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PfRh4: P faleiparumreticulocyte binding protein homolog 4
ICAM-1: Intercellular Adhesion Molecule 1
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Abstract

TheP. falciparumvar multigene family encodes tloytoadhesiveyariant antigefPfEMPL.

P. falciparumantigenic variation and cytoadhesion specificity are controllespimyenetic
switching between the single, or few, simultaneously expressegenesMostvar genes

are maintained in perinuclear clusters of heterochromatic telomeres. Thevactieads)
occupya single, perinuclearar expression sitdt is urresolvedwhether thevar expression
site formsinssituat a telomeric cluster or whether itas extant compartment to which single
chromosomes travel, thus controllimgr switching Here we show thdtanscription of azar
gene did notrequire decreasedacalisation withclusters of telomeresupportingvar
expression site formatian situ. Howeverfollowing recombination within adjacent
subtelomerie'sequences the sarmegene was persistently activataad didco-localise less
with telomeric clustersThusparticipation in stable, heterochromatic, telomere clusters and
var switchingareindependent but are bodffected by subtelomeric sequencésevar
expression site etocalised with the euchromatic mark H3K27a@awreater extent than it

did with heterochromatic H3K9me3. H3K27aasenriched withirthe ative var gene
promoter evenwhen thar gene was transiently repressednature parasitesndthus

H3K27ac may.contribute tear gene epigenetic memary

I ntroduction

EachP. falciparumparasite possesses approximatelgié@rentvar geneq1] that encode
the immunodominant, variant surface antiferialciparumerythrocyte membrane protein 1
(PFEMPY) [2-4]. At any one time only one [5], or a few [@lifferent PFEMP1s are expressed

This article is protected by copyright. All rights reserved



at the surface of the infected red blood cell (iRBC) where they neeatifitesion to host
receptors in the microvasculatyg 5-7]. This allows parasites to sequester away from the
circulation[8] and thus presumabbwvoid destruction in the splegh 10]. The samevar

geneis transcribed in immature ring stage parasites over multiple generdiigpsrasites
can switeh torexpression of differardr genesalteringhost receptor specificitgnd causing
clonal antigenicvariatiofiL1-13]. The tight regulation ofar allelic exclusive expression and

switching is believed to be critical for escaping immunity and maintaining chronic infection

Expression.ofar genes is regulated by epigenetic mechanenasthevar promoter [5] or
promoter and intron [14re sufficient for participation imar allelic exclusive expressn

and switching=encing is associated with enrichmenttloé histone modifications

H3K9me3 and H3K36me3 across trar coding sequence and promoidrilst activation is
associated with enrichment of H3K9ac, H3K4me3 and the variant higedhA.Z andPf
H2B.Z at the proamotegfreviewed in15]). The activevar gene is transiently repressed in the
mature trophozoite and notably this cep@nds with loss of # activation marks but
enrichmentin:H3K4me2 at the promoter [18% the transiently repressedr gene is usually
activated in the subsequent intraerythrocytic lifecyel@k4me2 has been proposed to confer

epigenetic memory upon the transiently repressedene.

Var genes aresgrouped at subtelomeric and several chromosome intermaitisitethe
genomer[1].Telomeric sequences tetHerfalciparuntelomeres to the nuclear periph¢ty]

in clusterd18] that are formed via interactions between telomere associated repeat elements
(TARES)[17.and uncharacterised proteins [1Bhe sub-telomeric group A andBr genes

are presentitheperinuclear telomere clusters tigbridise to probes derived from

telomeric repeatandthe subtelomeric repesequences rep20 (TAREG) and TAREA4 [5, 19-
23]. Somevar introns canalsobedirectly recruited to the nuclear periph¢pg]. Genome

wide chromosome conformation capture E)if25, 26]and fluorescence 4gitu

hybridisation (FISH]5] studies indicated thélhe chromosome internal groupv@r gene

clustes are alsassociated with sutelomericvar clusters. However another FISH study

indicated that they form separate, polyomosomal clusters at the nuclear peripfizay

Clusteringof silent loci and the perinuclear tethering and clustering ofésdsrf27-29hre
widespread in eukaryotes. Recruitment to the periphery requires H3K9 methylation i
Caenorhabditis elegar{80] and tethering involves a range of telomere and membrane

associated proteins including Sir3 and Mps3 in yeast [31P38]Iciparum subtelomeric
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regions are also enriched in methylated H3K9 [33] and PfOrcl probably fulfils thertgthe
and possibly cluster formation, functions of Sir3 [34, 35].

P. falciparumring stage parasites have around tiaascriptiorsites in their nucleus which
are significantly enriched at the nuclear periphery in regions of lower chromatin daékity
Multiple studies havehown that the expressedr gene occupies a transcriptionally
permissive expression site at the nuclear periphery. These studiashdWeNA FISH22,
23, 37],DNA EISH [5, 19, 20, 22, 23, 37, 38], endogeneasloci [19, 20, 22, 23, 38] or
plasmids otrans genegd5, 19, 37,38]. The var expressiorsite has been reportead
accommoda one [19, 20, 23, 37] or two [6, 2&kpressedar genes simultaneoushut can
also simultaneously accommodate other man-active promoter§37, 38]. Thus activevar
promoters have a strong preference for a single perinuclear expression sa@ that ¢

accommodate multiple actiwar and nonvar promoters.

For avar geneswithin a silent perinuclear cluster to be activatedutd eitherleavethe
clusterandenter the active site as a solitary chromosf#2fie21, 23]0r the active siteould
form in situwithin the polychromosomatluster ofsilentvar loci [5, 19, 22].These different
observationsvere made usingISH with various probes. An orthogonahalysisusingHi-C
datafound no difference in the interchromosomal interactlmetsveemmultiple var genesn
their active orssilenstate alsosuggesting that actiwear genes did not leave theipoly-

chromosomal.clusters.

Aside from accommodating activar genes, th@ar perinuclear expression site is poorly
defined. Uponactivatiomar genes are associated with the periphery of a polar concentration
of H3K4me3 [39] and are closer to the H3K4 methyltransferase PfSET10 and fuothér. f
falciparumheterochromatin protein P{HP1)than when silent [40]. However the actixer

gene does not clocalise with nuclear porgd1], nor with subtelomeric long non-coding

RNAs [42]pnor with the euchromatic mark H3K79me3 [39].

Further insight intd®. falciparun perinuclear expression sites was furnished by the study of
Pfrh4 [43]."This genes also retained at perinuclear repressive, subtelomeriedushen

silent and'when expressedisoco-localisad with the same expresse@isome used to

define thevar expression sit¢38]. Recruitment oPfrh4 to theexpression siteia expression

of an adjacent, integted tranggene increased the frequencyPdfh4 activation but did not
inevitably causé@frh4 chromatin remodelling and promoter activation. Tesreased
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localisationof Pfrh4 with telomere clustersvas associated with its increased activataie
rather than activityper se

Previously ve showed that gene conversion from within the intrath@¥ar2csagene to the
proximal telomerevas associated with an increaseg2csaon switch raten the CS2

parasite ling44]. The recombination did not alter thar2csapromoter or first exorilhe
mechanism for the altera@r2csaswitch rate was uncleaubwe proved that it was not due
to the recambinedar intron sequence and thus concluded that sequences& 2usahad
affected thevar gene switch raté/Ve isolated clones from the recombination event that had
ceased to expresar2csaand thus concluded that the recombination had increased the on
switch rate but'tht var2csacould still be stably silenced by epigenetic mechanistese we
show that the recombination war2csaappearso havecaused an inescapalaetivationof
var2csaand. that thiss associated with decreased ctocalisationof thevar2csalocuswith
telomeric clustersThis work siowsthatsubtelomeric sequence elements outsidedine
transcriptionaluniaffectits activationandits ability to participate in stable, silent, telomeric
clusters Whether these traits are functionally related is unknown but these findings do
suggest an intriguing possible explanation for Wawgene switch ratesan differ
independent of'their promoteid/e also show that thear expression siteaks not form a
discrete concentration ghr-associated euchromatic marks but doetocalise with
H3K27ac.te"a greater extent than with H3K9me3. Furthermore we show that H3K27ac may

play a role invar epigenetic memory.

Results
Recombinedsubtelomeric squences cause inescapaattivation of a cis var gene

To studyfactorsaffectingar gene switching we analysed the spontaneous mutant CS2
parasites. CS2 parasites are a subclone of the E8Bd#oned from the ItG strairE8B

parasites exhibitwildypevar switching butCS2activatesrar2csaat an atypically high rate
leading to continual expressiontbkevar2csagene within a population of CS2 parasites [44].
We could select for CS2 parasites that had switched to expression of a diffemgehe by
selecting CS2 infected red blood cells for adhesidntarcellular Adhesion Molecule 1
(ICAM-1). Previously we analysddur clones of CS2 parasites that had been selected for
adhesion to ICAML and showed that three had reverted to adhesion to chondroitin sulfate A
(CSA) and thus expression var2csa(clones CS2isB10, CS2isC9 and CS2ispig) 1). The
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clone CS2isC8 however did not revert to expressiorafcsabut insteadnaintained
expression of @ar gengs) encoding adhesion wuster determinant 3&€€P36) for 240 days
[44]. Two othercloneswererecovered but nanalysedt that time One of these clones
(CS2isB3) expressed solaelr2csaby the time it was recovered, consistent vaith
previousreport-ohn increased eswitch forvar2csa(data not shown)rhe other clone
(CS2isD4) however did not adhere to CSA but instead bound ICAM-1 and W36
recovered'at 86 days post selectiddhesion to ICAM1 decreasedfi@r continuous @lture
for a furtherl00 days, indicative of switching to expressiowvarfgenes encoding adhesion
to CD36 aloney(fig 1). Thus, two of the $&AM-1-selected CS2lones that were recovered
did not spontaneously revert to expressionar2csa.

The two clongs that had switched to expressioranfienes encoding adhesion to CD36
were analysed bouthern blot for the presence of the recombirsg@csalocus. Both
clones had undergone a further recombination event resulting in leag208a(fig 2). A
probe to the*3»end of thear2csaexon 1 hybridised to predict&tgl andClal fragments in
the CS2 parental clone, but not in the clonal progeny CS2isD4 and CS2isC8 @d32. A
probe to the 3" end aicylCoA synthetase 7ACS7 (accession PFD7_1200700)the
adjacengene towards the centromehgbridised taall of the predicted restriction fragments
from the €S2 parental clone but not the clonal progeny CS2isD4 and CSsZ8 & C).
The ACS7probe spanned aikcll restriction site aneh both clones hybridised to the 526

bp predicted fragment containing the 5’ portiolAGIS7 This indicatedhat the
rearrangementhathadresulted in loss of thear2csagene occurred betwedime Acll site in
ACS7 and thé\cll site 5010 bp away towardsr2csa ACS7is a member of a partially
conserved multigene family and the additional bands observed in CS2, CS2isD4 and
CS2isC8 are'presumably due to hybridisation with fragments from other membess of thi
gene family=Wesconcluded that the only CS2 sub-clones we obtained that couldmaintai
silencing'ofvar2csahad deleted the entik@ar2csalocus. That two of theix clones
recovered from parasites that could be selected for adhesion to ICAM1 appeared to be
siblings from thesame rare deletion of an entw&2csalocus reinforced the very low
frequeney at which parasites retpressingar2csawere available in the CS2 population.
We concludedthat high frequency switching ovarf2csawas an inescapabt®nsequence
of genetic difference between CS2 and the parental ES8B, most probablytdeeeme

conversion that had replaced all sequences fromat®esaintronto theleft handtelomere.
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To identify other possible genetic causes of the CS2 parasite’s persistent acafatio
var2csawe had previously used comparative genome hybridisation [44]. We confirmed
those findings and extended them to detection of mutations predicted to cause lossaof functi
and to identification of differentially expressed genes that could cause the activation of
var2csa Genetic variations between CS2 and the ECS and EIC phenotype selections of the
E8B parental clone were analysed by sequencing cDNA. Genome wide association studies
have repeatedly shown that variants associated with phenotypes are frequektyajutsi
coding sequences, presumably in regulatory regions. We have previowstyeobthat the

high AT content and extreme low complexity of fefalciparumnon-coding sequences

results in sequencing errors that don’t impair mapping but could lead to many false posit
variants. By sequencing cDNA we eliminated the need to interpret variants codiomy
sequence by directly determining whether genes were expressed, and thus whetteryegul
sequences were functional. Although sequencing cDNA reduced our coverage of lowly
expressed genes we also assumed that genes not exjpmegsgdtages were probably not
important forvar gene regulation. Reads mapped to 5327 of the 5699 annh@t&iain

genes in atleast one of the sampResarson correlations of rlog transformed readcounts
between any oftwo of EIC, ECS and CS2 were all greater than 0.98. Only three genes had
log2 fold change greater than 2 in CS2, they were a rifin, a stevor pseudogene and a 28S
rRNA and no.genes had log2 fold change less than -1.8 in CS2 (fig 3, TabgeS1

concluded that differences in the levels of expression of regulatory genes was not responsible
for the differences imar2csaswitching and cdecalisation of thevar2csalocus with

telomere clustersbserved in CS2.

For technical reasons identifican of genetic variation was performed using the more
complete 3D7 strain genome (see methods for det@ishpared to the 3D7 genome CS2
parasites'had 237 single nucleotide polymorphisshg, 78 insertions and 63 deletions

that were absent from EIQid ECS and 33 of theseere predicted to cause a loss of

function. EIC had 521 SNPs, 59 insertions and 96 deletions that were absent from CS2 and
ECS and 23 of these were predicted to cause loss of function. Unsurprisingly variant,
multigene.families contaed many of the loss of function variants, as the 8td&ingenome
contains a different repertoire of these gendbddtG strain these reads will have

mismapped, e.g. most of the 3R&r genes identified as having loss of function variants had
readsthat mapped only to semi-conserved exon 2. These loss of function variants can

therefore be disregarded. Inspection of all predicted loss of function vagsaatded that all
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bar one did not in fact affect function. The majority were incorrectly idedtdis insertions

or dektiors present in only CS2 or only EIC but were in fact due to clust&SaIFs that

were present in both CS2 and EIC. The sole loss of function variant present in CS2 and
absent from EIC and ECS was a frameshift deletion in the protein phosphatapprgéne
(PF3D7 10420300, chromosome 4, position 473391, TC to T). Thus no clear candidate for
mediatingthe altered switching wr2csawas identified, although a role for PPM1 cannot

be excludéd.

Recombined subtelomeric sequences alténecis telomere’sability to participate in

perinuclear; telemeric clusters.

If the recombination ivar2csacaused ainescapabléncrease in activation at the lodas
CS2parasitesve reasoned that there may be a detectable diffenemcelear localisation of
the activevar2csalocus between CS2 and wild tygegrental E8B parasites. Nuclear
mobility and residency of thear expression site have been linked to allelic exclusive
expressionse¥ar genesand subtelomeric sequences are neglifor polychromsomal
cluster formationand can exert repression war2csapromoter activity{44]. To this end we
repeatedly selected CS2 and HEE S)parasitesor adhesion to CSA until they both
expressed primarilyar2csa(fig 4A). We also selected parental EGBC) parasitegor
adhesion to ICAML and confirmed that they did not expreas2csa(fig 4A). We then used
these parasites for DNA FISH with probev#w2csaand to the subtelomeric repeat rep20
(TARES6). Rep20 has been repeatedly used to idesuibyelomeric clustelis DNA FISH

experiments [20].

DNA FISHforeach parasite line wgerformedn biological triplicate. In total at least 66
fields were'sampled for each parasite line and 854 CS2 nuclei, 957 ECS nuclei ahd 491 E
nuclei were counted. The proportion of counted nuclei in whickahzcsaFISH signal ce
localisal at allwith a rep20 signal was determined for each fi€lte data were all normally
distributed (Dagostino and Pearson normality ¢e€1.05). Significantlyfewerof the CS2

nuclei (mean 0.4188 sd 0.191) had2csaloci that celocalisaed with the rep20 probe than

did theECSnucleithat expressedar2csa(mean 0.5275 sd 0.1708r the EIC that did not
expresszar2csa(mean 0.5366 sd 0.20B@unpaired test p< 0.0009 (fig 5). However there

was no difference between ECS and EIC in the proportion of nuclei in wéwi2bsaco-

localisal with rep20We concluded that in CS2 parasites the recombined sequences from
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var2csatowards the telomere caused an increased frequency of escapéetiftiaad
chromosome 12 subtelomeric region from perinuclear telomeric clusters compared to the
ECSparasites that also exclusively express@csa.However the mobility of thevar2csa
locus was independent wir2csatranscriptionper seas the wildtype parental clotiees

EIC and"ECS*hadimilar, higherrates of co-localisation with rep20Thus ar DNA FISH

data supported the model in which treg expression site can be accommodatétin a

poly-chromosomal sutelomeric clustefs, 19, 22].

The var gene expression site does not clearly associate with markers of euchromatin but
overlagpedimore byH3K27ac than by heterochromatic H3K9me3.

The composition of thear gene expression site remalaggely undefinedWe attempted to
determine whether thear gene expression site was detectable as a grossusidar
structure that-associated with euchromatic histone modifications but not heterochromatic
H3K9me3=Werhypothesised that if a histone odification was associated with thar
expression site then it might be closer to, or have more overlap with, thevacfiesathan
did the heterochromatic mark H3K9me3. To this encanedysed 3D7 parasites expressing
var2csaand hemagglutininHA) tagged PfH2B.Z byFA; usingantibodies to HA, PfH2A.Z
and various histone modifications; combimveith RNA FISH usingin-vitro transcribed
var2csaantrsense RNA probe$Ve combined IFA with RNA=ISHrather than DNAFISH
becaus¢he harskr conditions required for denaturation and hybridisatioBNA FISH
degrade epitopdd5, 46] andbecausd&RNA FISH has been used previously in the analysis of
var gene expression sitga2, 23, 37, 40]. All experiments were conducted in biological
duplicate and analysed by confocal microscopy. As expetiedRNA FISH f{ig 6A)
generated asmore diffuse signal than DNA FI8# §). However in mammals, FISH signals
from mRNAs are detectably concentrated at the active locus despite the pfsardear
FISH signal due to mRNA diffusion [47, 48]herefore v& employed two widely used
measures to ascertain whether a histone or its modificasisociated with thear expression
site: 1) the distance between peak fluorescence of the histone or modification ea@ctka
RNA (as used.previously iA. falciparum[40]) (examples ifig 6A, fourth column) 2) the
overlap‘betweethe fluorescent signal from the histone or modification anddn2csaRNA
[49].

The distance between peak fluorescence ovain2csaRNA and any of the histoseor
histonemodifications tested were not significantly differeldtiskal Wallis test)fig 7A).

This suggests that none of these activatissociatethistones omodifications were
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particularly associated with, or restricted to the putative, activgene expression site. This
result is consistent with existirapromatin immunoprecipitatiorChlP) genomic datasets for
H3K9ac, K3K4me3PfH2A.Z, andPfH2B.Z, which all have a widespread distribution
throughout the genome and thus, although they might be expedttedrzsent at thear

gene expression sittey would also be expected to be spread throughout the nucleus. Indeed
only H3K9me3 showed the predicted rased distribution at perinuclear foci.

Comparing Manders M2 coefficients for all histone modifications,uasacsaRNA co-
localisedwith H3K9me3 than with H3K27ac (Kruskal Wallis test p<0.0001, Dunns multiple
comparison‘tedtf all otherso H3K9me3 p=0.0072)ig 7C). This is consistent with thear
expression site’being in, or closer to, a region of the nucleus that is enriched omauiichr
rather than heterochromati@omparing Manders M1 coefficients for all histone
modifications, less H3K27ac than H3K9madocalised withvar2csaRNA (Kruskal Wallis
test p<0.0001, Dunns multiple comparison tésdll othersto H3K9me3 p=0.0125¥i¢ 7B).
This is consistent with thebservable, broader nuclear distribution of H3K27ac than

H3K9me3(fig-6B), therefore less H3K27awverlaps withthevar expression site.
H3K27ac marks active var promoters

In othenreukaryotes H3K27ac is found at active promo®lisajnd both H3K27acq0-52]

and H3K4mel.[50, 51, 53-5@}e associated with enhancers of expressed gdB&27ac

has been‘identified by mass spectrometry of blood fatgciparum[57, 58]. To determine
whether H3K27ac and H3K4mel were enriched at agtvgenes & performedChIP using
theP. falciparum3D7 clone and its progeny 3C and 3l@@m The 3D7 cloneis allogenic to
E8B, but like ESB does not express dedabtd levels offar2csa.3D7 parasites were selected
for adhesion to CSA to generate 3C parasites that express high leva2asfa similar to
ECS.3D7 parasites were also separately selected for adhesion to ICAML1 to generate 3D7
icam parasites that exggsed a range of genes includitfg.0020w(fig 4B). 3D7, 3C and
3D7-icam aresestablished in our laboratory as a model for studying changesmatimr
associateavith,var geneexpressionf59, 60].Precipitated DNA was quaraited by
guantitativePCR Q-PCR andexpressed dsvels of(H3 modification ChIP relative to nen
immune ChIPR)/(H3 ChIP relative to nammune ChlIPgatthelocusof interestrelative to the
same ChIP ratios at the hsp70 coding sequence. This approach er@bipsal replicates to

be aggregated for statistical comparison [B@e methods).
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H3K27ac was enriched at the promdtd500, p=0.0023, -1000 p=0.00)Hnd intron
(p=0.0173 of var2csain 3C compared to the promoter (-1000B8ID7 parasitegfig 8A)
(Friedmantestp<0.0001, Dunn’s multiple comparison test, comparing 3D7 -1000 to all
others). There was no significant enrichment of H3K27a&Hh0020win 3C or 3D7 when
compared toth®FL0020wpromoter (-450) in 3D7 parasites, althowgtiend to enrichment
was appant at thePFLO020wintron (p=0.0528) in 3C parasites (Friedman test p=0.0002,

Dunn’s multiple comparison test, comparing 3D70-4& all others).

H3K4mel was marginally enriched in th@2csapromoter (-1000 p=0.0305, -575
p=0.0127)andtart of tle coding sequence (+75 p=0.0402) in@Casitexompared to the
promoter (-1000) irBD7 parasitegfig 8A) (Friedman test p=0.0006, Dunn’s multiple
comparison testomparing 3D71000 to all othersputthere was no enrichment of

H3K4mel at any positionithin PFLO020win 3C compared to theFLO020wpromoter(-

450) in 3D7 (Friedman test p=0.0137, Dunn’s multiple comparison, comparing 3D7 -450 to

all others),

H3K27ac levels were more varial@erossPFL0020win 3D74cam with much less

enrichment in the 5’UTR at position -450 in rings compared to enrichment in the 5’ UTR of
var2csain rings of 3C parasitedig 8A). Thisis probably because multiplear genes encode
ICAM1 adhesion leading to the mixedr gene expression profile of 3D@am parasitesf(g

4B). This'is.unlike adhesion to CSA which is encoded solelyab®csain 3C parasiteffig

4B). However greater enrichment of H3K27ac was still detected iri@&% than in 3C and
3D7 combined.when comparing the aggregated values for all positions in the 5" UTR of
PFLO020win eitherringsor schizonts (both p<0.0001 Mann Whitney tefit) B). In

contrast thereswas no significant difference betweeni8®n and combined 3C and 3D7 in
the levels of H3K27awhen the aggregated values of both positions in the coding sequence

of PFLO020wwere compared in either rings or schizoffits §B).

Neither H3K27a.nor H3K4mel enrichment differed between ring and schizont stages at any
single positien,within eitherar2csaor PFLO020win either 3C, 3D7 or 3DTEAM parasites

(t-tests, twosstage linear step up procedure of Benjamini, Krieger and Yeukutgt) 4176).

The levels of H8K27ac were also assessed invaoigenes. Moderate enrichment upstream
of genes was apparent in both rings and schizonts for genes expressed predominagdy in ri
(hsp70, etramp10.1, sbpkx) or at similar levels in rings and scbigs €bal75 casein

kinase ] (fig 9). However for genes thawere predominantly expressed in schizdqatgin 1,
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msp3 H3K27acenrichment was far more apparent upstream in the schizont stage but was not
apparent in the ring stagig(9). H3K27ac was nagnriched in either rings or schizonts
upstream of genes that were not expressed during theemtiraocytic lifecycle ¢sp, trap,

slarp).

The patternof H3K27ac enrichmenwereconsistentvith constitutive enrichment of
H3K27acat the promoters of actiwar and other ringstage expressegenes throughout the
intraerythrocytic lifecyclebut with dynamic, expression associated enrichment at the

promoters of genes expressed in schiztenjes

Discussion

We used RNAseq to idenyiflifferences in gene expression or genetic varisgy®nd the
chromosome 12 recombinatitimat may have caused the persistent activatioa@csain

CS2 parasites«.Differences in the levels of the expression of other genes did not explain the
persistenhactivation ofvar2csain CS2.Impairment of the methyltransferaBéSET2
(PF3D7_1322100) was previously implicated in persistent activatieargtsa/61].

However infanether study disruption of PISET2 led to general de-repression ofanany
geneg62}..Ihis was despite the prolongedvitro cultivation post transfection required to
recover PISET2 mutants, which would have predidmple time fovar2csaspecificeffects

of PfSET2 disruption to be detected. More recently, inhibition of other metngferases

also specifically activatedar2csaat the chromosome 12 locus, but wat2csatransposed to
another locu$63]. This reinforced the importance of sequences va&@csaon the

chromosome 12 loci but outside of ter2csagene and promoter for establishing proper
chromatin mediated regulation wdr2csa.We found that PfSET2 had several short deletions
and severalsingle nucleotide polymorphisms compared to the 3D7 sequence but these wer
conserved between CS2, EIC and ECS and were not predicted to affect PfSET2 function. No
other genes have been implicated in the mechanism of impairddsaswitching. PfSET2

binds dephosphorylated RNA gaherasdl C terminal domain (RNA pol ICTD) whichhas

been proposed to recruit PFSET2 to chromatin where it reguate®ene switching61]. In

other eukaryotes multiple protein phosphatases are able to dephdesggh@iVA pol II| CTD

and some affect the transcription of restricted groups of §éAgsThe protein phosphatase
geneppmlwas the only gene in CS2 with a predicted loss of function that was not in EIC or

ECS.P. falciparumhas 29 protein phosphatases, PPML1 is not an ortholog of any known
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RNA pol Il CTD phosphatases and its deletion causes no detectable phenotype ihRasexua
berghei,but it is essential for exflagellation of gamef@s]. Thus there is no evidence that
that PPM1 dephosphorylates RNA pol Il CTD but we cannot exclude that it plays a role in

SET2 recruitment twar2csa.

Previously it.was shown that loss of an entire subtelomeric region, includingrtgenes,
prevented thaffectedtelomerefrom joining atelomee cluster[17]. We have now shown

that altering-thescomposition of apparentlymmete subtelomeric sequences was associated
with reduced.ability of the affectesiibtelomerc sequences to remaintelomere clusters

and alsawith inescapatld activation ovar2csaindependent of thear2csapromoter. A
decreasén theparticipation in telomeric clustevgas however, not necessary faar2csa
transcriptionn parental E8B parasite§hese findingslemonstrate that leaving a telomeric
cluster is associated with, but not necessarywtrgene expression. €hindependere of

var gene agtivation from leaving a telomeric clussealsoconsistent with thebservation

that thereleaseof thePfrh4 genefrom telomeric clusters was associated with an increased

on-switch rate"but did not necessarily lead to transiong43].

In mammalshascent coding and non-coding RIftdm a single member of a gene family can
nucleatesnuclear bodi@s situ by recruiing and concentratingans factors required for
specific transcriptiof the gene family [66]The RNA pol Il containing transcription
factories thensdo not transcribdRNA fromall genes equally bytreferentially transcribe the
subset of genes that are regulated byetiveched specificranscription factor§67]. Thus,a
gene only needs to escape silencing to create a nuclear body wherein related genes are
transcribed. Our.data support a similar modeHofalciparumwhereinvar genes are
expressed ata singular gene expression site which does not exclude othearsjenés in
trans These findings are consistent with several other FISH studies which indicated that the
var gene expressiosite formsin situwithin a polychromosomal clustgb, 19, 22] and HE
data that found.no difference in the interchronrmeabinteractions between thar genes in

their active or silent sta{@6],

The slightdout significant increased tendencya2csato escapéelomeric clusters in CS2
compared to"EIC does not itself explain the profound difference uwar2csatranscription
and may be of little functional consequendewever if the altered subtelomeric sequences
in CS2were less effective at maintainingesit heterochromatin this might leadincreased

transcriptionof var2csaand nucleation afhe expression sita situas well as loss of
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heterochromatin associatednsfactorsrequired to maintain thear2csalocuswithin a
telomericcluster Thismodel is also consistent with the repofrPfrh4 escape from a
telomeric clustemdependent of its transcriptidiecause the escapsulted from activation
of a neighbouringrans gene, thu®fRh4could be maintained as silent heterochromatin
within theexpression sitf43]. Var2csais integrated into the progranh war gene allelic
exclusive expression and thiar expression site has been largely defined by studies of the
behaviour'ofvar2csa. Thusthis model is relevant to current understanding ovdregene
expression site but it is possible that othergenes also employ other mechanisms of

regulation.

Thevar genesexpression site had greater overlap with the euchromatic histdifecation
H3K27ac than with heterochromatic H3K9ma@3is is consistent with thear expression

site being located within, or de to, the previously described perinuclear regidns

euchromatin [20, 68]The limitations of IFARNA-FISH and conventional confocal
microscopysresolution may have hindered detectioragfcsaRNA co-localisation with the

other euchremathassociated marks. Overall we concluded that a discrete nualear

expression site could not be defined by a consistent euchraoatmosition. This is in

keeping with the widespread distribution of the euchromatic histone modificatiass sce
genome which might prevent detection of a punctate depot of perinuclear euchromatin at the

var expression site

The constitutive enrichment of H3K27ac upstream of inducible, ring stqgessed genes,
including activevar genes, suggests that H3K27ac contributes to the demarcation of
inducible eachrematin. In this context H3K27ac may play a roleiirepigenetic memory
through marking the erstwhile activar promotemwhen it is transiently repressed in

schizonts. A role invar gene memory was previously proposed for H3K4me2 on the basis of
its dynamic enricmentat transiently repressegr promotersn schizont416]. This pattern
differs from the other euchromatic marks H3K9ac, H3K4RéB3{2A.Z and Pf H2B.Z

which are dynamically enriched at tha promoteronly when it is actively transcribed in

ring stage parasites, and thus cannot transmit its activation state to pribgeny [16, 59,

60].

Thevar intron plays a role in regulatingar gene transcription and was recently shown to
interact with a protein shared with the promogerd to transcribe antisense RNA associated
with gene activation, which are both featusaggestive of an enhancer/repressor like
function [69, 70]|H3K27ac was elevated at thiar2csaintron in 3C parasites arRfH2A.Z
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and PfH2B.Z are also both elevated/at gene introns [59, 60T his is intriguingas H2A.Z
[50, 53, 54] and H3K27aareenriched at enhancers in other eukaryotessasugestive of a
role for H3K27adn differentially marking regulatory elements outside the canonical

promoter inP. falciparum

The reason for the difference between constitutive H3K7ac enrichment at ring stage

promoters and dynamic H3K27ac enrichment at schizont stage promoters is ueclegys P

it relates to_schizont stage genes having a greater dynamic range of expression than ring stage
genes, as indicated by the far higher levels of ggak expression observed in schizonts than

in rings [71}In'ether species H3K27 can also be methylated and H3K27me3 recruits the
polycomb repressor complex in higher eukaryotes however neither H3K27me3 nor polycomb
repressor complex has been reportel.ifalciparum P. falciparumH3K27 can also be

formylated [72] but no functional association has been reported for this modification.

In conclusiensweshow that release from a telomeric clustes not required fovar2csa
expression buivasassociated with the previously demonstrated increasa2tsaon-
switch ratg44]. We propose thathe altered subtelomeric sequences in CSZlkarkased
ability to maintainthe chromatin structureequired for both maintence ofvar2csasilencing
and stable cluster formatioRurthermore, the set of histone modifications known to be
enriched at the.activear promoter can now be extended to include H3K2¥haichis a
candidate for.mediating epigenetic memoryaf activation across mitotic generations.

Experimental Procedures
Parasite culture

P. falciparum.inwitro culture, adhesion phenotype selection and cloning was performed as
described previously [44].

Southern blotting

Southern bletting oP. falciparumgenomic DNA was performed as described previously
[44]. Southernsblots were hybridised with probes at 55 °C overnight and washed three times
for 30 minutes with 0.5xSSC 0.1% SDS at 60 °C.

RNAseq, varianticalling and differential gene expression analysis

CS2, ECSEIC and 3D7RNAseq libraries were prepared using NEBNext Ultra RNA library
prep kits with 12 cycles of amplification using kappa hifi polymerase. Libraees $26 bp

paired endequenced using an Illlumina 2500 Hiseq as described previouslyRE&]s were
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filtered for bases with a Phred Q>20 and reads >20 bp. After filtering there was 1.648
gigabase# 9,482,548 EIC reads, 1.344 gigabases in 11,657,290 CS2 reads and 0.422
gigabase# 3,474,526 EIC reads.

The filtered reads were analysed separately using the Broad Institutes recommended pipeline
available atlfttps://software.broadinstitute.org/gatk/guide/article?id=3891). Briefly, STAR
[74] was used for two pass mapping of filtered reads to the 3D7 version 12 genome from
plasmoDB*(plasmodb.org) . 3D7 was used because downstream variant annotation using
snpEff[75])required a prduilt database that was not available for the CS2 clone’s ItG
parental strain. Duplicates were marked and readgroups added using Picard tools
(http://picard.sourceforge.net). The GATK program was used to call varfé@jtBfiefly,
SplitNCigarReads was used to remove Ns, hard clip sequences overhanging introns and
reassign MAPQvalues of 255 from STAR output to 60 for subsequent GATK analysis.
GATK Baserrecalibration was performed and then variants were called with the GATK
HaplotypeCaller using the 3D7_v12 genome from plasmoDB and a Staledl confidence
threshold of 20. GATK VariantFiltration was performed using the GATK recommended
values for RNAseq of FS>30 and QD<2. Variants were then additionally filtered for a
minimum depth (DP) of 10 filtered reads supporting an allele usingels[77] and

variants that'were detected in CS2 but absent from EIC, and vice versa, were identified using
vcftoolsgisec. Variants were annotated including for predicted loss of function npBf s

[75] with thePf3D7v9lannotations. Variants were éited for predicted loss of function

using snpSift.[78]For differential gene expression analysis the quality filtered reads were
mapped by’'STAR to the I1tG genome IT version 28 available from plasmoDB. Readsimappe
to genes weresthen counted by featureCount [79]. Read counts were rlog transformed by
DESeg280] prior to analysis of correlation between samples. Raw readcounts were then
analysed by DESeq2 for differential Gene Expression. 3D7 reads were mapped using
Tophat2 [81] and fpkm determined using Cufflinks [82].

Q-RT-PCR

RNA extraction, gDNA digestion, reverse transcription and Quantitative (@& -using
2" analysis were performed as described prevididgly Q-RT-PCR was performed using
a previously published set of It&r primers[83], skeleton binding protein A¢cession

PF3D7_0501300as a normalising gerj84] and ES8B gDNA as a calibrator.
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DNA FISH

Indirect DNA FISH was performed using a modification of an existing method Rgghe

Hi Prime biotinand digoxigenin labelling kits were used to random prime lalgl af

purified dsDNA (rep20 ovar2csg as per the manufactuiemethod. The labelled probes

were precipitated with 0.1 volume 4 M LiCl and 3 volumes of cold 100% ethanol and washed
with 70% ethanol, dissolved in 0.1 ml water and stored &G.8Dhevar2csaprobe template

was a 2320.bp.fragment of exon 1 spanning nucleotides 1133 to 3452. The rep20 probe
template was a 509 bp sequence containing tandem repeats of rep20 that was initially
amgified from 3D7 gDNA and used to demonstrate that rep20 recruited plasmids to

telomeric clustergge6].

P. falciparumwere suspended in nine cell pellet volumes of ice cold 0.15% saponin in PBS
pH7.4 and'incubated on ice for 5 min, then free parasites were pelleted at 3300 g for 10
minutes at4°Cand the cell pellet washed twice at 2500 g for 10 minutes at 4 °C in ice cold
PBS prior to fixation in at least 5 pellet volumes of freshly made 4% parafotmydielén

PBS for 1620 hourat 4°C. Fixed parasites were washed twice with cold PBS as above and
then resuspended at 5%Yarasites/ml in PBS, fixed parasites were stogetb 1 week at

4°C.

20 ul of fixed_ parasitesvere spotted into wells @eneframe hybridisation chambers that had
been attached (strong adhesive side down) (Thermo Fisher Scientific) to Menzel Superfrost
plus slides. Parasites were incubated with slide& hour in a humidified chamber and then
permeabilised with 0.1% TX2100 in human tonicity-PBS for 5 min. Slides were washed thre
times with' 100 ul/well PBS.

The hybridisation chamber wells were then blocked for 30 minutes at 42 °C in a hesnidifi
chamkerwith-denatured (5 minutes at 95°C) hybridisation solution (50% formamide, 10%
dextran sulfate"(Sigma), 2xSSPE pH 7.4 (0.3M NaCl, 0.02MJR&)j, 0.002M EDTA),
250pg/ml Herring sperm DNA (Sigma).

Probes in hybridisation solution were denatured at 95°C for 10 minutes and then incubated in
an ice water bath for 5 min. The blocking hybridisation solution in the hybridisation chamber
wells was replaced with denatured probe and the wells were covered witlsitodrame

coverslip (Thermo Fisher Scientificjipr to denaturing the gDNA on the slides on a heater

block for 30 minutes at 80°C followed by hybridization at 37°C overnight. Initially probe
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concentration was optimised empirically by making 1/54, 1/27 and 1/9 dilutions in a final
volume 27 pl hybridisation solutiqgene frames take 25 pl).

The next day the hybridisation solution and coverslip were carefully removed, avoiding
simultaneous removal of the geneframe. Each well was rinsed with 100 pl 50% formamide
2xSSC at 50°C then the entire slide was washed in 30 ml 2xSSC 50% formamide for 30
minutes at 37°C; then in 30 ml 1xSSC for 15 minutes at 50°C; then in 30 ml 2xSSC for 15
minutes.at 50°C; then in 30 ml 4xSSC for 15 minutes at 50°C; then in 30 ml PBS pH 7.4 for

1 minutes at room temperature.

Theslide was thenlbckedwith 50 u/well 4% bovine serum albumin/PBS pH 7#a¥ 30

minutes inahumid chamber abom temperature prior tagubaion with 50 u/well of

antibodies in'4% bovine serum albuiiBSfor 30 minutes in a humid chamberroom
tempeatureBiotinylated probes were detected witklghnl goat antbiotin diluted ¢#B3640
Sigmadilutedwith 0.135 M NaCl 15mM NaN23pigoxigeninprobes were detected with
mouse anti digoxigenin monoclonal antibody diluted 1/200 in 4% bovine serum alimumin
PBS. Slides were then washed in TNT (100 mM Tris-HCI, 150 mM NacCl, 0.5% Tween 20, pH
7.5) for 10 minutes and incubdteiith 50 U/well secondary antibody in 4%ovine serum
albuminin PBS for30 minutes in &aumid chambeat room temperature. Biotin prabeere
detected with"denkey angieat IgG 594liluted 1:200 and digoxigenprobes were detected
with rabbit.anti.mouse 488 diluted 1/500. Slides were then washed three times withd®BS a
gene frames were removed prior to mounting swi#s Vectashield 4DAPI and seahg #1.5

coverslips with-nail polish

Slides were imaged using a Zeiss Axioskop fluorescence microscope with a PLAN
NEOFLUAR 100x 1.30 oil immersion objective and an AxioCam Mrm black and white
camera to'capture 1300x108 at 0.0043:m? per pixel and 1 x zoom. All image analysis

was performed.lising ImageJ (F[|§7, 88].

|FA RNA FISH
All solutionsswere made using diethylpyrocarbonate treated water.

| FA. Parasites were fixed as for the DNA probes and then fixed cells were immediately
immobilised on slides and permeabilisation was conducted for 10 min. Slides ackedol

for 30 minutes in a humid chamber at room temperature wittLB@ell 4% bovine serum
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albumin in PBS pH7.4 with 0.4 WV RNA guard (Life technologies). Slides were incubated
with 50 uL/well primary antibodies in 1%ovine serum albumin in PBS with 0.4UURNA

guard for 60 minutem a humid chamber at room temperature. Primary antibodies were
1/400 rabbit antPf H2A.Z[59], 1/200 mouse monoclonal aiitiA 12CA5 (Sigma Aldrich)

[60], 1/800 rabbit antH3K9me3 (Active Mtif: cat. no. 39161), 1/200 rabbit aktBK9ac
(Millipore cat. na. 08342), 1/400 rabbit antH3K4me3 Millipore cat. no.04-745), 1/800

rabbit antiH3K4mel(Abcamcat. no.Ab8895), 1/800 rabbit amiBK27ac(Abcam cat.
no.Ab4729). Slides were then washed in PBS three times for five minutes each on a rocking
platform and then incubated with @0vell secondary antibodies in 1b@vine serum

albumin in' PBS'with 0.4 Wl RNA guard for at least 1h in a hunttiamber at room
temperature in the dark. From this point onwards slides were shielded from expdgyire
Secondary_ antibodies were 1/500 rabbit anti-mouse Ig conjugated to Alexafluor 488
(Invitrogen) and 1/500 donkey anti-rabbit conjugated to Alexafluor 488 (Invitrogen). Slides
were then washed in PBS three times foniButeseach and then the fluorescent labelled
proteins werespost-fixed with fresh 4% PFA, 0.0075% Glutaraldehyde in PBS for 30sninute
at room temperature, washed for 5 minwtgh PBSand then fixation quenched with

0.1mg/ml NaBH4 in PBS for 1@inutesin 50 ml tubes on a roller. Slides were then washed
once with*"PBS. Non-immune 1/200 mouse 1gG and 1/400 rabbit IgG primary antibody
controls were included with each assay.

Probe transcription. Onepg of linearised plasmid containing tiiar2csaprobe sequence
upstream ofia-I-7 promoter wisvitro transcribed at 37°C for 4 hours in @0using 2ul

Roche 10x digoxigenin labeling mix, 2 10x reaction buffer 211 Ambion megascript T7

mix. The reaction was stopped with 1 ul 0.5 M EDTA pH 8 and ethanol precipitated, washed
and stored a80°C as for the DNA probes.

RNA FI SH..hybridisation solutionvas denatured at 9& for 5minutes then placed on ice,

50 ul was usedto block to each wedrf30 minutes at 42 °C in a humidified chamber. The
var2csaas'RNA probe was diluted 1/27 in hybridisation solution and denatured &tf65 °

5 minutessand then placed into an ice water bath for 5 min. The hybridisation solution
blocking solutien was aggited from the wells on slides and replaced with the denatured
probe, controls with denatured hybridisation solution only were also included. The eedls w
covered with thén situframe coverslip and parasites were hybridised with the probe &t 42 °

overnight. The next day the coverslip and probe were removed and slides were washed twice
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in 30ml 2x SSC 50% formamide for 5 minugsA5C then washed twice in 30ml 2xSSC for

5 minutes at 37 °C then washed in 30ml PBS pH7.4 for 1 miatite®m temperaturd@he

wells were then blocked with 50 each of 4%bovine serum albumin/PBS pH 7.4 with

0.4Uful RNAguard for 30 minutes in a humid chamber at room temperature and then
incubated with mouse anti digoxigenin diluted 1/200 in 4% bovine serum albumin/PBS and
0.4U/ul RNAguard for 30 minutes a humid chamber at room temperature. Slides were
washed with TNT twice for 5 minutes each and then incubated with rabbit anti mouse
conjugated.to Alexafluor 488 diluted 1/500 in 4% bovine serum albumin/PBS and with
0.4Uful RNA guard for 30 minutes a humid chamber at room temperature. Slides were
washed threestimes with PBS for minutes each, the geneframes were removed and samples

mounted with Vectashield (with DAPI) and #1.5 coverslips sealed with nail polish

Slides weremaged with an Olympus FV1000 microscope with a uplan SARCL/FN26.5

100x 1.40weikkimmersion objective. Images were acquired at 512x512 pixel field size with 2.5
x optical zoom using Kalman filtering with 3 repeats and sequential scans by line. gdl ima
analysis was performed using ImageJ (Fiji). Colocalisation for a region of interest containing
the single nucleus analysed was performed using Coloc2 to determine Manders M1 and M2
coefficients with Costes automatic thresholeélst a defined nucleus M2 is the sum of the

grey value ofwoxels ofar2csamRNA that colocalised with voxels of a histone
modification/sum of the total grey value of voxelsraf2csamRNA. M1 is the sum of the

grey value of voxels of a histone modification that colocalised with voxelaratsamRNA

/sum of the\total grey value of voxels of the histone modification [49]. Comparison betwee
histone madifications of distancevar2csaFISH peak fluorescence was performed by

Kruskal Wallis:test. Manders coefficients were compared between histone(s)/modifications
using the Kruskal Wallis test with Dunn’s multiple comparison test to compare all other

histone(s) modifications to H3K9me3.

Chromatindmmunopr ecipitation (ChlP). Antibodies used for ChIP werabbit antiH3
(Abcam Abl1791), rabbit anti-H3K4mel (Abcam Ab8895), rabbit anti-H3K27ac (Abcam
Ab4729) andrrabbit control IgG (Abcam Ab46540).

Crosslinked ChiPwasperformed apreviouslydescribed60] with slight modifications.
Chromatin was harvested at early ringlébhpi) and late schizont (36-44 hpi) stages during
the intraerythrocytic development cycle (IDC). Chromatin was sheared into 200-800 bp
fragments by sonication in a Bioruptor UCD-200 (Diagenode) foni28iteson high at 30 s
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intervals. ChIP was performed with the EZ ChIP Kit (Millipore) watttlusionof the beads.

For each IP, approximately 5.5 x®¥ihg or 1 x10° schizont stage parasitespgantibody

and 15ul protein A/G beads (GEife Sciences 1-061801 & 17-5280-01) were useross
linking of the immune complexes was reversed overnight at 45°C after addition of 500 mM
NaCl. DNA waspurified using the MinElute® PCR purification kit (Qiagen).

Quantitative real time PCR (qPCRghod and therimers usedvere describegreviously
(Petteretal#2013). For each PCRnichment was calculated a4t = 2(Ct histone ChiR Ctnon
immune ChIP) Bnrichment ratios for each PCR were normalised for nucleosomal occupancy
which is lower inthe higher AT content non-coding sequence than in the coding sequence,
using H3 Chip’ ($\Ct H3K27ac or H3Kamel) 5-ACtH3) "Fqrichment values were then normalised for
ChIP efficiency by dividing by thgg (¢t H3K27ac or H3Kamel) 5-ACtH3) ;a1 for the hsp70 coding
sequence PCR:for that Chl60[ This enabled replicates from different ChiPs to be
aggregated.forstatistical comparison degpieeusual/ariation between experiments in the
percentage of input material precipitatids important to note that as a consequence of this
transformationthe resultingaxis values are a ratio relative to H3 levels in the coding
sequence/of Hsp70 rather than a fold enrichment relative to ChIP with non-immume seru
Difference between ring and schizont staigdsistone modification levels at single PCRs
was tested aeross each gene and parasite line separately using a tableusihgetste Twe
stage linear stepp procedure of Benjamini, Krieger and Yeuketeli to determine the q value
from multiple comparison testing. Because there was no difference between rings and
schizonts for either modification ahy position, the two ring sfge and two schizont stage
replicates foreach parasite line were combined for subsequent analysis. Differences in levels
of histone modifications between different positions in genes in 3C and 3D7 parasites
then teste@cross each gene separatghyFiedman testvith Dunn’s test for multiple
comparisonswhereeach PCR for the geme 3C and 3D7#vas comparewith the 3D7

promoter PCR, either -1000r var2csaor -450 for PFLO020wAnalysis was perfaned

using GraphPad Prism.
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Supporting knfor mation

Table S1) Differential gene expression comparison of CS2 compared to EIC andiCS us
the IT genome version 28. baseMean are mean read counts reported using feature counts and
log2 fold change was calculated using DEseq?2.

Figure legends

Fig. 1 A) Derivation of the parasite lines E8B, ECS, EIC, CS2 and the CS2 subclones.

Arrows labelled:with CSA or ICAM1 indicate that the parasites lines were selected for
adhesionito these receptors, arrows labelled with clone indicate that the parasites were cloned
at this step. The table below indicates the relative level of binding of each parasite
line/subclone to immobilised CSA, ICAM1 and CD36 at recovery from selection

(approximately 14 days post selection) or cloning (approximately 80 days posbsglecti
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The table summarises previously published data for CS2isB10, CS2isC8, CS&isC9 a
CS2isD8g[44]. B) The adhesion profile over time of sub-clone CS2isD4.

Fig. 2A) Diagram oWvar2csaand neighbouring genes in the left hand subtelomeric region of
chromosome 12 in CS2 parasites, arrows indicate exons in 5’ to 3’ direction. The positions of
thevar2csaexon 1 probe and treeylcoA synthetase pgrobe that were used to probe
Southern Blots is indicated as blue bars above the diagram and the positions tbrestric
enzymes used to digeRt falciparumgDNA are indicated below the diagram. The positions
and sizes of the predicted restriction fragments from CS2 that would hylddise probes

are indicated by,bars below the diagram. The colour of the bars indicates that probes
hybridised tosthese fragments in Southern blot lanes labelled with the same c@atined t
panels B and C. B) Southern blot probed w#ih2csaexon 1 probe. C) Southern blot probed
with acytcoA synthetase grobe. Lanes in autoradiographs of Southern blots are labelled
with the names of the parasite lines from which gDNA was obtained, CS2, and the CS2
subclones£S2isD4 (D4) and CS2isC8 (C8) and with the restriction enzymes usedtto diges
the gDNA insthese lanes.

Fig. 3) MA plot of RNAseq differential gene expression analysis of CS2 compare@ to El
and ECS treated as replicates.

Fig. 4A) Quantitative reverse transcription PCRRQ-PCR) of CS2 selected for adhesion to
CSA and'parental clone E8B selected for adhesion to CSA (ECS) or ICAM-1 (BEW)NS

arevaluesfrom 224¢t

analysis normalised between samples using cDNA levels of the

skeleton binding'protein 1 gene and with the amount of each transcript preseniteslteelat

the amount of that gene found in a sample of EBB gDNA. B) The proportiorvaagéne
contributed tdotal var transcripts. CSA selected 3C parasites were analysed by RNAseq read
counts and ICAML1 selected 3D@am parasites were analysed by quantitative reverse
transcription PCR (€RT-PCR) with gene levels determined relative to the amount of each

gene in3D7.gBNA.

Fig. 5 A) Representative DNA FISH images of early ring stage parasites showing loci
hybridising'withvar2csaand rep20 probes and both probes merged with the DNA stain
DAPI. B) The'proportion of nuclei withar2csaFISH signals that ctocalised with rep20
FISH signals were determined for each field of view in biological triplicate experiments.
Error bars indicate standard deviation, *** p<0.001 (unpaired t test).
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Fig. 6 A) Representative IFA combined with RNA FISH: immunostained historentsar

and histone modifications in 3D7 ring stage parasites expressing HA epitopeRagged
H2B.Z are in panels in the first column, panels in the second column are/&i&t$a

asRNA probe signals, the third column are FISH and IFA signals merged with DRI, |
indicate theregions of interest that were drawn between regions of greatest fluorescent
intensity in IFA and FISH signals, scale bar is one micron. The fluorescencegfofil

FISH, IFA"and DAPI along the regions of interest for each image arenshawe fourth
column, yaxis is fluorescence intensity. B) Zoomed out view of IFA RNA FISH astiet pa
A.

Fig. 7 A) Distance between peaks of fluorescence for IFA and-RI$A signals. The line is
median, the box s interquartile range, and the whisk@rsnaximum and minimum values.
Red is H3K27ac, blue is H3K9me3.B) Manders M1 @xdianders M2 coefficients for
proportion_of IFA signal cdecalising withvar2csaRNA (M1) and the proportion ofar2csa
RNA co-logalising with the IFA signal (M2). The knis median, the box is interquartile

range, andthe.whiskers are minimum and maximum, * p<0.05, ** p<0.01 (Kruskal Wallis
test with Dunn’s multiple comparisons te$thr both analyses equal numbers of nuclei from
biological duplicate experiments were bsad with the total number of nuclei analysed for
each histone variant or modification indicated in parentheses after the histone/modification

label.

Fig. 8 Chromatin immunoprecipitation (ChIP) of 3C parasites that expreasacksabut not
PFL0020w,3D7 parasites thadid notexpressar2csaor PFLO020wand 3D7icam parasites

that expressed'soni®d-L0020w.Chromatin from all cell lines was immunoprecipitated with
anti-H3K27ae-and anti-H3K4mel, anti-H3 and nomune antibodies. The precipitated

DNA was and§ysed by quantitative PCR, shown are the fold change enrichment relative to
non-immune ChIP and normalised for input, nucleosomal occupancy (H3 levels) and ChIP
efficiency (levels irhsp70coding sequence) (see methods). ChiPs were performed in at least
biological duplicateA) The level of enrichment of each histone modification at each position
tested.The x axes are labelled to indicate position of thRTR primers within thear2csa

or PFLO020wgenes. Numbers are relative to the start codons, DBLsrefehe exon 1 DBL
domains. Bars are means and error bars are SD B) The level of enrichment for the aggregated
values for positions -800, -600, -450 and -100 inRRe0020wW5’ untranslated region

(5’UTR) and for the aggregated values for positions DBL1 and DBL5 iREw®020w
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coding sequence (CDS). The lines are medians, the boxes are interquartile ranges, and the

whiskers are maximum and minimum values (**** p<0.0001, Mann Whitney test).

Fig. 9 A) Chromatin immunoprecipitated from 3D7 parasites using antibodies to H3K27ac
and H3 was analysed by quantitative PCR, shown are the fold change enrichmeaettrelati
non-immune.ChIP and normalised for input and nucleosomal occupancy (H3 levels) for
biological duplicates (mean and standard deviation). B) The levels of expressiergehts
analysed by-ChiP was determined by RNAseq of 3D7 parasites (fgkiagsents Per
Kilobase of traseript per Million mapped reads).
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