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Summary

Transmission,, 0f the malaria parasiBasmodium falciparum involves infection of Anopheles

mosquitoesHerewe characteriz&SOPT,a proteinexpressed . falciparum ookineteghatfacilitates
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infection ofthe mosquito midguSOPTwas identified on the basis that it contaznsignal peptide, a
PEXEL-like sequence ants expressedn asexual, ookinete and sporozoite stages, suggestisg it
involved in infecting the human enosquito hostSOPTIs predicted to contaia subtilisinlike fold
with a noncanonicalcatalytic triadand is orthologous t®. berghei PIMMS2. Localization studies
reveal that "SOPT"is not exported to the erythrocpté is expressedn ookinetes at the parasite
periphery. SOPT-deficient parasiteglevelop normally through theasexual and sexual stages and
produceequivalentnumbers ofookinetesto NF54 contrdd, however, theyorm fewer oocystsand
sporozoitesin, mosquitoes SOPTFdeficient parasitesvere also unable to activate thenmune
responsivemidgutiinvasion markeBRPN6 after mosquito uptake, suggestitigey are defectivefor
entryinto the midgutDisruption of SOPT in P. berghel (PIMMS2) did not affeciother lifecycle stages
or ookinete| development but agamesulted infewer oocyss and sporozoites in mosquitoes
Collectively, tis=study showshat SOPTPIMMS2 plays aconserved rolen ookinetes of different

Plasmodium species
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Introduction

Malaria continues to benaenormougylobal health burden with an estimated 220 million cases
and 630,000 deathsccurringin 2015(Gethinget al., 2016. Plasmodium parasites cause malaaad
are maintained between humans #mpheles mosquitoes in a complex life cycle that requires the
parasite to invade different cell types in both hosts. Followiegguito irgestion of an infectious
blood meal, male and female gametocytes differentiate into gametes, whaatufusy fertilization to
form a diploid.zygote, later developing into a motile ookinete. The ookinete must makey ifsoma
the midgut lumen.to the midgut periphgAngrisanoet al., 2012, where it attaches to and traverses
the midgut epithelium, notably in the absence of a parasitophorous vacuole menb@ner to
arrive at the basal lamina where it forms an oocyst, undergoing sporogony to gémmratands of
sporozoites. ‘Upon rupture of mature psts, sporozoites are released into the hemocoel where they
migrate to and invade the salivary glands, rendering the mosquito infectious. Followitignnie
the skin during a subsequent blood meal, sporozoites travel to the liver sshudugde thg must
traverse an endothelial barrier before traversing and invading hepatocytes. Within hepatocytes,
parasites form_a parasitophorous vacuole and undergo schizogony, eventually rupturing and releasi
erythrocyteinvasive merozoites into the bloodstreanitjating the symptomatic phase of the life cycle
known as malaria.

Invasions=and traversal of mosquito midgut epithelial cells and human hepatocytes by
Plasmodium ookinetes and sporozoites, respectively, represent major population bottlenecks in the
pamsite life eycle(Sinden, 2010 Thus, the specific molecular hgsarasite interactions thédcilitate
these processes.represent promising targets for the development of novel intesvieninterrupt
transmissionSeveral key ookinete proteins have been implicated in midgut invasion. P25 and P28
protect the ookinete from the hostile environment of the mififoanaset al., 2001, and along with
enolasgGhoshetal., 2010 and CTRP (circumsporozoite and TRA¢ated protein)Dessenst al.,

1999, Yudaet al., 1999 are thought to facilitate initial interactions with the epithelial cell surface.
PPL3 (Kadotaet al., 2009 and 5 Plasmodium perforin like proteins 3 and FKadotaet al., 2004
Eckeret al., 2009#PSOP (putative secreted ookinete protein) 2 aficKeret al., 200§, and SOAP
(secreted ookinete adhesive protdibgssengt al., 2003, WARP (von Willebrand factor A domain
related proteinf{Yudaet al., 2001, and LIMP(Santost al., 2017 have functions in invasive maotility,
while SUB2 (subtilisidlike protease 2)JHan et al., 200Q and CelTOS (cell traversal protein for
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ookinetes and sporozoije@ariu et al., 2006 Steelet al., 20189 have been identified to play a role in
traversal of the midgut gbieliumand oocyst survival.

Here, we characterizZ2OPT (subtilisin-like ookinete_potein important fotransmissioly which
is expressedn P. falciparum ookinetesnearthe parasiteperiphery.Geneticdisruptionof SOPT in
P. falciparum significantly reducesoocyst development arBRPN6 (serpin 6) gene expressiom An.
stephens midguss, | suggesting the protein facilitat@stial entry of the ookinete into the midgut
epitheliumprior tocell traversal and subsequenicyst formationDisruption ofP. berghei SOPT &lso
called PIMMS2, Plasmodium invasion of mosquito midgut screen candidajeaBo edued the
number ofoo€ysts,and sporozoites An. stephensi mosquitoesas has also been shown previously
(Ukegbuet al.,"2017. Therdore, SOPTPIMMS plays a conserved role different Plasmodium spp.
during ookinete infection of the mosquito.

Results
I dentification of SOPT in P. falciparum.

PF3D7_050730030PT) was identified in a bioinformatic screasingPlasmoDBto searcHor
P. falciparumgenes that are conserved across the genus and encoderaninél signalpeptide and
putative PEXEL motif (Plasmodium export elementMarti et al., 2004 Hiller et al., 2009, filtered for
expressionn asexual, ookinete and/or sporozatage. SOPT was selected for study because mRNA
transcripts had been detectedPinfalciparum ookinetes and sporozoitéslorenset al., 2002 Lopez-
Barraganet al., 2011 Bunnik et al., 2013 in addition to proteomic evidence of expression in
merozoiteqFlorenset al., 2002, suggesting it magontribute toinfection of the mosquito dnuman
host.

OPT gand“one other gene have a conserved location betweeBJB1 (subtilisin 1;
PF3D7_0507500)"an8JB3 (subtilisin 3; PF3D7_0507200) in differeasmodium speciesSOPT is
predicted to"encode an 893 amino acid protein of 107 kDa that coataigsal peptide (SignalP
prediction®FLLY KQ%), a PEXELlike sequence*{RILEE*) and a putative transmembrane helix
(position 490-505): A homology model of SOPT revealed a 387 amino acid sultitésfold from the
S8 peptidasesfamily, similar to that tJB1 from P. falciparum (WithersMartinezet al., 2019 (Fig.
1A). The model was sufficient to reveal the conserved positions of putative icatalyidues.
However, the catalytic triad i8UB1 (D372, H428 and S606) was absent from SOPT, with only the
nucleophile serine present (G172, E247 and S492) (Fig. 1B). In corrdstghei SOPTPIMMS2
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possessed a canonical triad with potential to form a chratgg network typical of subtilisins (D155,
H222, S414) (Fig. 1C). A multiple sequence alignmerRlasmodium orthologs revealed that catalytic
residues were not conserved, with SOPT ffénmalariae, P. reichenowi, P. yoelii andP. chabaudi
chabaudi lacking either the catalytic aspartate and/or histidiegidue, likeP. falciparum, while
orthologs inR."vivax, P. ovale, P. knowlesi and P. gallinaceum possessed a canonical triad, afin
berghei (Fig./ 1C).  The putative ansmembrane helix internal to SOPT is also predictedome
orthologs; however, iis positioned within 5 amino acids from the nucleophile serine residue,
suggesting that the transmembrane helix prediction may be incorrect. No prateamdo the C
terminus of SOPTwas identified by computational metlowdeodelling. Given the divergé catalytic
triad across the“genus, it is likely that SOPT is a pseudepeotather than an active protease in
Plasmodium spp., as is the case for the essential pr@&RAS5 (serine rich antigen) $Stallmachet
al., 2015).

An alignment of Ntermini from different SOPT orthologs revealed a conserved RXLXE
sequence with similarity to the PEXEMarti et al., 2004 Hiller et al., 2009 (Fig. 1D). The ability for
this sequence to direct export to the infected erythrocyte was investigatechdrptong transgenic
P. falciparum parasites in which thérst 62 residues of SOPT weexpressed Hirame with GFP
(green fluoreseent protein) from tHeRT (chloroquine resistance transporter) gene promoter on
episomesn asexual stagdsig. 1E). Theirst 62 residuesverechosen to provide a spacer of 20 amino
acids between the PEXHLke sequence and GFP, since thg ¢tan block PEXEL function if it is
located within 13 residues of the mati€nuepferet al., 2005. Immunoblot with antiGFP antibodies
corfirmed expression of SOPTI-62-GFP inblood stage parasitd§ig. 1F). The immunoblot also
identifieda GFRonly degradation product thought to be produced by digestion of GFP chimeras in the
food vacuolgWaller et al., 2000. Immunofluaescence microscopy of live parasites revealed that the
chimera was-secreted to tharasite peripherygonsistent with thearasitophorous vacuolepnfirming
that thesignal peptide was functionabut was notvisibly exported (Fig. 1G). The majority of genes
encoding exported PEXEL proteins have a two exon stru¢Bameantt al., 200§ whereasSOPT
consists of a single exon. It has been previotshprtedthat single exon genes that possess PEXEL
like sequencesuch asSOPT, are not exporte(Bargeantt al., 2009. Collecively, these results show
that SOPT is a conserved protém Plasmodium species andas a functional signal peptide for

entering the secretory pathway but is not exported to the erythrocyte when tagged with GFP.

Generation of SOPT-deficient P. falciparum.
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To study the function of SOPT IA. falciparum, NF54 parasites were generated in which the
SOPT gene was disrupted by doukdeossover homologous recombination (Fig. 2A). Two independent
knockout clones, D4 and E8, were selected with the expected genotype as shown by Southern blot
analysis (Fig. 2B). The generation and selectiorB@PT-deficient paasites demonstrates that this
geneis notessential in asexual stagesPoffalciparum. Since SOPT is expressed in merozoites
(Florenset ali, 2009, we compared the growth rate of blood stpgeasits. The growth rate was not
different betweenASOPT mutants and the parent line NF88ig. 2C), indicating that SOPIE not
essentiafor invasion or egress of erythrocytéxoduction ofgametocytesppeared normal, witho
significant differences in stagé gametocytemias observ€Big. 2D). In summary, th&OPT gene is
amenable to genetic disruption and its product is not essentidheirasexual stage or for

gametocytogenesis &% falciparum.

SOPT isexpressed in P. falciparum ookinetes and localizes at the parasite periphery.

Evidence of SOPT gene expression in ookinetes has been tistepreviouslywith RNA
sequencing (LopeBarragaret al., 201]). To studyexpression and localization at the protein level, an
antibody was_produced usirtge SOPT subtilistlike domainas an antigenimmunofluorescence
microscopy-waghen performed on ookinetedissectedirom Anopheles stephenst midguts oneday
after blood feeding viaSMFAs (tandard membrane feeding as$aysxpression of OPT was
observedhearthe periphery othe ookinetesas evidenced by partial 4ocalizationwith the ookinete
surface protein Pfs2fBarr et al., 199), anda strong signalvas observed at the &rior of the
parasites (Fig..2E In ASOPT ookinetes, nasignal was detected with a/80PT antibodies, whilst
Pfs25 expressn remained detectable (Fig. REThis shows that SOPT localizesn P. falciparum

ookinetesat, agriin“close proximity tahe plasmi@mma

SOPT facilitates P. falciparum infection of the mosquito midgut.

To investigate whether SOPT has an important function in ookin®83PT parasits were
differentiated tosgametocytes and fed An. stephenss mosquitoes.The following day, mosquito
midgutswerendissectednd the number ddctivated female gamestizygotes (round forms), partially
developed ookinetegetorts) and mature ookinet@gas quantified by microscopy. This showad
deficiency in the ability af SOPT parasites talifferentiate into gameteg/gotes, retorts or ookinetes

compared to NF54 (Fig3A). However, when midguts were dissectedeweek postmosquito
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infection a significant reduction in oocystumbes was observetbr ASOPT mutantscompared to
NF54 (Fig. 3B, Supporting Information Table S1). The number of salivary gland sporozoitatswas
reducedn mosquitoesed ASOPT parasitecomparedo NF54 (Fig. 3C, Supporting Information Table
S1), a phenotype that is expected based orrédaction inoocysts. Sincgeneticdisruption ofSOPT
did notaffectthe'numbers obokinetes developinop mosquit@s we conclude thaBOPTplays arole
during infection of the midgut possibly duringraversal of the epithelium @soocysts developt the
basal lamina

To distinguish between these two possibilitiggarasites were fed to mosquitoes and
guantitativePCRwas usedo measureexpression of the immuresponsive invasion mark&RPN6
(serpin 6) in midgutson the following day SRPN6 expression isipregulated in midgutpithelal cells
in response tantracellular ookinetes and othpathogens (Abrahare al., 2005 Pinto et al., 2008
Smith et al., 2042 Eappenet al., 2013 andits expressiorcan be used as aeporter for parasite
invasion oftheepithelum in situ. Relativeto sugarfed mosquitoesinidguts containindgNF54 parasites
had increasd SRPN6 expression,as expectedconfirming that thesgaiasitescould successfully
traversethe midgut(Fig. 3D). However, ASOPT parasitedailed to inducethe samdevel of SRPN6
expressioras theirNF54 parentgFig. 3D). StandardizingSRPN6 expressiorfor ookinete abundance
using the Pmfaleiparum CTRP gene Trottein et al., 1996 confirmed that the defedh SRPN6
activation was not' due a any potentialdifferences inookinete numbers (Fig. S1J.ogether, his
stronglysuggest that SOPT mutantsaredefecive for enteringthe midgutepithelium which is the first

step intraversal

Thefunctioniof SOPT isconserved in different Plasmodium species.

To evaluate whether SOPT playsimilar role in otherPlasmodium species, a SOPFIMMS2-
deficient line-was=generateéd P. berghel ANKA constitutivelyexpressig a GFPluciferasefusion in
the cytoplasm(GFRLuc.,,) (Janseet al., 20064 by double cros®ver homologous recombination
(Fig. 4A). IndependentAPISOPT/PIMMS2 clones with the correct genotype were identified by
diagnosticPCR (Fig. 4B) and Southern blahalysis(Supporting Information Fig. S1). The mutant
clones exhibited blood stage growth rates during the cloning period that wererablaga GFP
Luccon controls (data nathown), consistent with PbSORPTMMS2 being dispensable in blood stages,
asobservedn P. falciparum.

PbSOPT/PIMMS2 mutants werghen transmitted to mosquitoes via diredtiting on
anesthetized mice anoh the following day, midguts were dissected dechale gametesygotes
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(round forms), retorts and ookinetes were quantified. $hésved no defect in ookinete development
for PbSOPT/PIMMS2 mutants compared to controls (Fig. 4C). Whilst the averapemohookinetes
per mosquito was marginally increds#llowing disruption ofPbSOPT/PIMMS2, possibly due to
variation of gametocyte numbers betweenice, the mutants generatdewer oocysts (Fig. 4D,
Supporting“Information Table S2) and salivary gland sporozoites (Fig. 4E, Supportingaidorm
Table S2)per mosguito compared to GERCc.,, parent parasites, consistent with immportantrole
during infection of the midgut.

To control for possible variation iR. berghei gametocytogenesisetweenmice, which could
influence thenumberof parasites in mosquito midguts, infected erythrocytes containing gametocytes
were culturednwitro to produce ookinetes. This method resulted in the production of approximately
equal numbers of ASOPT/PIMMS2 and GFPLuc.,, ookinetes (Fig. 5A)Thesewere fed toAn.
stephenss mosquitoes usingiSMFAs Despite the equal inoculum, RBOPT/PIMMS2 ookinetes
produced significantly fewer oocysts per mosquito compared to-LGER, parasites(Fig. 5B,
Supporting Information Table S3). Altogether, our results demonstrate that PHBRINIB2 is
important forP. berghel ookineteinfection of the mosquito midgut, consistent with a recent report that
PIMMS2is involved inmidguttraversal(Ukegbuet al., 2017). The similar losof-function phenotypes
we observed using both falciparum andP. berghel mutants demonstrates that SAPIMMS2 plays
a conserved function ithese two specieduring mosquitoinfection, likely at the step of midgut
invasion.As noted above, BOPT and PbSORPFIMMS2 bear diferent catalytic triasl supporting the

hypothesis thathese proteinsould be pseudoenzymes.

PbSOPT/PIMM S2is dispensable for sporozoite infectivity and establishing patency.

The production of oocysts and sporozoites in mosquitoes containingoPB/PIMMS2
parasites, “albeit‘dbw numbers,provided the opportunity to examine a possible role of SOPT in
sporozoite Infectivity andsubsequent developmemtf liver stages Despite PASOPT/PIMMS2
producing low numbers of salivary gland sporozoites, we were able to shffidient sporozoites to
infect mice Miee" were intravenously infected with 10,000 sporozoites of PHGIER, or
PRASOPT/PIMMS2 and parasite liver load was quantified two days -pufsction by RT-PCR. No
significant defect in parasitever load was observed (Fi§C), demonstrating that PbSOFPTMMS?2
Is not essential for sporozoite infectivity or liver stage developmmenito. Next, we determined time

to blood stage patency in mice infected with 10,000 sporozoites. The mean time ty patedc6+
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0.2 days fo PIMSOPT/PIMMS2 and 4.4+ 0.2 days for PbGFRucc,, (P>0.9999; two independent
experiments) indicating no significant delay between strains. Once patency had bekshediano
difference in parasitemia was observed for a period of 5 @ags5D), inagreement with our results
that SOPTPIMMS2 is dispensable during erythrocyte infection. Collectively, these results deatenst
that PbSOPPIMMS2 is not required for sporozoite infectivity in mouseers, for transitioning from

the liver to the bload stage, or fiorvivo growth in erythrocytes following sporozoite inoculation.

Discussion

The life cycle of the malaria parasite requires invasion of different cell types in both the human
host and mosquito vector. Hgsrasite molecular interactions that facilitate invasion of the mosquito
midgut epithelium or human hepatocytes Pigasmodium ookinetes or sporozoites, respectively, are
promising targets for developing transmissimacking interventions. In this study, we have shown that
SOPT facilitates transmission ofP. falciparum and P. berghei ookinetes to mosquitoesOur
experimentstusinghe P. falciparum-An. stephensi laboratory modelsuggest thaSOPT functions
during theinitial.entry step of midgut traversal. Arevious study with P. berghei-An. gambiae
infections showed thadbss of PIMMS2 (PbSOPTYesultedin a traversal defectletermined by a
reduction ineokinetemelaniation at the basal lamin&kegbuet al., 2017. While we cannot exclude
that SOPT is.involved in ookinete locomotion, which is technicalhallenging to measure with
P. falciparum ookinetes because they are difficult to cultureitro, disruption ofPIMMS2 (PbSOPT)
had no effect orP. berghel ookinete gliding motility(Ukegbuet al., 2017. Collectively, boththis
study and thatsefUkegbuet al., (2017) come to a similar conclusiothat SOPT and PIMMS2 are
involved in “ookinete invasion of the mosquito midgutepithelium While also apparently
expressed/transcribed merozoites angporozoies(Florenset al., 2002 LopezBarragaret al., 2011,
Bunnik et "al., 2013, genetic disruptionof SOPT/PIMMS2 had no effect on asexual growth
gametocytogenesispoiozoite infectivityor establishment gbatent infectiongUkegbuet al., 2017
and this study).

The precise steps ofiosquitomidgut invasion are not fully understood, but numerous parasite
proteins havesbeen implicated. SGPIMMS2 clearly plays an importantrole, althoughinfection is
not completely blockedsit is following disruption ofCTRP (Dessengt al., 1999 Yudaet al., 1999
Templetonet al., 200Q. This partial blockin infectivity has alsobeen observed in other mutants
lacking expression of surface or secreted proteins of ookingtes et al., 2000 Tomaset al., 2003,
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Kariu et al., 2006 Ghoshet al., 201). In one such instance it was postulated that P25/P28 double
knockout parasites may take aeircellular (between two cells) route to traverse the midgut epithelium
(Danielli et al., 2009. It is possible thasome SOPT/PIMMS2-deficient ookinetes may have crossed
the epithelium via an alternative, extracellular robtyeverfurther studies are neked to confirm or
disprove this:

SOPT represents a fourth subtildilkke protein in Plasmodium, along with three previously
characterized proteases, SUB1, 2, and 3, which are highly expressed in laté l@deexusages (Le
Roch et al., 2003). SUB1 processing of parasitophorous vacuolar proteins, including th¢sSERA
rich antigen)sproteingArastuKapur et al., 2008 Rueckeret al., 2012 and the MSP1 (merozoite
surface protein"®) complgiarriset al., 2005k Child et al., 2010, Silmon de Monerrgt al., 201)), is
critical to merozoite egress and invasion. SUB1 is also essential for development of liver stage
schizonts and=egress of merozoites from hepato¢@iesrezet al., 2013 Tawk et al., 2013. SUB2
similarly plays=a=role in merozoite invasion through processing of MBR1 (apical membrane
antigen 1), anPTRAMP Plasmodium thrombospondin related apical merozoite protéBgrale et
al., 1999 Flecket al., 2003 Duttaet al., 2005 Harriset al., 2005a Howell et al., 2005 Greenet al.,
2006).SUB2 is 'addibnally expressed within osmophilic bodies of gametoc{@emrezCorteset al.,
2016) anduisssecreted into the cytoplasm of invaded midgut epithelial cells, wimeag function to
modify the cytoskeletal networfHan et al., 2000. While SUB2is essential foP. berghei merozoite
invasion of red blood cell§Uzureauet al., 2004 Bushellet al., 2017, its exact function during
invasion or traversal of thenosquito midgut remains unclear. SUB2 and SMERMMS2 are
apparently ceexpressed ifP. berghel ookinetes, althougit is unknown if the two proteins docalize
or interact at any’ point during midgut invasion or traversal. The possibility tbgtrhay function
cooperativelystespromote midgut colonization should be explored fuRf®B3 has been confirmed
to possess=serine: protease activity and appears to play a role in evasion of host immune responses
through interactions with B. falciparum PRF profilin) (Alam et al., 2012).

Subtilisinlike proteases, includinglasmodium SUB1, 2, and 3, argpically characterized by a
catalytic triad of Asp, His, and Ser residues andu@nprotein scaffoldSiezen & Leunissen, 1997
SOPT exhihits 'subtilisiike structural featureshoweverone or more catalytic residues are absent
among manyPlasmodium orthologs. While PbSORFPIMMS2 does possess the canonical catalytic
triad, mutagenesis of the conserved ABp-Ser residues did not result in a ladsfunction phenotype
as severe as thaeenin knockoutparasiteqUkegbuet al., 2017. Taken together, thismdicates that

the a@talytic triad isnot critical to the function of SOPPIMMS2 and suggest that it has a Ron
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enzymatic role irPlasmodium ookineteentry into themosquito midguepithelium, which ighe first

step of the traversal proceddowever, addional biochemical and structural analyses are needed for
confirmationthat SOPT is indeed a pseudoprotease, sudhosereported previouslyor SERA 5
(Stallmachet al., 2015).

Catalytically deficient variants are fod in all major enzyme familieand are widespread
throughout evolution. Thiunction of manyis unknown, bufor a number an important role warious
cellular functionshave been show(Eyers & Murphy, 201§ including reglation of active enzyme
counterparts,.signaling, substrate trafficking, and in many pathogens also moduldtest mhmune
responsegReynolds & Fischer, 20)5Plasmodium pseudoenzymes includeyRPA (ysteinerich
protective antigen), a pseudosialidéisat forms a multprotein complex that is essential for merozoite
invasion of erythrocytegChenet al., 2017 Favuzzaet al., 2017, and SERA5, a noractive papain
like proteasesthought to regulate the function of SEBRA merozoite egress by controlling access to its
substrategStallmachet al., 2015. A noncataltic ATP-dependent caseinolytic proteasdP-R, has
also recently been identified within the parasite apicoplast, although itsofumgtcurrently unknown
(El Bakkouriet al., 2013).

In conclusion, SOP/PIMMS?2 is a conserved proteim Plasmodium that likely facilitates
ookinete entry=intdthe mosquito midguto initiate traversal Although structurally similar to other
Plasmodium subtilisinlike proteins, bioinformatics and homology modelling suggg®PT andits
orthologscould bepseudenzymeswith an asyet unknavn direct function. This studyindicatesthat
SOPT isimportantamong the complex, hierarchical series of molecular interactions betiveen
Plasmodium ookineteand the mosquito midgut, and as such, the biological function should be explored

further.
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Experimental procedures

Bioinformatics and homology modelling

Signal peptides were predicted with SignalP (B6ndtsenet al., 2009 usingneural networks (NN)
and hidden Markov models (HMM) trained on eukarydfetsp://www.cbs.dtu.dk/services/SignalP-

3.0/). Multiple sequence alignments were performed using Clustal On{&gvers et al.,

2011)(http://www.ebi.ac.uk/Tools/msa/clustd. Known domains, motifs and transmembrane helices

were predicted.using the PROSITHLtp://prosite.expasy.org/scanprositéBattikeret al., 2009 and

Phyre2 2.0 ltttp://mww.sbg.bio.ic.ac.uk/phyre2fKelley et al., 2015 servers. A homology model for

P. falciparum SOPT was built using Phyre2 2.0 and the model was overlaid on the structare of
falciparum SUBL _(4LVN) (WithersMartinez et al., 2019 using The PyMOL Molecular Graphics
System.

Par asite maintenance

The asexual'stages Bfasmodium falciparum strain NF54 were maintained in human type O positive
erythrocytes AustralianRed Cross) at 4% hematocrit. RRMEPES media supplemented with 10%
serum (7% heat inactivated humserum PustralianRed Crosk 3% Albumax [Life Technologies])

were usedto maintain the parasites at 37 °C in 94% N, 5% T O,. Sexual forms of the parasite
were generated~using the crash method as previously des¢8biéda & Jacob$orena, 201R
Gametocytes were maintained in" @d blood cells Australian Red Cross) in RPMmedium
supplemented with 25 mM HEPES, 25 mM NaHC®@2.5 ug/mL hypoxanthine, 0.2% glucose, and
10% heatnactivated Ohuman serumAustralianRed Cross), with daily media changes. Gametocyte
cultures were harvestelb to 17 days after initiatioand diluted with human Ored blood cells and
heatinactivated“serum to 0.3% gametocytemia and 50% haematocrit. Infective bloatkhvased
directly into"watefjacketed glass membrane feeders maintained at 37 °C via a circulating water bath.
Fifty femalke An. stephensi (3-5 d old) mosquitoes were allowed to feed from each feeder for 30
minutes, after which any unfed mosquitoes were collected and discarded. Numbers of sexual stages
(gametes/zygotesy retorts, ookinetes), oocysts, and sporozoites per mosquitdeverieettat 24 h, 8

d, and 14%d, podtloodfeeding, respectively, as described below. Three independent replicate
experiments were performed with NF54 and eAS&OPT clone (D4 and B). The reference line
676mlcll ofP. berghei ANKA strain was usedPbGFR-Lucy,, see RMgr29 in www.pberghei.eil

PbGFRLucn contains thegfp-luc fusion gene under control of the constitutisefla promoter,
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integrated into the silen230p gene locus (PBANKA _030600); the line does not contain a-drug
selectable markgdanseet al., 2006b).

Transgenic parasites

P. falciparum NF54 was used to generate all transgenic parasites used in this study. To generate the
PfSOPT 161{GFP parasites synthetiBlocks’ gene fragmenta/ere manufactured Wptegrated DNA
Technologiesfor the sequence SOPI61. This was cloned into pGlux using Xhol/Xmd®.
falciparum transfectants were selected with 5 nM WR99210 (Jacobus PharmacelufioajEnerate

the SOPT kngckout construct, 5’ and 3’ flanks of the locus were cloned into pC&i $&cll/Spel (5’

flank) and EcCoR1/Avrll (3’ flank).Primers for amplification oSOPT (PF3D_1147800p" and 3’

flanks are listed in Table SRurified plasmid DNA (8Qug) was transfected into ring stage NF54 and
selected using*5enM WR92210. Lines were cloned by limiting dilution and genotypes @dsgsse
Southern blot*using the digoxigenin kit (DIG) from Roche, according to manufacturerisciitsts.

To generate . berghel mutant line lacking expression PBANKA_ 11069 targeted the gene locus

for deletion using a linear construct, generated usingte[® anchor tagging PCR methdhn et al.,

2011). The 5- and 3’ targeting regions of the gene were PCR amplified from genomic DNA using
primer pairs4744/4745 and 4746/4747 (for primer details see Table S4). Primers 4745 and 4747 have
5’-terminal extensions homologous to thhfr selectable marker saette. Primers 4744 and 4747 both
have a 5terminal overhang with an anchtag which serves as a primer site in the 2nd PCR reaction.
The target fragments from the first PCR reaction were annealed to either side of the selectasle m
cassette by PCRith anchortag primers 4661 and 4662, resulting in the 2nd PCR product. To remove
the ‘anchor’, the final PCR fragment was digested w718 andScal (primers 4744 and 4747
containedAsp748-andScal restriction enzyme sites, respectively), resultinganstruct pL1500. The

hdhfr selectable=marker cassette used in this reaction was digested from pL0040 using restriction
enzymesXhol‘andNotl (pL0040 is available from The Leiden Malaria Research Group).

To generate aP. berghet mutant line lacking expressiorof PbSOPTPIMMS2
(PBANKA_110690) we targeted the gene locus for deletion using a linear construct, generated using a
2-step ancher tagging PCR methddansest al., 2006 (Supplementary Information Fig..1)'he 5=
and 3’ targeting regions of the gene were PCR amplified from genomic DNA usingr pars
4744/4745 and 4746/4747 (for primer details see Table S1). Primers 4745 and 474 #tbanenal
extensions homologues to théhfr selectable marker cassette. Primers 4744 and 4747 both have a 5’

terminal overhang with an anchtarg which serves aspaimer site in the 2nd PCR reaction. The target
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fragments from the first PCR reaction were annealed to either side of the selectable markerbyasset
PCR with anchotag primers 4661 and 4662, resulting in the 2nd PCR product. To remove the
‘anchor’, thefinal PCR fragment was digested wAlp718 andScal (primers 4744 and 4747 contained
Asp718 andScal restriction enzyme sites, respectively), resultingcamstruct pL1500. Thédhfr
selectable marker cassette used in this reaction was digested from pL0040 using restriction enzymes
Xhol andNotl (pL0040 is available from The Leiden Malaria Research Group).

Transfection of parasites of tiie berghei ANKA reference linePbGFPLuc.o, with construct
pL1500, selection and cloning of the mutant parasite line was performed as degiaiisestt al.,
2006h. Correct integration of the DNA constructs was determined by diagnostic PCR amegr8out
analysis of chromosomes separated by pligdeé gel (PFG) electrophoresis. Southern blots were
hybridized with a’'probe recognizing the 3'UTdRifr/ts of P. berghet ANKA. We obtained three
independentrelones with the correct genotype and the clones exhibit blood stage gesMturing
the cloning period) that is comparable to wild typeerghei ANKA blood stage parasiteand while
only clone 1482cl1 is shown, twanockout clones were used to assess phenotypes across the lifecycle
(data not shown).

Asexual blood-stage growth assay

Highly synchronous trophozoite stage parasites were diluted to 0.5% parastt@ida@matocrit and

this was confirmed by flow cytonmgt (FACSCalibur;BD) using ethidium bromide (10g/ml; BioRad)
(Sleebst al.,;2014) Final parasitemia was determined 48 hours later by FACS as above. For each line,
triplicate samples of 50,000 cells were counted in each of the three independeimentse Growth

was expressed as fetthange relative to the parasitemia achieved by NF54.

M osquito infectionsand analysis of parasite development

Five- to 7-day old femal@n. stephensi mosquitoes were fed a bloodmeal of asynchronous gametocytes
a 0.3% stage V gametocytemiy standard membrane feeding assg§MFAs). Mosquitoes were

sugar starved fors1B4 hours before and another 48 hours pgmsbdmealto select the bloodfed
females from_a mixed mosquito population. Surviving mosquitoes were provided sugar cubes and
water (via cotton wickpd libitum. At 24 h postblood feeding, infectedhidgutswere dissectedand
contentspooled from 25mosquitos. Catents were lysed with 0.5% saponin (w/v) in phosphate

buffered saline (PBS), washed three times, and resuspended in 25 pl BBS.each resuspended
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pellet was spotted onto a glass slide, stained with Giemsa, and round forms (ggywEs), retorts,

and ookinetes within the entire spot were quantified by light microscopy to detatmaim@mber per
mosquito. At 8 daysR. falciparum) or 10 daysP. berghei) postbloodfeeding, midguts were dissected

from coldanesthetized and etharodlled mosquitoesand stained with 0.1% mercurochrome (w/v) in
water, and'00€ysts per mosquito enumerated by microscopy. At 14Rldgisiparum) or 21 daysR.

berghei) days posbloodfeeding, salivary glands were dissected from individual mosquitoes and
homogenized in 40 pul PBS with a pestle to release sporozoites. Following cetnifuagas,000 x g

for 3 min, ‘the supernatant was collected and sporozoites were counted using a Neubauer

hemocytometer.

An. stephensiland P. falciparum gene expression

Gene expressiomas analyzed irAn. stephensi midguts 27 h after SMFAas described previously
(Lopaticki et al+=2017. Briefly, mosquitoes were colanesthetizedand ethanol killed. MidgutBom

25 mosquitoes per growpere dissectednd frozen immediately on dry ice. RNA was purified using
TRI Reagent (Sigma) and complementary DNA (cDNA) prepared using a SensiFast cDNA synthesis
kit (Bioline) according to the manufacturers’ instructioBT-PCR was performed using a

LightCycler480:Roche) usingligonucleotides listed ifiableS4.

Antibody production
PfSOPT (E101 to 1350) was expressed as atafjsrecombinant fusion protein, purified by affinity
chromatography and used for immunization of two rabbits by Genscript Corp. Serunifinias a

purified using the antigen to 0.4 mg/ml and supplied by the company.

I mmunofluereseence assays

Chimeric GFPexpressing asexual lines were captured for live expression following incubation with 4
-6-diamidino2-phenylindole (DAPI) at 0.2g/mL for 20 min and mounting under Menzelaser 0.16
mm coverslips.

At 24wh' postblood feeding,P. falciparum NF54 and ASOPT-infected mosquitoes were
dissected and bloodmeals pooled fromAtb stephenst midguts. Contents were lysed with 0.15%
saponin (w/v) in phosphate buffered saline (PBS), washed thrice and resuspended in B5. ml P

Resuspended pellets were placed at drops onto glass slidedrjea@irand fixed with 4%
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paraformaldehyde (v/v) in PBS for 60 min at room temperature. Fixed cells were permeabilized with
0.5% Triton X100 for 10 min and blocked overnight with 3% BSA (Sigiidrich) in PBS. Cells

were probed for 1 h at 37 °C with mouse @825 Barret al., 1991 (1:500) and rabbit ar®fSOPT

(10 pg/mL) antibodies in 3% BSRBS. After washing three times for 10 min each in PBS, samples
were incubated“for 30 min at 37 °C with secondary AlexaFluor goatmanise 488 and goat anti
rabbit 594 IgG antibodies (ThermoFisher) diluted 1:1000 in 3% B8S&- Samples were again washed
with PBS, stained with DAPI, anlried, and mounted under cover glass wiluormount&
(ThermoFisher). Images were acquired using a Deltavision Elite micros&ppke@ Precision) using

an Olympus163%/1.42 PlanApoN objective equipped with a Coolsnap HQ2 «uangled device

camera.

In vivo cultivatienof P. berghei for direct feeding assays

Swiss Webster=“donor” mice were infected via the intraperitoneal (i.p.) routePwiitrghei ANKA
PbGFRLucCen or P. berghei ANKA ASOPT GFPRluc (PbASOPT/IPIMMS2). Parasitemia was
monitored by Giemsatained tail blood smears. Omeek later, red blood cells from these infected
donor mice were transferred to naive mice via i.p. injection, which were used for direct feeding assays
(DFASs) at threestesfour days pesioculation. Mice with>1% parasitemia and exhibiting exflagellation

of microgametes:- by microscopy at 40x magnification, anesthetized with ketayfazine via i.p.
inoculation, and individually placed on top of a single container of 50 feAmalgephens (3-5 d old)
mosquitoes. Mosquitoes were allowed to feed on mice for 15 min, after which any unfedtoessqui
were collected and discarded. Numbers of sexual stages (gametes/zygotes, retorts, ookinetes), oocysts
and sporozoites per mosquito were determined at 24 h, 10 d, and 21ibtbpd&tedingrespectively,

as desdbed above:

I mmunoblotting

Proteins weresseparated through 10% Bis-Tris polyacrylamide gels (Invitrogangferred to
nitrocellulose and blocked in 10% skim milk/1x PBS/Tween @p&ndprobed with mousa-GFP
(Roche; 1:500) and rabhitaldolase (1:4000) primary antibodies followed by horseradish peroxidase-
conjugated secondary antibodies (Cell Signaling Technology) and detected by enhanced

chemiluminescence (Amersham).
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Assessment of in vivo P. berghei liver infection

C57BL/6 mice (fenale, 68 weeks) were injected with 10,0BBGFRLucc, or POASOPT/PIMMS2
sporozoites obtained from freshly dissected salivary glands via intravenous (i.v.) tailjeetiom At

44 h postinfection whole livers weredissected,and single cell suspensions generated with cell
strainers. RNA was purified using TRI Reagent (Sigma) and cDNA prepared using a SensiFast cDNA
synthesis kit _(Bioline) according to anufacturers’ instructions an@T-gPCR performed using a
LightCycler 480 Roche) to measure crossing points forRhberghei 18S ribosomal RNA subunit and
mouse hypoxanthine guanine phosybasyl transferase (pit) housekeeping genasing ACt and
oligonucleotides listed in Table Sd.iehl et al., 2014. Gene expression was calculated using the
AACt method, with the mean of the control group as calibrator to which other samplesomgared.

To assess bloestage infection, parasitemia was mitored daily by examination of Giems#ained

thing blood smears. Animals were observed daily for signs of severe disease and those that developed
hyperparasitemia (>15%), anemia, or neurological symptoms were@@anized.

In vitro cultivation and transmission of P. berghei ookinetes in standard membrane feeding
assays

One day following treatment with 1.2 mg phenylhydrazi@ (SigmaAldrich) in 200 ul in PBS via

I.p. injection, Swiss Webster mice were inoculated with eitRerberghei PbGFRLuccn Or
ASOPT/PIMMS2 parasites as described above. Upon detectidicoparasitemia and exflagellation

of microgametes by microscopy at 40x magnification three to four days laterware euthanized in

a CO, chamber, and 0-8.0 mL blood was collected in a&jparanized syringe via cardiac puncture.
Blood was addeddirectly to 10 mL ookinete medium (RPMI 1640 supplemented with 25 mM HEPES,
25 mM NaHCQ@;"100 mg/L neomycin, and 10% (v/v) fetal calf serum, pH 8.0) and incubated 20 h at
19°C. Ookinetes were detected and quantified (ookinetes/mL) from Ggaisad blood smears,
diluted to 800 ookinetes/pl and 50% haematocrit in uninfected mouse red blood cells andaedrum
fed to An. stephensirmosquitoes in SMFAs as described above. Oocyst loads were deterinired a

post-bloodfeeding.

Statistical analyses
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All statistical analyses were performed using GraphPad Prism version 7.0 software. Stadint
were used to compare numbers of round forms (gametes/zygotes), retorts, and odiinetd by
wild type cornrols andASOPT parasites. Maniwhitney tests were used to evaluate differences in
median oocyst and sporozoite loads between wild type controlsASDET parasites.Multiple

comparisons were performég oneway ANOVA.
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Figure Legends

Fig. 1. SOPTisa conserved subtilisin-like protein in Plasmodium.

A. Homolegy.medel ofP. falciparum SOPT (T166K552, light blue) overlaid on the -Kay crystal
structure ofPfalciparum SUB1 (T366K669, pale green, 4LVN, RMS = 2.25 AyithersMartinezet
al., 2014).The red catalytic residug®372, H428, S606) afeom PfSUBL1.

B. Sequence_alignment of SOPT frdpn falciparum (T166-K552) and withP. falciparum SUB1
(T366-K669),.showing predicted secondary structures and catalytic residues (red).

C. A multiple sequence alignment of fl#ingth SOPT from terPlasmodium species was used to
identify residues in the catalytic triad (red). Pf,falciparum 3D7; Pr, P. reichenowi CDC; Pm,P.
malariae UGO01; Py, P. yoelii 17X; Pc, P. chabaudi chabaudi; Pb, P. berghei ANKA; Pg, P.
gallinaceum 8A; Po;P. ovale curtist GHO1; Pv,P. vivax Sal1; Pk,P. knowles strain H.

D. A multiple,sequence alignment of thet&minus of SOPT from silasmodium species shows
conservation of a PEXElike sequence, RXLXE, locatedt€rminal of the signal peptide (red line). Pf,
P. falciparum 3D7; Pr, P. reichenowi CDC; Pv,P. vivax Sall; Pcy,P. cynomolgi Strain B; Pk,P.
knowlesi strain H; PbP. berghel ANKA.

E. Structuregand amino acid sequence of the PISOBP-GFP chimera.Twenty residues were
included A spacer (20 aa) was included between the PEME sequence RILEE and GFP. The
protein was expressed from t8RT gene promoter.

F. Immunoblet ofiinfected erythrocytes with a@t-P antibodies shows expression of PISOR®2-
GFP (arrow). “GFP only’ represents degradation to a GFP remnant in the food vactoie tha
commonly observed iR. falciparum.

G. Immunofluorescencemicroscopy images showing PfSOPF62GFP is secreted to the

parasitophoroussvacuole in infected erythrocytes but is not exported. Scalgldlar, 5

Fig. 2. Genetic disruption and characterization of SOPT in P. falciparum.
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A. Schematic representation of allelic exchange to genetically disruBORE gene inP. falciparum
NF54. CDUP refers tocytosine deaminase/uracil phosphoribosyl transferase gene used for negative
sekction with 5'fluorocytosine (5FC).

B. Southern blot analysis of NF54 aA@OPT clones D4 and E8. Genomic DNA was digested with
Hincll/BamHI and hybridized with 5’ and 3’ probes respectively.

C. Asexual growth rate of NF54 ardiISOPT parasites after oneycle (approx. 48 hours). No
significant differences (n.s.) were found between NF54 and either mutant claietemsined by one
way Kuskal-Wallis, ANOVA (p=0.3131).

D. Percentage of stage V gametocytes produced by NFSASDM@T parages 17 days after initiation
of gametocytogenesis. No significant differences (n.s.) were found between NF54 andnetdra
clone, as determined by omay KuskatWallis ANOVA (p=0.8071). Data in (C) and (D) represent
mean + SEM from.two and three independent experiments, respectively.

E. Immunofluorescence microscopy & falciparum ookinetesafter dissection from mosquito
midguts Top: SOPT isexpressed in NF54 ookinetes (yemhd patly co-localizes withthe surface
protein Pfs25_(green Bottom: Noexpression of SOPTS detected inASOPT ookinetes but Pfs25

expressiond detected.

Fig. 3. SOPT facilitates P. falciparum ookinete infection of Anopheles stephensi midguts.

A. P. falciparum ASOPT parasites form comparable numbers of round forms (gsfaggotes),
retorts, and “ookinetes as NF54 controls following infectiorAadpheles stephensi mosquitoes in
standard membrane feeding assays (SMFAs). Data represent mean + SEM from three independent
biological replicates (n=25 mosquitoes/replicate). No significant differe(e.s.) were found between
NF54 and either mutant clone, as determined by one-way Kruskal-Wallis ANOVA (p=Q0.4985)

B. P. falciparum ASOPT parasitegproducefewer oocysts per mosquito midgut th&54 controls.
Data represent threedapendent biological replicates. Red horizontal lines indicate amembcyst
load. *** p<0.0001, determined by the Maihitney test.

C. P. falciparumASOPT parasiteggenerate fewesalivary gland sporozoites per mosqutian NF54
controls. Data“represettiree independent biological replicates. Red horizontal lines indicate median
sporozoite load. *** p<0.0001, determined by the MaNhitney test.

D and E RT-gPCR gantification of An. stephenst SRPN6 mRNA expression relative teither the
housekeeping gengn. stephens rps7 (D) or P. falciparum ookinete gen€€TRP (E) in midgutsfrom
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mosquitoeghat were sugéed (uninfected) oifed infectedblood containing NF54 okSOPT D4 or E8
clones Data arefrom n=25 midguts per condition per experiment from 4 independent experiments
pooled and analyzed by a emay ANOVA. *** p<0.0001and * p<0.001lcompared to NF54 using a
Dunnet’s postoc test

Fig. 4. SOPT function is conserved in different Plasmodium species.

A. Schematic_representation of allelic exchange to genetically disruptb®@PT gene &élso called
PIMMS2).

B. PCR analysis of PbGHRUC.on and PASOPT/PIMMS2 1482 cll. Sizes of amplicons are indicated
in (A).

C. PASOPT/RPIMMS2 parasites form comparabteimbers of round forms (gametes/zygotes), retorts,
and ookinetes as. parental controls (Pb&EE.,,) in An. stephenss mosquitoes followingdirect
feeding assays (DFAs) with BALB/c mice. Data represent mean + SEM from three independent
biological replicate (n=25 mosquitoes/replicaté&)p<0.05 determined bytest

D. PASOPT/RIMMS2 parasites produce fewer oocysts per mosquito than PhGER, following
infection of An. stephensi mosquitoes in DFAs with BALB/c mice. Red horizontal lines indicate
median oocyst load** p<0.0001 determined by the Mann-Whitney test.

E. PASOPT/RPIMMS parasites produce fewer sporozoites per mosquito than Rb@Gif following
infection of An. stephens mosquitoes in DFAs with BALB/c mice. Data in (D) and (E) are from three
independentiexperiments, each comprised of PBGFRLuc,, and n=3 PASOPT/PIMM2-infected
mice. Red horizental lines indicate median sporozoite Ivat.p<0.0001determined by thélann
Whitney test.

Fig. 5. PbSOPT/PIMMS2 is dispensable for ookinete development, sporozoite infectivity and
establishing patent blood infections.

A. PPASOPT/PIMMS2 parasites produce equal numberokinetesin in vitro culturescomparedo
PbGFRLucccontrols Data are mean SEM from 4 independent experimento significant
differences (n's.),were observed using the Mann Whitney test (p=0.6742).

B. Invitro cultured ookinetes forrfewer oocysts per mqgsito when equivalent numbegie fed toAn.
stephens mosquitoesn SMFAs. Data shown are pooled from four independent experiments. Red

horizontal lines indicate median oocyst loatf: p<0.0001 using the Mann Whitney test.
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C. Liver load of PBSOPT/PIMMS andPbGFRLuc., parasitesmeasured by RGPCR 44 h positv.
injectionwith 10,000 sporozoiteper mouseData are mean + SEM from 2 independent experiments
each with groups of 5 micé. berghel 18S rRNA expressiom PbASOPT/PIMMS2 parasites was
normalized to that dPbGFP-Luc., controls. MousdHPRT was used as a housekeeping gene.

D. Mean parasitemiaSEM of C57BL/6 mice that developed patent blstaige infections following

I.v. injection \with 10,000 sporozoites from eitHsGFRLuc.on (N=5/5) orASOPT/PIMMS2 (n=4/6)

infectedmaosquitoes.

Figp Sl1. Detalled generation and genotyping of PbASOPT/PIMMS2 parasites.

A. Schematic, shewing the generation ofABDPT/PIMMS2 (APBANKA 1106900 (1482cll). The
DNA-construet pL1500 is designed to disrupt the target gene by doubleogmysfiomologous
recombination. The construct was generated by an adapted ‘Aragging’ PCRbased method
employing a 2tep PCR reaction. In the first PCR step-flamking fragments of PBANKA 1106900
were amplified from genomic DNA with the primers 4744/AT8% and 4746/4747 (B Both primers,

4745 and 4747;"have-terminal extensions homologues to tidinfr selectable marker cassette (SM)
obtained from' plasmid pL0040 (digested with restriction enzyxieds and Notl). Primers 4744 and
4747 have Stermind overhang with an anchdag suitable for the second PCR step. These fragments
were then annealed to either side of the SM with antagpprimers 4661/4662, resulting in the second
PCR fragment. To remove the ‘anchor’, the final PCR fragment was digeitedsp718 andScal
(primers 4744,and 4747 containAgh718 andScal restriction enzyme sites, respectively), resulting in
construct pLE1500. See Supplementary Table 4 for the sequence of the primers.
B. Confirmation=of correct integration of the gemgetion construct pL1500 in mutant 1482cl1 by
Southern analysis of PF§&eparated chromosomes (left panel) and by diagnostic PCR (right panel).
Hybridization,of separated chromosomes (chr.) with tH8T3R dhfr/ts probe recognizes the integrated
construct orchr=11, the endogenoubfr/ts gene on chr. 7 and the reporter GRR o, cONstruct in

chr. 3 of thesparent referen&e berghei ANKA PbGFRLuc.n Diagnostic PCR confirms the correct
disruption offPBANKA 1106900. M: selectable marker (primers L307C/38B8htegration (primers
4286/4770); 3integration event (primers 4471/4287); O (open reading frame; primers 4435/4436).
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