculated
for the transcriptional profiles for all experimental conditiossg R (version 2.15.0).
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Gametocyte alture assay
HDCM, LDCM, and UCM were harvested as described previously. -demsity trophozoites

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

in RPMI and.replated in HOM, LDCM, UCM or complete culture med in triplicate for each
condition. s, Samples were incubated for 2h at 37C, washed 3x in RPMI, andefiated in
complete “culture media for gametocyte cultur€M-treated cultures were fed daily with
standard culture media and sorbitol synchronize®ays 1, 2 and 3 to remove asexual stages
from culture. On Day 7, samples were stained with thiazole orange (Sigma, 1:10,000) and
measuredforgametocytemia by flow cytometry. Data was analyzed using FlowJo software. For
each condition; mean and standard error was compuiée. dfference between means was

calculated usingneway ANOVA with Tukey’s posthoc test
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Supportingsinfor mation:

Table Sl1..Comparison of essential media components in high vs. low density conditioned
medium
Table 2:"Summary of pbal changes gene expression, higrs. low density; high density vs.

uninfected

Table 3. Microarray expressiomalues for op 50genes with significant differential expression,
high vs. lowsdensity

Table Sk=Microarray expression values fail genes with significant differential expression,

high vs. Tow density
Table $. Gene set enrichment profiles, high vs. low density

Table $.*Microarray expression values for gene sets usadR®OAST analysis high vs. low
density

Table S7. Validation of genes by RT-PCR with nutriempplemented HDCM+ and LDCM+
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Table 8. List of gametocytassociated genesdaccompanying ferencesall compiled (711)
Table 9. Source literature for gametocyte stagsociated gengall compiled (711)

Table 904Micrearray expression values for gametoeyssociated genes, full panel (532), high

vs. low density:
Table S1..RT-PCR Primer sequences

Figure Legends

Figure 1.P. falciparum growth is inhibited at high densities. (A) Paragitensity and (B)
differential_count was measured over 6 days of growth with no subculturing. Counts were
averaged over all replicates and presentgubeasitedensity per microliter of cultureR: rings;

T. trophozoites; S: schizonts. “Aberrant” indicates parasites that are shrunken, irregularly
shaped, and-highly dense in staining with compacted pigment. “Released” refaasttepahat

are not cantained within an erythrocyte and do not contribute to parasitemia. Medh A SE

3.

Figure 2:-Highdensity parasite cultures exhibit aberrant morphology. §&hematic ohigh-
densityculture set up. High and ledensity parasites are fed at late ring stagkiacubatedor

18h until late=trophozoite stage. Morphology is assessed throughout late trophozoite and
schizont stageor 1830h after initial feeding (B,CO) Brightfield microscopy of low parasite
density (LD) and high parasite density (HD) culturdssttates a unique death phenotyp®. (

LD parasites undergo normal development while HD parasites exhibit inhibitieoh@font
maturatien.and merogony, cell shrinking, blebbing and release of parasites from ergtrocyt
Scale bar;Bm: Differential comts (C) are shown as proportions out of 100 infected erythrocytes
(IRBC) and“averaged over replicates (n =R3)rings; T: trophozoites; S: schizonts. “Aberrant”
indicates”parasites that are shrunken, irregularly shaped, and highly denseniirg stéih
compacted pigmen{D) Volumetric analysis of HD and LD parasites shows inhibited late stage
development in HD parasitesor HD parasites, n >= 100 for all time points; for LD parasites, n
>= 40 at 345hpi and n = 20 at 50hgiE) Loss of mitochondrial membrane potential in Righ

density parasites is shown as the percentage of parasites withelfativity out of 100 infected
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1198 erythrocytes.Parasites(iRBCs) exhibiting the densitgependent death phenotyg®eath”)
1199 were assesseby brightfield microscopySignificance was determined by tway ANOVA
1200 with Tukey’s posthoc test for norconfounding interaction effects. HD48D50, p < 1el0;
1201 LD45-LD50, p = 1; HD50-LD50, p < 1e19 HD45LD45, p = 1.Mean + SEMn = 3.

1202

1203 Figure 3.Failure of parasite growth, schizont maturation and merogony in-tegtsity parasite
1204 cultures: Parasites prepared for high and {density culture as described were {stained for
1205 volumetric analysis using the lipid dy@ODIPY-ceramide TR (TRITC) anducleic acid dye
1206 Hoechst 33342/(DAPI). Representative images at 30 and 50hpi indicate inhibition of growth and
1207 nuclear division in late stage, higlensity parasites (HD) only, compared with normal increases
1208 in parasite‘cell’'volume and merogony between 30 and 50hpi ddowsity paasites (LD).Scale
1209 bar, 5pm.

1210

1211 Figure 4 High density conditioned medium inhibits normal parasite development and is stage
1212 and densityspecific. (A) Conditioned medium (CM) operates in parasite density ranges relevant
1213 to human malariaParasites exhibitinghe densitydependent death phenotyg®¢ath”) are
1214 shown aswa,proportion of 100 iRBC after treatment with CM harvested fromdptenoites at
1215 concentrations of F010°, 1¢* and 18 parasitesil. Percentages are averaged over replicates (n =
1216 3).(B) Schematic ofCM harvest and testing. High and lalensity parasites are prepared as in
1217 Figure A and fed fresh media at late ring stage. &dn iRBC and uninfected erythrocytes are
1218 harvestedoy=pelleting cultures and removing supernatant after 18 hoauloation.CM is
1219 tested by adding ttow-density, late stage trophozoit€s30hpi) and assessing fohanges in
1220 morphology and replication rate after 12 hours and 24 hours, respect(@@I\CM harvested
1221 from low parasite densitft. D) cultures and unimfcted erythrocyte@J) does not inhibit normal
1222 developmentcompared to CM harvested from high parasite density (HD) cultares 3.
1223 Differential counts are given as percent of 100 iRBC. R: rings; T: trophoz8iteshizontsAb:
1224 aberrant parasites thaxhibited the densitydependent death phenotygkiring late stage
1225 development., (DM was harvested from higltensity parasite cultures at varying stages and
1226 assessed for stagpecific killing activity on lowdensity cultures during maturation. ER:
1227 burding schizont to early ring,-8hpi; LR: late ring, 8L6hpi; ET: early trophozoite, 180hpi;
1228 T/ES: trophozoite and early schizont,-38hpi; Ctrl: fresh omplete culture median = 3. (E)
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Titration of HDCM in complete culture medium below 80% abrogatéiadiactivity. n = 6.(F)
CM harvestedrom 3D7 HD cultures exhibits iat-isolate activity when incubated on cultures of
P. falciparumisolates Dd2, HB3, D6, and 177Ring stage parasite densdjfter 24h incubation

wasused to measumficacy ofkilling activity. Mean £ SEMn = 3.

Figure 5 Essential nutrient concentrations HDCM. Glucose (left panel) and lactate (right
panel) levels'were measuredGMs collected in 6h intervals from high and low parasite density
cultures and“two uninfected enybcyte controls over the course of 30 hours. Incubations for
infected erythrocytes were initiated using 18hpi paradit®s high density; LD: low density; U:
uninfectedy 5%, hematocrit; R: uninfected, 40% hematocrit. Dashed lines éndicashold

concentrations‘required for parasite viability as described by Jenaler1 983[37]. n = 3.

Figure 6 Nutrient replenishment of higiensity parasite cultures ddDCM does not prevent
densitydependent deatlfA) Parasite viability as assessed by ring stage parasisgydenlow-
density testpeultures after 24h incubation in complete culture media with titrated levels of
glucose. 11 *mM concentration of glucose added to glugose RPMI prior to culture media
formulation;, Ctrl: complete culture medium; HD: higensty CM; HDG: high-densityCM
supplemented with 10mM glucose. (B) The effect of glucose supplementation on late stage
development of high and ledensity cultures was assessed by nuclear staining of cultures at the
nominal schizont stage.G-: no added gluce; G+: parasite culture supplemented with an
additional 20mM glucose (total of 30mM in fresh cultumedium fed at late ring stageliD,

LD: high orlew-density parasite cultuse Mean fluorescencentensity (MFI) was determined

for parasites stained WitSYTO61 to measure nuclear content. Significance was determined by
Student’s dtest: HD G+ vs. HD G p = 0.004; LD G+ vs. LD 6 p = 0.39.(C) HDCM and
LDCM was,_supplemented with 10mM glucoé@10), 20mM glucose(G20), 20mM lactate
(L20), or 40mM lactae (L40), and tested on lowensity late stage trophozoiteStrl: no
supplementationLeft panel: replication rate of test cultures after 24h incubation; right panel:
percentdensitydependent deattilfeath”) in test cultures after 12h incubatiol)(HD parasite
cultures are rescued Hjlution to low densitybut not by media replenishmemiD and LD
cultures were replenished with fresh complete culture mediaoat?2 time points as indicated:
30hpi (A30), 24hpi and 36hpi (A24/36), 30hpi and 36hpi (A30/36), or 36hpi and 42hpi (A36/42).
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HD parasites were diluted:6 in fresh complete culture media at 30kBub30)or 42hpi
(Sub42) keeping hematocrit constarnteft panel: replication rate of parasite cultuadter 1
cycle of replicationright panel: perent density-dependedeath(“Death”) in parasite cultureat
nominal schizont stag€ti: no media changer subcultureLD controls for Su0 or Sub42
were not diluted but maintained at 5%Jfarasitegil. Sarting culturs wereinitiated at3x1¢
pamsitesfi\(HD) or 5x1C parasitesd| (LD). Mean + SEM.n = 3 for all assays.

Figure 7.Parasites exposed to higensity vs. lowdensity conditions exhibit differential gene
expression(A) Functional categorization ofifterentially expressed genes afteeatmentof
parasiteswithsHDCM compared to LDCM. Transcripts were considered to be differentially
expressed'where fold change is greater than or equal to 2 and adjuated g 0.05. Functional
categorization of differentially expressed genes wasrohéhed by gene ontology. (B) Real time
PCR of 15 _genes confirms microarray expression patterns when comparing betwaighadd

LDCM treatment. All genes exhibited significant differential expression afterP&R
(Students gtest; p < 0.05). All genes espt MCA2 showed significant differential expression in

the microarraysPFIDs and primers sequences are contained in the supplemental material (Table
S11). (C)«Barcode plots illustrate distribution of genes in highly differential gene asets
determined®y correlation adjusted mean rank test (CAMERAO_0020033: antigenic
variation, GO_0020025: cytoadherence to microvasculature mediated by parasite protein,
GO_0005783: endoplasmic reticulum, and GO_0008654: phospholipid biosynthesis.
Enrichmentplots above barcode plots show relative enrichment between high amhehkity
conditions using statistics for each gene set. No significant enrichment was observed for the set
of dysregulated genes associated with glucose depriv&iesults shown are avee) over

replicates (n = 3).

Figure 8. Real.time PCR of 44 genes using conditioned medium supplemented with replenished
nutrients (HDCM+) or with metabolisy-products(LDCM+). Fold change (log2epresents the

ratio of expression values f&#DCM+ over LDCM+ and are plottedagainst-log10 pvalue.

Blue data points highlight HDCM+/LDCM+ RIPCR expression values concordant with the
microarray expression values for HDCM/LDCM. -vBRlue is determined by Student'sest,
dashed line indicates0.05.Resultsshown are averaged over replicates (n = 3).
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Figure 9.Exposure to high parasite density induces dysregulation of sexual stage transcripts
asexual parasites. (A) Exposure to HDCM induces changes in gametocyte gene RNA transcript
levels within 2 hourssacompared to parasites exposeddCM or UCM. A gametocyte gene
set was compiled using 83genes either coding for known gametocyte markers or whose
expression, correlated with gametocytogenesis based on published literature. pieatdicate
dysreguléon of'gametocytassociated genes when comparing treatment with HDCM to LDCM
or to UCM;"but no significant differential expression when comparing treatnbetigeen
LDCM and UCM. Columns indicate independent biological replicates; rows espres
individual gepes. Acores indicate standard deviations from the mean, centered and normalized
for each row giving relative signal intensity between sample columns. Red: upzdgilate:
downregulated. (B) Differential expression of a panel of 39 sexual gewelt markers. Left
panel: A panel of 39 gametocyte markers with known roles in gametocytogenesis raged ar
from earliest to |latest expression throughout sexual develognosrst) Expression values from
previouslyspublished time course data weretelggl using pairwise average linka@elumns)
Right panel: '"Heat map generated for stagecific gametocyte marker panel using expression
data fromshigh and low density Cheated parasitesGametocyte marker expressios
upregulated”in HD samples thghout all stages of sexual developmeft. Transcriptional
profiles for parasites exposed t#DCM, LDCM, and UCM were correlated with known
transcriptional profiles for all stages during tRe falciparum lifecycle [49]. Biological
replicates swvere, correlated withexperimental condition groups to assess extent of biological
variation and=found to exhibit low variation (r > 0.98, all conditians}or all samples,
transcriptomes correlated most strongly with late trophozoites, but not withgaanetocytes

All Peasaon correlation coefficients are significant (p < 0.0001Y1-3; LD1-3; HD1-3:
biological replicates fotrophozoites treated with UCM, LDCM, and HDCM, respectiveljz:
merozoite; ER: early ring; LR: late ring; ET: early trophozoite; LT: late tropkmzBiS: early
schizont; LSilate schizont; GlI2: gametocyte commitment to maturation; Spz: sporozoite.
Table 1. Highpar asite density environment induces global changesin gene expression

Table 1. (A) Global changes in gene expression are induced thar 2ncubation in HDCM
when compared with gene expression in LD@W= 3) Number of genes with statistically
significant differential expression is indicated. (B) Dysregulation of the gametasyteiated
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1326
1327
1328
1329
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1331
1332
1333
1334
1335
1336
1337
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1339
1340
1341

gene set. Early, peak expression during gametodgvelopmental stages I/lIA; Middle, stages
[IB/1ll; Late, stages IV/V. Numberof genes with statistically significant differential expression
andat leastl.5x fold changare indicated(C) Dysregulation ofP. falciparum pathways under
high-density caditionsmeasured by rotation gene set testing (ROAifferential expression

of gene sets associated with sexual development, cell death mechanisms, epigenetic
modifications _or variant gene families, including gene set size and direttyiarfaéxpression in
high density"‘conditions (up, down or bidirection&p/Down total number ofsignificantgenes

up- or downrregulatedper gene setOverall gene set significance is indicated by false discovery
rate < 0.05 (FDR)PHDs for geneses are containedin the supplemental material (Tablé&)s
Data for variant expressed genes, H3K9rapAched genes, and Hiehriched genes are found
in [45-48].

Table 1. High parasite density environment induces global changesin gene expression

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-Il) 51 31 20

- Middle (Stages II-lll) 49 31 18

- Late (Stages IV-V) 23 10 13
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C. Gene set dysregulation Size (up/pown) | Direction FDR

Gametocyte-associated genes, full panel 711 (90/61) Up 4.92 x 107
Gametocyte genes, verified (36) 36 (6/2) Up 3.11x10°
Apoptosis 25 (g/5) Bidirectional | 1.35x10°
Glycolysis 23 (57) Down 1.19x 107
Autophagy 6 (0/3) Down 5.25x 10°
Kinase 130 (22/21) Bidirectional | 4.15x10°
Mitochondfial antioxidant system 10 (o/3) Down 2.46x 107
Thioredoxin/glutaredoxin/peroxiredoxin 16 (/) Down 8.24 x 10"
Variant expressed genes, 3D7 138 (13/2) Up 4.15x 10™
H3K9me3-enriched genes 384 (19/1) Up 1.52 x 10
HP1-enriched genes 425 (36/3) Up 2.11x10°

Table 2. Density-induced alterationsin P. falciparum functional pathways

Table 2. Enrichment d®. falciparum pathwaysn parasites culturednderhigh and lowparasite
density conditionsas determined bgompetitive gene set testingsing correlation adjusted
mean ranktegiCAMERA) and averaged over replicates (n =R)r each category, the number
of dysregulated pghways is indicated.
pathways are upregulated in the hagnsity condition compared to low densitifigh”) or in

the lowdensity. condition compared to high density (“Low’gignificance of gene set

enrichment'was determined liglsediscovery rate ¢yalue < 0.05.

Table 2. Density-induced alterationsin P. falciparum functional pathways

“Enrichment profile” indicates whether functional

Category No. of Pathways Enrichment Profile
High Low
Antigenic variation and cell adhesion 14
Apicoplast 2 X
Endoplasmic reticulum / protein transport 6 X
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Export 1

Metabolism 2

Motor activity and cytoskeletal

rearrangements 5
Nuclear component 2
Ribosome biogenesis 2
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