


�. 	�
��� strainsfall at leastin sixmajorclonallineageswhichdiffer by lessthan1%at the
DNA level[1±4].However,eachstrainharborsits ownstrategyto modulatethehostimmune
signalingpathwaysresultingin strongphenotypicdifferencesin thelaboratorymousemodels
(for areviewsee[5,6]). Infectionsby typeI parasitestypifiedbyRH strainis fatal(LD100= 1)
in mostlaboratorymousestrainswhereasinfectionswith typeII suchasPrugniaud(Pru) and
ME49(LD50~102) or typeIII suchasNED (LD50~103) strainsgenerallyresultsin lifelong
latentinfectionscharacterizedbydormanttissuecystformation [7].

Thecontrol of hostcellprotectionagainst���������� requiresanactivetype1cytokine
responsetypifiedby theproductionof pro-inflammatorycytokines.However,asapervasive
pathogen,���������� hasdevelopedstrategiesto compromisehostmechanisms,avoiding
parasitekilling. Oppositeeffectsin theimmunemodulationadoptedby theparasitesare
observedbetweendifferentstrainsof ���������� [5]. For instance,virulent typeI strains
downregulatetheinflammatoryresponseandcontrol themechanismsof parasitekilling,
whileavirulenttypeII andIII strainshavedevelopedstrategiesto limit infectionandprema-
turedeathof thehostto favortransmission[5]. To do so,afine balancebetweentheparasite
replicationandthehostimmuneresponseis requiredto preservethehostfrom theimmuno-
pathologyeffectof pro-inflammatorycytokinesinducedby typeII effectorsandto sustain
moderatetypeII strainspersistencein animals.

Theunderlyinggeneticloci responsiblefor themoststriking phenotypicdifferences
betweenthethreemainclonallineagesof ���������� havebeenmappedusingclassicalgenet-
icsof pairwisegeneticcrossesbetweenstrains[8±12].Mostof theeffectorsidentifiedsofar
originatefrom thesecretoryorganelles,i.erhoptriesanddensegranules.In typeI strains,pro-
teinsof bothorganellesco-optto dampenhostresponsesandfavorparasitereplicationand
highvirulence.In typeII strains,thoseeffectorsaremostlyinactivedueto polymorphismand/
or differentialexpressionin awaythatcontrol parasitedisseminationandpersistencein the
host.Furthermore,typeII strainsalsoexpressdensegranuleproteinswhichparticipatein the
modulationof hostcellfunctions[10,13,14].

Here,wedescribearhoptry protein,�	DegP thatplaysapivotalcontribution to theviru-
lenceof �. 	�
���. �	DegP isaserineproteasebelongingto theHtrA (High Temperature
RequirementA) or Deg-likefamilyof serineproteases[15]. While DegPisdispensablefor the
lytic cycleof bothRH typeI andPru typeII strains,amarkeddecreaseof acutevirulencein
Swissmiceisobservedin ��	
 knock-outtypeII strain(KO-��	
 �� ). In contrast,KO-��	
 ��

parasiteskill immunodeficientmiceasefficientlyasthewild-typestrain.In conclusion,genetic
ablationof �	DegP suggestsarole for thisserineproteasein immuneevasion.

Materials and methods

Ethics statement

Therecommendationsof theEuropeanUnion guidelinesfor thehandlingof laboratoryani-
malswasfollowedfor thisstudy.Productionof DegPandDegP� antibodiesviarat andmouse
immunizationswasconductedat theCRBManimalfacility (Montpellier)andapprovedby the
Committeeon theEthicsof Animal Experiments(Languedoc-Roussillon,Montpellier) (Per-
mit Number:D34-172-4,deliveredon 20/09/2009).

All miceprotocolswereapprovedby theInstitutional Animal CareandUtilization Com-
mittee(IACUC) of theAmericanUniversityof Beirut(IACUC PermitNumberIACUC#14-3-
295).Micewerehousedin dedicatepathogenfreefacilitiesandhumaneendpointswereused
asrequestedby theAUB IACUC accordingto AAALAC (Associationfor Assessmentand
Accreditationof LaboratoryAnimal CareInternational)guidelinesandguideof animalcare
usebook(Guide,NRC2011).Miceweremonitoredon adailybasis.Eyepricksweredone
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followingdeepanesthesiawith isofluraneby inhalation.Oneeyeperanimalwasprickedallow-
ing to collect50uLof blood.Miceweresacrificedif anyof thefollowingabnormalethicalfea-
turesarenoticedasdescribedpreviously[16]. Animalsweredeeplyanesthetizedbefore
cervicaldislocationandno unexpecteddeathwasobserved.

Mammalian cells and parasite cultures

Tachyzoitesfrom RH,RHΔ���� strainor PruΔ���� (deletedfor the���� gene[17,18])were
usedthroughoutthisstudy.Parasitesweregrownin humanforeskinfibroblasts(HFFs)
(AmericanTypeCultureCollection-CRL1634)in Dulbecco'sModified Eagle'sMedium
(DMEM) (GIBCO,Invitrogen)supplementedwith 5%of fetalcalfserum(FCS),1%penicillin-
streptomycinand1%glutamine.BHK-21cells(AmericanTypeCultureCollection-CCL10)
weregrownin BHK-21medium(Gibco-BRL)supplementedwith 5%FCS,2 mM tryptose,
100U/ml penicillin and100μg/ml streptomycin.

Transient transfection of mammalian cells and generation of transgenic

parasites

ForBHK-21,3×105 BHK-21cellsweregrownon coverslipsfor 24h in 6-wellplateprior trans-
fectionusingLipofectaminereagent(Gibco-BRL)asinstructedby themanufacturer.Cells
weregrownfor anadditional24h beforewesternblot analysis(seebelow).Parasitetransfec-
tion andselectionwasperformedaspreviouslydescribed[19]. Parasiteswereselectedin pres-
enceof mycophenolicacid(20μg/mL)andxanthine(50μg/mL)for HXGPRTselectionor
pyrimethamine(1μM) for DHFR-TSselection.Theselectionof revertantparasiteswasmade
in thepresenceof 300μg/mlof 6-thioxanthineandtheir sensitivityto mycophenolicacid
(20μg/mL)andxanthine(50μg/mL)wasassessed.Theisolationof clonaltransgenicpopula-
tionswasperformedusinglimiting dilution in 96-wellplates.

Antibodies

Theantibodiesusedandtheir dilution for westernblot (WB) andimmunofluorescence(IFA)
wereasfollows:

· mousemonoclonalantibodies(MAb) T4 1E5anti-SAG1,1:2000(IFA), 1:2000(WB) [20]

· rabbitanti-ROP1,1:3000(IFA) [21]

· rabbitanti-ROP21:500(IFA) [21]

· mouseanti-Ty MAb, 1:200(WB) [22]

· rat serumanti-DegP,1:1000(IFA), 1:1000(WB) (this study)

· mouseserumanti-DegP� 1:200(WB) (this study)

· rabbitanti-RON4,1:500(IFA) [23]

For IFA studies,thesecondaryantibodiesusedwereAlexaFluor488(Sigma),AlexaFluor
594(Sigma),andAlexaFluor546(Invitrogen),asrecommendedby themanufacturer.For
immunoblots,thesecondaryrat,mouseor rabbitantibodiesusedwerecoupledto alkaline
phosphatase(Promega).

Molecular cloning

To verify thepredictedcDNA of DegPin RHΔ���� (typeI) andin PruΔ���� (typeII), total
RNA wasextractedfrom RHΔ���� or PruΔ���� tachyzoitesusingtheNucleoSpinRNAII
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extractionkit (MACHEREY-NAGELGmbH & Co.).FollowingRT-PCRusinganoligo-dT
andtheSuperscriptfirst strandsynthesiskit (Invitrogen),thespecificfull-lengthcDNA of
��	
 genewasamplifiedusingprimersML220andML221usingthePhusionHF DNA poly-
merase(NewEnglandBiolabs).PCRamplificationat thepredictedsize(2868bp)wascloned
in thepCR-BluntII-TOPO vector(Invitrogen) to generateTOPO-DegPI (typeI) andTOPO-
DegPII (typeII). TheML220andML221primersweredesignedto addtherestrictionsites
���HI and���I at the5' endand���I and���I at the3' enduponPCRamplification.

ThepGEX-DegP-GSTplasmidwasdesignedto producearecombinantGST-taggedDegP
protein.TheTOPO-DegPI plasmidwasdigestedby ����I and���I andthefull-length
cDNA sequenceof �	��	
 gene(2868bp)wasclonedinto the����I and���I restriction
sitesof pGEX-4T-3vector(GEhealthcare).

ThepET24a-DegP-Hisplasmidwasdesignedto producearecombinantHis-taggedDegP
protein.An internalsequenceof ��	
 cDNA wasamplifiedusingprimersML247andML248,
digestedby ���1 and���1 andclonedinto the���1 and���1 restrictionsitesof pET24avec-
tor (Novagen).

Thep��	
-DegP-Ty plasmidwasdesignedto expressunderthecontrol of ��	� promotor a
secondcopyof DegPI fusedwith aTy tagat theC-terminal.It wasbasedon plasmidp�� -
DegP-Ty,in whichthetubulin promotor wasreplacedby theendogenouspromotor of ��	
.
Thep�� -DegP-Ty plasmidwasfirst designedto overexpressasecondcopyof DegPwith aTy
tagat theC-terminal.To do so,theTOPO-DegPI plasmidwasdigestedby ���I and���I and
thefull-lengthcDNA sequenceof �	��	
 gene(2868bp)wasclonedinto the!��"I and���I
restrictionsitesof thepTUB8mycGFPPftailTY vector(agift from DominiqueSoldati-Favre),
whereit replacesthemycGFPPftail.p��	
-DegP-Ty wasconstructedbyPCRamplificationof
p�� -DegP-Ty with primersML234andML235to createthedeletionof thetubulin promotor
aswellasof the108first nucleotidesencodingfor theN-terminal 37aminoacidsof DegP.The
ML234andML235primersweredesignedto addtherestrictionsites��
I and#$�II at the
5'and3' endsrespectivelyuponPCRamplification.Thetemplateplasmidswereeliminatedby
digestionwith ��
I, andafragmentcorrespondingto 1 kb of the5' non-codingregionof
DegPplusthe108first nucleotidesof thecodingsequenceof ��	
 wasPCRamplifiedusing
primersML232andML233,andthenligatedwith thePCRproductobtainedusingML234
andML235primers.Thisaddedan#$�II sitesixresiduesafterthesignalsequenceof DegP.

ThepDegP-V5plasmidwasdesignedto transfectmammaliancellswith the��	
 cDNA
without thesequencesignal.It wasconstructedbyPCRamplificationof the��	
 cDNA from
TOPO-DegPI usingprimersML277andML278,andcloninginto ��
� and� �� sitesof
pTRACER-A(Invitrogen).

TheKO-DegP-HXGPRTplasmidwasusedto disrupt the��	
 endogenouslocusin both
RHΔ���� andPruΔ���� strains.TheprimersML981andML2048wereusedto PCRamplify
a627bpfragmentcorrespondingto the5' of theRHΔ���� ��	
 genecontainingtheATG, the
first exonandpartof thefirst intronic region(88nucleotides).ThePCRproductwassub-
clonedinto thepCR-BluntII-TOPO vector(Invitrogen),sequencedandthenclonedKpnI/
NsiI in the3TY-HXGPRTvector[24]. Theplasmidwaslinearizedby 
��I prior to transfection.
Correctintegrationof thedisruptingplasmidwascontrolledbyPCRusingprimersML871/
ML673.ML673hybridizesto theTY tagpresentin thevectorwhileML871is located48bp
upstreamthe��	
 sequenceclonedin KO-��	
-HXGPRT.

To generateKO-��	
 �� revertantparasites,thechiRNAtargetingthesequenceGCTTCAG-
CATTGAAGACGTCfrom theHXGPRTcassettewasclonedusingtheprimersML2248and
ML2249in thepU6-universalplasmid[25].

All theplasmidsweresequencedprior to transfection.
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Fluorescence staining of cells

For IFAsof transfectedBHK-21cellsor intracellularparasitesgrownin hostcells(HFF),cells
werefixedwith 4%formaldehydein PBSandpermeabilizedwith 0.1%Triton X-100in PBS/
3%BSA.Coverslipswereblockedin PBS10%FCSandproceededfurther for IFA aspreviously
described[26]. Sampleswereobservedwith aZeissAxioimagerepifluorescencemicroscope
equippedwith anapotomeandaZeissAxiocamMRmCCDcameradrivenby theAxiovision
software(Zeiss),at theMontpellierRIO imagingfacility. Imageswerecollectedandprocessed
usingZeissZensoftware.

Production of a recombinant DegP protein fused to GST and of a specific

serum

!���������� ���� C41RIGcompetentcellsweretransformedwith pGEX-DegP-GSTor
pGEX-DegP�-GST.Theexpressionof DegP-GSTor DegP�-His recombinantproteinswere
inducedbyadding0.2mMIPTGat37ÊCfor 4h.Cellsfrom 500mLof culturewereharvestedat
4000gfor 20min at4ÊCandthepelletwasresuspendedin 25mLof PBS.Thebacteriawere
lysedbyFrenchpress(2 timeswith 2 tonnes/ cm2) andthetotal lysatecentrifugedat9000r.p.
m during 20minutesat4ÊC.The�	DegP-GST recombinantproteinwasabundantlyrecov-
eredin theinsolublefraction.TheDegP-GSTproteinwasthusseparatedbySDS-PAGEand
electro-elutedfrom thegelandusedto raisepolyclonalantibodiesin rat aspreviously
described[23].

Immunoblots

Freshlyreleasedtachyzoiteswereharvested,washedin PBSandresuspendeddirectlyin SDS
samplebuffer.All gelswererun undernon-reducingconditionsexceptotherwisestatedin the
figureslegends.5.106 parasiteswereloadedin eachlane.Transferandimmunodetectionwere
doneaspreviouslydescribed[19]. DegP�-His recombinantproteinwaspurified usinga
nickel-agarosecolumnin nativeor denaturingcondition andaccordingto theQIAGEN pro-
tein purification handbook.

Plaque and intracellular growth assays

Plaqueandintracellulargrowthassayswereperformedaspreviouslydescribed[19]. To assess
intracellulargrowth,only thevacuolescontaining2 parasitesor morewerescored.

Two-color invasion assays

Two-colorinvasionassayswereperformedaspreviouslydescribed[27]. Briefly,5.106 freshly
releasedtachyzoitesfrom thecontrol strain(RHΔ���� or PruΔ����) or from themutant
strains(KO-��	
 � or KO-��	
 �� ) wereaddedto HFFgrownon glasscoverslips,synchronized
on iceduring 20min andsubsequentlyallowedto invadefor 5 min in invasionbuffer.Inva-
sionwasstoppedby fixation in 4%PAFin HBSSandparasiteswerefurther processedfor IFA.
A first immunodetectionwith themousemAb T4 1E5anti-SAG1in 2%FCS/HBSSwasper-
formedto detectextracellularparasites.After permeabilizationwith 0.1%saponinfor 15min,
asecondIFA wasperformedusingrabbitanti-ROP1antibodiesto labeltheparasitophorous
vacuoleof intracellularparasites.Extracellularandintracellularparasiteswerecountedon 40±
50fieldspercoverslipfrom threecoverslips.
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In vivo experiments

To assesstheKO��	
 � virulence�
 $�$�, 100tachyzoitesfrom theKO-��	
 � or RHΔ����
wereintraperitoneallyinjected(i.p) into 20females8 weeks-oldSwissmice.To assesstheKO-
��	
 �� virulence�
 $�$�, 12±16week-oldSwissmice(CharlesRiver,France)wereinfectedby i.
p. injectionof 105 or 1 million tachyzoitesfreshlyharvestedfrom cellculture.To testtheviru-
lenceof PruΔ���� or KO-��	
 �� in NOD/Shi-scid/IL-2Rγnull (NOG) SevereCombined
Immunodeficiency),12weeksmicewereinfectedwith 105 parasitesfreshlyharvestedfrom cell
culture.Invasivenessof theparasiteswasevaluatedbysimultaneousplaqueassayof asimilar
doseof parasiteson HFFs.Mousesurvivalwasmonitoreddailyuntil their death,end-pointof
all experiments.Theimmuneresponseof survivinganimals(exceptfor NOG) wastestedfol-
lowingeyepricksperformedon day7 postinfection.SeraweretestedbyWesternblotting
tachyzoitelysates.DatawererepresentedasKaplanandMeierplotsusingGraphPadPrism
version4.00for Windows(GraphPadSoftware).

Bioinformatic domain prediction

SignalPsoftware(http://www.cbs.dtu.dk/services/SignalP/)wasusedto predictsignalpeptide.
ThecatalyticdomainwaspredictedbyusingPfamsoftware(http://pfam.xfam.org/)andthe
PDZdomainsweremappedusingsupfamsoftware(http://supfam.org/SUPERFAMILY/).
AlignmentwasperformedusingClustalW2(http://www.ebi.ac.uk/Tools/msa/clustalw2/).

Statistical analysis

All resultsarepresentedasmeanvalueswith standarddeviationsshownaserror bars.Two-
tailedunpairedStudent'st tests(for plaqueassays,invasionandreplicationassays)wereused
appropriatelyto determinestatisticalsignificanceusingGraphPadsoftware(version7) andaP
value0.05wasconsideredsignificant.For �
 $�$� experiments,levelsof significancewere
determinedwith theLogranktestusingGraphPad.

Oligonucleotides used in this study

ML220, 5’-GGATCCCAATTGATGTTGCTCCTTCTGTCACT-3’;
ML221, 5’-GCGGCCGCATGCATTGAGGAAGTAAGAGCGGTCTCTCA-3’;
ML232, 5’-GGGGTACCCCGAAGACCACAGCCCCAGA-3’;
ML233, 5’-ATGCATCCTAGGTAACAGAGACGAAGCCTCCG-3’;
ML234, 5’-GGGGTACCCAATTCGCCCTATAGTGAAGTC-3’;
ML235, 5’-ATGCATCCTAGGACTCCTGAACCTTCTGAGACC-3’;
ML247, 5’-CATATGCAGAGTGTGTGCAGGCTCAAGA-3’;
ML248, 5’-CTCGAGCAACAGGAGTTCTTCTTCCGA-3’;
ML277, 5’-GGGGTACCATGGAGCAGAAGCTCATCTCCGAGGAGGAC-3’;
ML278, 5’- GCGGTACCGAGGAAGTAAGAGCGGTCTC-3’;
ML673, 5’-ATCGAGCGGGTCCTGGTTCGTGTGGACCTC-3’;
ML871, 5’-TCTAGAATGGCGGCGTTCCACCGG-3’;
ML981, 5’-GGTACCATGTTGCTCCTTCTGTCACTG-3’;
ML1022,5’-CTCGGGTTGTTTCACCAACGACG-3’;
ML2048,5’-ATGCATGTCTCTACTTTACTAACTTCAC-3’;
ML2248,5’-AAGTTGCTTCAGCATTGAAGACGTCG-3’;
ML2249,5’- AAAACGACGTCTTCAATGCTGAAGCA-3’
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Results

TgDegP is a rhoptry protein

A previousproteomicanalysisof ahighlypurified fractionof rhoptriesfrom ����������
revealedpeptidescorrespondingto aprotease(TGME49_262920),that iscloseto chymotryp-
sin [28]. However,its presencein therhoptry compartmenthasnot beenyetvalidatedexperi-
mentally.TGME49_262920encodesa956aminoacidprotein,whichdisplaysaconserved
proteasedomainin theN-terminal partof theprotein,with thecritical catalytictriad (aspartic
acid,histidine,andserineresidues)typicalfor serineproteases(Fig1A). In addition,two PDZ
domainsarepresentin theC-terminalendof theprotein.Accordingto thismodulararchitec-
turecombiningaproteasedomainwith oneor moreC-terminalPDZdomainscharacteristic
of Deg-likeserineproteases,thisproteinwasnamed�	DegP [15]. �	DegP harborsapredicted
signalpeptidasecleavagesiteafterAla30,indicativeof traffickingalongthesecretorypathway.
Moreover,its cellcycletime coursetranscription(ToxoDB.org)showsamaximumin Sto M
phaseandthendramaticallydecreasesin earlyG1beforepickingagainin thenextSphase;a
mRNA periodicitytypicalof rhoptry proteins[29] (Fig1A).To validate�	DegP asarhoptry
protein,weexperimentallyassessedthelocationof �	DegP in RHΔ���� typeI strainbypro-
ducingaspecificserum(namedanti-DegP)directedagainstthefull lengthof �	DegP recom-
binantprotein fusedto GSTandproducedin !���������� ���� (Fig1B).ByIFA, theanti-DegP
serumrecognizesanantigenco-localizingwith therhoptry bulbousproteinROP1but distinct
from therhoptry neckmarkerRON4in intracellularparasites(Fig1C).Thespecificityof the
serumwasconfirmedusinga�	��	
 knock-outparasiteline,namedKO-��	
 � (I, for KO in
typeI strain)(Fig2A).KO-��	
 � wasengineeredusingadisruptionstrategybysinglehomolo-
gousrecombinationaspreviouslydescribed[21](Fig1D).Followingvectorintegration,atrun-
catedversionof DegPthatdoesnot containthefull catalyticdomainbut containingonly the
first 178residuesmight beexpressed.Thecorrectintegrationof thevectorin the��	
 locus
wasverifiedbyPCR(Fig1E)andthesubsequentlossof DegPprotein in KO-��	
 � parasites
wasverifiedby IFA (Fig1F)andWesternBlotanalysis(Fig2A).

TgDegP undergoes proteolytic maturation

�	DegP hasapredictedmolecularmassof 104kDa.Immuno-detectionwith theanti-DegP
serumon a�. 	�
��� tachyzoitelysateof theRHΔ���� strainundernon-reduced(Fig2A) and
reducedconditions(Fig2C)revealedtwo majorproductsmigratingaround60kDaand40
kDa;additionalweakerbandswith inconsistentintensitiesdependingon immunoblotswere
alsoobtained.Western-bloton KO-��	
 � parasitelysatewith anti-DegPantibodiesshowed
theconcomitantextinctionof the60kDaand40kDabands(Fig2A),confirming thespecific-
ity of theseproducts.Therefore,theobservedprofile suggeststhat �	DegP undergoespost-
translationalmaturation,acharacteristicsharedbymostof �. 	�
��� rhoptry proteins
describedsofar [30]. Wethenexpressedanectocopyof DegPfusedin C-terminalwith a
sequenceencodingaTy epitope.A majorbandat60kDaandafaint bandaround120kDa
weredetectedwith anti-Ty antibody(Fig2B),indicatingthat the60kDafragmentcorresponds
to theC-terminalpartof DegPwhereasthe120kDacorrespondslikely to thefull lengthpro-
tein. Interestingly,in cellsoverexpressingDegP-Ty,theintensityof theadditionalbands
increasescompareto theparentalstrain(like theoneobservedaround45kDa)(Fig2B)that
might beattributedto adecreasein stabilityof DegPfollowing tagaddition.Wefurther pro-
ducedaserumagainstarecombinantproteinencompassingresidues426to 726(anti-DegP�)
(Fig1A),whichdoesnot includethecatalyticdomainof DegP(correspondingto residues147
to 379).Theanti-DegP� labeledthe60kDabandbut failedto detectthe40kDa(Fig2C).This
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resultisconsistentwith theresultsobtainedwith theTy-taggedversionof DegPandconfirms
that the60kDacorrespondsto theC-terminalpartof theproteinwhereasthe40kDaband
likely correspondsto its N-terminal region,encompassingthecatalyticdomain.

Interestingly,whenthefull lengthcDNA of DegPisexpressedin mammaliancells,asingle
bandmigratingabove120kDaisobserved(Fig2D).Theabsenceof DegPprocessingin

Fig 1. TgDegP is a rhoptry bulb protein. (A) Graph representing microarray data of transcripts encoding some known rhoptry proteins (RON2, RON4,

ROP5, ROP12, ROP18) along with DegP transcript hourly following thymidine synchronization (from [29]). (B) Primary structure of TgDegP. TgDegP is a

putative serine protease of 956 amino acids belonging to HtrA family. Signal peptide is shaded in black (SP), the catalytic domain is represented in red and

H, D and S indicate the positions of the catalytic triad. The two PDZ domains are represented in green. The rat anti-DegP has been made against the

complete DegP recombinant protein and the mouse anti-DegP� has been generated against a recombinant protein encompassing residues 426 to 726.

(C) Immunofluorescence performed on intracellular parasites using the anti-DegP serum, anti-RON4 and anti-ROP1. On parasites fixed with methanol

(upper panel), the rabbit polyclonal anti-RON4 antibodies revealed the neck of the rhoptry. On paraformaldehyde-fixed parasites (lower panel), the DegP

protein co-localizes with the bulbous ROP1 protein (labeled with the rabbit polyclonal anti-ROP1) in the bulb of the rhoptry. Parasite boundaries are

represented by dashed lines. Scale bar = 1��m. (D) Generation of a knock-out DegP parasites in type I strain RH�ûKu80. Scheme depicting the strategy

used to obtain a KO-DegPI cell line. The promoter of TgDegP is represented by an arrow. Integration of the plasmid by a single homologous recombination

at the DegP locus results in a truncated version of DegP driven by the endogenous DegP promoter while the DegP coding sequence is now promoter less.

HXGPRT: hypoxanthine guanine phosphoribosyl transferase selection marker. The solid arrows represent the primers used to verify the integration of the

integrative vector and the expected size of the fragment is shown in italics. ML673 hybridized to a sequence specific of the vector, while ML871 is located

in the 5’UTR of DegP outside the cloned fragment. (E) PCR verification of the correct integration of the vector at the endogenous DegP locus. The primers

ML673 and ML871 are used in this PCR. The recombined locus was detectable only in transgenic parasites KO-DegPI, as shown by a specific

amplification of a 707 bp fragment that is not amplified in the parental strain. (F) Immunofluorescence performed on KO-DegPI or RH�ûKu80cell lines with

the rat anti-TgDegP antibodies and rabbit anti-ROP2 antibodies as control for rhoptry staining. The DegP labelling is absent in the KO-DegPI transgenic

parasites. ROP2 staining remains unchanged in the mutant. Scale bar = 1 ��m.

https://doi.org/10.1371/journal.pone.0189556.g001
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Fig 2. DegP is subjected to proteolytic maturation. (A) Western blot analysis of RH�ûKu80lysate with anti-DegP serum

reveals a complex profile. The specificity of the bands was assessed using KO-DegPI parasite lysate. Two major bands are

observed around 60 kDa and 40 kDa respectively and are indicated by black arrows. Molecular weights are indicated. Anti-

SAG1 antibody was used as loading control. (B) Western blots analysis of RH strain expressing an ecto-copy of DegP

fused to a Ty tag at the C-terminal end. Right panel: anti-DegP antibodies. Left panel: anti-Ty antibodies. An additional band

around 60 kDa with a slight shift is visible by staining the RH strain expressing DegP-Ty with anti-DegP antibodies (see

arrow on enlarged panel on the right). (C) Western blot profiles of DegP under reduced conditions using anti-DegP� (426–

726) serum. Anti-DegP� reveals only the 60kDa band. (D) Exogenous expression of TgDegP in mammalian cells. Western

blot analysis of BHK-21 cells transfected with the cDNA of DegP under the control of promotor EF-1�.. Lane 1 correspond to

T. gondii lysate; lane 2 was control BHK-21 cells transfected with empty plasmid pTRACER-A, lane 3 was lysate of BHK-21

cells transfected with 1��g of plasmid pDegP-V5 and lane 4 was lysate of BHK-21 cells transfected with 2 ��g of plasmid

pDegP-V5. The profile of TgDegP expressed in mammalian cells is restricted to a unique form corresponding to the full-

length protein.

https://doi.org/10.1371/journal.pone.0189556.g002
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mammaliancellsindicatesthat thepost-translationalmaturationdependson its expressionin
����������.

KO–DegP parasites in type I RH strain exhibit normal growth and

virulence in mice

Isolationof stableparasiteclonethatdoesnot expressfunctionalDegP(Fig1) demonstrates
that theprotein isnot strictlyessentialfor theparasite�
 $����. Thedispensabilityof DegPwas
further confirmedbyplaqueassayin whichKO-DegPI parasitesdisplayedno significantly
smallerplaquesthantheparentalRHΔ���� (Fig3A). In orderto highlightpotentialmoresub-
tledefects,wethenassessedtheability of theKO-DegPI parasitesto invadeandreplicatein
HFFcells.Resultspresentedin Fig3Band3Cshowno significantdifferencein thereplication
rateandinvasionbetweentheparentalandthemutantcelllines.Consideringtheroleof some
rhoptry bulbproteinsin themodulationof hostimmuneresponses,wethenassessedtheeffect
of DegPdepletionon �
 $�$� virulencein amurinemodel.After i.p injectionof 100tachyzoites
into BALB/cmice,weobservedasimilarsurvivalpatternbetweenmiceinfectedwith theKO-
��	
 � parasitesor thoseinfectedwith theparentalRHΔ���� strain.

Overall,our datashowthat thelossof �	DegP doesnot impedetheintracellulardevelop-
mentof thetypeI RH strainin HFFcellsor its virulencein amousemodel.

Deletion of DegP in type II Prugniaud strain dramatically affects the

parasite virulence in mice

Asrhoptry proteinsarepivotalplayersin thestrategiesdevelopedby typeI andII strainsto
establishaninfection,wefurther investigatetheroleof DegPin atypeII strain(Pru).DegPis
conservedin typeII strain.Thegeneshowslow levelof polymorphismsbetweenstrainswith a
strongconservationin thesequencesencodingthepredictedfunctionaldomains(protease
andPDZ)while fewSNPsarefoundboth in the5'endof thegeneandin thefragmentbetween
thesequencescodingfor proteaseandPDZdomains.WeshowthatDegPII iswellexpressedin
typeII PruΔ���� strain(Fig4A) andharborsthesamelocalizationasin typeI straini.ein the
bulbof therhoptries(Fig4B).Westernblot analysisshowedthatTgDegPII undergoesasimilar
maturationprofile thanin thetypeI RH strainwith thenotabledifferencethat theintensityof
signalfor the40kDaproductwasconsistentlylowerin PruΔ���� comparetoRHΔ���� strain
(Fig4A).

To further expandour comparativeapproachin both typesof strains,wegeneratedaKO-
��	P in thePruΔ���� strain(KO-��	
 �I ) (Fig4Cand4D;S1AandS1BFig)usingthesame
geneticdisruptionapproachasin typeI strain.Thedisruptionof the��	
 genein thetypeII
straindoesnot affectthesizeof thelysisplaquesin HFFcells,or thereplicationrateandthe
ability of theparasitesto invadeHFFcells(Fig5A±5C).However,aclearimpactof DegPII

removalwasobservedon thevirulence�
 $�$� (Fig5D).All theSwissmicesurvivedi.p infec-
tion with 105 tachyzoitesof theKO-��	
 �I strainfor at least40days,whilemiceinfectedwith
thewild-typePruΔ���� straindiedwithin around15days.Inoculationof micewith ahigher
doseof parasites(106) confirmedthedefectin virulenceof KO��	
 II parasites(Fig5D).

To ascertainthat theobserved�
 $�$� phenotypeissolelydueto thedisruptionof the��	

locus,wetried to complementtheKO-DegPII strainwith anadditionalcopyof thecoding
sequence.Asall attemptsto geneticallycomplementthemutant,usingdifferentstrategies
(randomintegrationinto thegenome,targetingtheUPRTlocus)anddifferentselectionmark-
ersfailed,weoptedfor analternativestrategy.Aspreviouslymentioned,disruptionof the
��	
 locuswasobtainedbysinglerecombinationandinsertionof alinearplasmidcontaining
theHXGPRTgene(Fig1C).Thus,anotherstrategywasadoptedconsistingin thegeneration
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of revertantparasitesthathavelosttheintegrativeplasmid(i.ereversion)andrestoredthe
��	
 locus.Expressionof HXGPRTin parasitesconfersresistanceto mycophenolicacid
(MPA) but becomeslethalfor theparasitein presenceof 6-thioxanthine(Fig6A),allowingto
selectrevertantin presenceof 6-thioxanthine.To increasetheefficiencyof removingtheplas-
mid andHXGPRTcassette,parasitesweretransfectedwith apU6-Universalplasmid[25] con-
taining theCas9-YFPanda20bpprotospacersequencetargetingthecodingsequenceof
��%
"� (Fig6A).Revertantcloneswereselectedin presenceof 300μg/ml of 6-thioxanthine
andtheir sensitivityto MPA-xanthinewasconfirmed.Therestorationof the��	
 locuswas
verifiedbyPCR(Fig6B)andtheexpressionof DegPwasconfirmedby immunofluorescence
(Fig6D) andwesternblot (Fig6C)usinganti-DegPantibodies.In mousemodel,wethensuc-
cessfullyshowedthat the�
 $�$� virulenceof revertantwasfully restored(Fig6E).

All togethertheseresultsclearlypointedon aspecificroleof DegPin virulenceof the
PrugniaudtypeII strain.

Fig 3. TgDegP is dispensable for in vitro and in vivo survival of the type I strain. (A) Size of the plaques resulting from the lysis

of host cells infected with RH�ûKu80or KO-DegPI parasites and grown for seven days. A.U.: arbitrary units. Values represent

means �“ SEM, n = 3, from a representative experiment out of 3 independent assays (p = 0.095; unpaired t-test). (B) Intracellular

growth rate was assessed by counting the numbers of parasites per vacuole after 20 h infection of HFF cells with RH�ûKu80or KO-

DegPI parasites. Data Values represent means �“ SEM, n = 3, from a representative experiment out of 3 independent assays

(0.001���� ��0.005; unpaired t-test). (C) Host cell invasion efficiencies of RH�ûKu80or KO-DegPI strains determined by a two-color

staining protocol that distinguishes intracellular from extracellular parasites. Data are mean values �“ SEM determined by triplicate

assays, performed in three separate experiments (p = 0.75; unpaired t-test). (D) Mouse survival after i.p injection of 100 tachyzoites

of RH�ûKu80or KO-DegPI parasites was monitored daily for 10 days. N = 13 mice for RH�ûKu80and N = 15 mice for KO-DegPI

strains. Representative data out of 3 experiments. KO-DegPI strain is not statistically less virulent than RH�ûKu80(p = 0.27, by

Logrank test).

https://doi.org/10.1371/journal.pone.0189556.g003
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Infection of immuno-deficient mice suggests a role for DegPII in immune

evasion

During infection,���������� is known to modulatenumeroushostcellprocesses,including
lipid metabolism,proteinsynthesis,cellsignaling,aminoacidmetabolism,apoptosisaswellas

Fig 4. Expression of TgDegP in the type II PruΔKu80 strain. (A) Western blot detection of TgDegP in the Prugnaud strain (Pru), a

representative member of the Type II Toxoplasma gondii genotype. Blot was revealed using the polyclonal anti-DegP antibody. Molecular

weights are indicated. Note that the intensity of the 40kDa band is faint the Pru�ûKu80 strain. (B) Immunofluorescence performed on

Pru�ûKu80 intracellular parasites using the anti-DegP and anti-ROP2 antibodies. As observed in the type I strain, TgDegPII colocalizes with

ROP2 in the bulb of the rhoptry. Parasite boundaries are represented by dashed lines. Scale bar = 1��m. Western blot (C) and

immunofluorescence (D) performed on Pru�ûKu80 and KO-DegPII cell lines with the rat anti-TgDegP. The DegP labelling is absent in the

KO-DegPII transgenic parasites. Parasite boundaries are represented by dashed lines. Scale bar = 1 ��m.

https://doi.org/10.1371/journal.pone.0189556.g004
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theimmuneresponsebysecretingparasiteeffectors[31]. To further discriminatewhether
DegPII might playarole in thesubversionof hostcellprotectingimmuneprocesses,weused
immunodeficientmiceNOG.Thesemicearehomozygousfor the&'�� mutationandwere
generatedbytargeteddisruptionof theinterleukin(�)*+,"γ gene.Sincetheγ-chainiscommon
to thereceptorsfor IL-2, IL-4, IL-7, IL-9, IL-15,andIL-21,NOG micelackB- andT-celldevel-
opment,haveimpairedmacrophageandNK-cell functionsandhaveaseverereductionin
interferon-γproductionfrom dendriticcells[32]. Followinginfectionof NOG micewith 105

parasites,weobservedthesamerateof mortality of micewhethertheywereinfectedwith the

Fig 5. Deletion of DegP in type II strain affects the in vivo virulence of the parasite. (A) Confluent monolayers of human fibroblasts were infected

with Pru�ûKu80or KO-DegPII parasites and grown for seven days. Quantification of the size of the lysis plaques is shown in the graph. The size of the lysis

plaques is similar between control (Pru�ûKu80)and KO-DegPII strains. A.U.: arbitrary units. Values represent means �“ SEM, n = 3, from a representative

experiment out of two independent assays (p = 0.82; unpaired t-test). (B) Intracellular growth rate was assessed by counting the numbers of parasites per

vacuole after 20 hours infection of HFF cells with Pru�ûKu80 or KO-DegPII parasites. Data Values represent means �“ SEM, n = 3, from a representative

experiment out of two independent assays (0.05�����0. 1; unpaired t-test). (C) Host cell invasion efficiencies of RH�ûKu80or KO-DegPII strains determined

by a two-color staining protocol that distinguishes intracellular from extracellular parasites. Data are mean values �“ SEM determined by triplicate assays,

performed in two separate experiments (p = 0.48; unpaired t-test). (D) Mouse survival was monitored daily for 40 days after i.p injection of 105 or 106

parasites of Pru�ûKu80 or KO-DegPII parasites. N = 10 mice per group. Representative data out of 2 experiments. The immune response of surviving

animals was tested by Western blotting against Pru�ûKu80tachyzoite lysates. In Swiss mice, KO-DegPII strain is statistically less virulent than RH�ûKu80
(p��0.001, by Logrank test for105 and 106 i.p injections). (E) Mouse survival in immunodeficient NOG mice after i.p. injection of 105 parasites Pru�ûKu80 or

KO-DegPII parasites. N = 10 mice per group. Representative data out of 2 experiments. In NOG mice, the virulence of KO-DegPII and RH�ûKu80was not

statistically different (p = 0.146, by Logrank test).

https://doi.org/10.1371/journal.pone.0189556.g005
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wild-typeor KO-��	
 �� parasites(Fig5E).In conclusion,theseresultsshowedthat,in the
absenceof anefficientimmuneresponsesetting,KO-��	
 �� parasitesshowthesameability to
causelethalinfectionthanWT parasitessuggestingthatDegPII is important for virulencein a
fully immunecompetentenvironment.

Fig 6. The repair of the DegP locus in KO-DegPII restores virulence in mice. (A) Scheme depicting the strategy used to select parasites that have

removed by single recombination the knock-out plasmid in KO-DegPI cell line. The purple arrow indicates the site targeted to induce a double strand

break in HXGPRT locus using plasmid pU6-sgHXGPRT. In absence of donor fragment containing HXGPRT homology regions for double strand break

repair and culture in presence of 6-thioxanthine (selection for loss of HXGPRT gene), this strategy fosters the selection of single recombination event at

the DegP homology regions (in orange), and reconstitution of wild-type DegP locus. The promoter of TgDegP is represented by an arrow. Primers

ML871 and ML673 are used to check the interrupted DegP locus. Primers ML871 and ML1022 are used to control reversion of the mutation. ML673

hybridized to a sequence specific of the vector, ML871 is located in the 5’UTR of DegP (outside the cloned fragment in the integrative plasmid) and

ML1022 hybridized in exon 2 of DegP (outside the cloned fragment in the integrative plasmid). The solid arrows and the expected sizes of the fragments

are shown in italics. (B) PCR verification of the correct DegP locus in revertant. The recombined locus (specific amplification of a 707 bp fragment with

the primers ML673 and ML871) was detectable only in transgenic parasites KO-DegPII, as shown by amplification of a 707 bp fragment with primers

ML871 and ML673. A fragment of 1492bp corresponding to the wild-type genomic locus is amplified in the parental strain Pru�ûKu80 and in the selected

revertant clone, but is absent in KO-DegPII strain. (C) Western blot and (D) Immunofluorescence performed on Pru�ûKu80, KO-DegPII and revertant cell

lines with the rat anti-TgDegP antibodies and rabbit anti-ROP1 antibodies confirm the DegP labelling in revertant clone. Parasite boundaries are

represented by dashed lines. Scale bar = 5 ��m. (E) Mouse survival after i.p injection of 105 parasites of Pru�ûKu80, KO-DegPII and revertant parasites

was monitored daily for 40 days. N = 9 mice for Pru�ûKu80, N = 11 mice for KO-DegPII and N = 10 for revertant strains. Representative data out of 2

experiments. The revertant parasites kill mice similar to wild-type Pru�ûKu80 strain.

https://doi.org/10.1371/journal.pone.0189556.g006
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Discussion

To date,two distinct typeof proteaseshavebeendiscoveredin therhoptry bulb:asubtilisin-
like serineprotease(�	SUB2) [33] andaninsulinase-likeproteinnamedToxolysin-1(TLN1)
[34] thatbelongsto theM16metalloproteasefamily.Asmostof thesubtilisins,�	SUB2 is
autocatalyticallyprocessed[33] andhasbeenproposedto bethematuraseof rhoptry proteins
[33,35],whilethefunction of TLN1 isunknown.A third proteasebelongingto Deg-likeserine
proteaseshadbeenfound in therhoptry proteome[28], but its formalassociationwith the
organelleandits precisesub-compartmentlocalizationweremissing.Here,weshowthat
�	DegP isarhoptry bulbproteinandperformacomparativefunctionalanalysisbygenerating
mutantharboringatruncatedversionof DegP(lackingtheproteaseandPDZdomains)in
both typeI andtypeII strains.Wenoticeanydefectin lytic cyclein absenceof theproteasein
bothstrains,indicatingthatDegPdoesnot playanyrole for invasion,replicationandegress�

$���� aspredictedbyagenome-wideCRISPRscreenin whichDegPdeletionwasfoundneutral
for �
 $���� growthin fibroblasts[36]. In contrast,amarkeddefectin virulencefor KO-DegP
parasitesin atypeII strainwasobservedin immune-competentmicewhereKO-��	
 �I para-
sitesfailedto establishalethalinfection�
 $�$�. Whereaswewereunableto detectthetrun-
catedversionof DegPbywesternblot in KO-��	
 � parasites(Fig2A) suggestingthat it isnot
stablyexpressed,it remainspossiblethatasmallproportion of truncatedDegPparticipatesto
theobserved�
 $�$� phenotype.In themethodadoptedto generatetheKO-DegP,theinsertion
of theintegrativevectorissusceptibleto disturbs��	
 neighboringgenes.However,it seems
unlikely to bethecaseas��	
 proximalgenesarereportedto stronglyimpair �
 $���� growth
of �. 	�
��� in fibroblasts[36], aphenotypethatwedo not observedin bothKO-��	
 para-
sites.Interestingly,thelackof virulenceof KO-DegPII parasiteswasnot observedin SCID
micewhereall immunocompromisedmicewerekilled byKO-DegPII atasimilar rateasWT
parasites.Ratherthanadefectin virulencedueto nutrient limitation (asobservedfor uracil
phosphoribosyltransferasemutant [37]), theability of KO-��	
 �� parasitesto establishalethal
infectionin apermissiveimmuneenvironment(SCIDmice)suggestsarolefor DegPII in the
complexmechanismof resistanceto theimmuneresponse.How DegPexertsits functions
remainsto bedeterminedandseveralscenariosmight beenvisaged.Similarto mostof the
rhoptry proteinsstudiedsofar,DegPmight besecretedinto thehostcellduring invasionand
targetahostcellpathway.Wewereunableto detectDegPpost-secretionin thehostcelleither
by immunofluorescenceor byusingareportersystemadaptedfor thedetectionof ����������
secretedproteins[38], precludingto knowthefateof DegPfollowing invasion.Thepossible
secretionof DegPinto thehostcellsto actasaneffectorperserequiresfurther investigations.
WecannotexcludethatDegPmight alsoplayanindirect roleon rhoptry effectors.It couldbe
important for processing,functionsandtraffickingof otherrhoptry proteinsor effectors.
SinceDegPproteinsarereportedto function bothasmolecularproteasesandchaperones(see
Discussionbelow),athird hypothesiscouldbethatTgDegPfunctionsasachaperonespecifi-
callyin thestressconditionsencountered�
 $�$� or in specificcelltype.Supportingthis
hypothesis,
. ���������� homologousDegP,PfDegP,hasbeenrecentlyproposedto confer
protectionagainstthermal/oxidativestress[39]. PfDegPexistsasacomplexwith parasite-
encodedheatshockprotein70,iron superoxidedismutaseandenolaseandits expressionis
significantlyinducedin parasitecultureuponheatshock/oxidativestress.More broadly,in
intracellularbacteriasuchas&.typhimurium, ). ��
��-��	�
��, and.. �
������������, ���#
mutantsshowincreasesensitivityto oxidativeagentsleadingto reducedsurvivalin macro-
phages.Hence,attenuatedvirulenceof thesepathogenswill beattributedto adecreasedability
to persistin thehostileenvironmentof macrophages,which like for ���������a is fundamen-
tal to triggersuccessfulinfection[40,41].
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Degproteasesareahighlyconservedfamilyof proteinsfrom bacteriato humancomposed
of aN-terminal proteasedomainandoneor two C-terminalPDZdomains.Theycanfunction
asbothamolecularproteaseandachaperone,without anyrequirementfor ATPhydrolysis
[42]. Theswitchfrom molecularchaperoneto proteaseactivityis regulatedby temperature
andalsobysubstraterecognition[43,44].While theproteasedomainis requiredfor bothpro-
teaseandchaperoneactivities,theroleof thePDZdomainsis far lessunderstood.To date,
theyareproposedto playarole in substraterecognition[45]. �	DegP followsthesameorgani-
zationasDegproteaseswith two PDZdomains.ThePDZandtheproteasedomainsareidenti-
calbetweentypeI andtypeII strains.However,wedo observechangesat theprotein level
post-processingwith thefragmentcorrespondingto thecatalyticdomain(40kDafragment)
underrepresentedin thePrugniaudtypeII straincomparedto thetypeI strainRHΔ����.
Unfortunately,despitemultiple attemptswewereunableto complementthestraineitherwith
aWT or aproteasedeadversionof DegPprecludinganyconclusionregardingtheimportance
of its proteasefunction.AsDegP/HtrAproteasesharborsanallostericactivationmechanism
in otherorganisms,it ispossiblethat thestoichiometrybetweenthePDZandcatalytic
domainsisanimportant parameterto regulatetheactivityof theproteinwith thepossibility
that thefunction of �	DegP in typeII strainmight residein the`noncatalytic'PDZdomains.

Genomemining andmultiple sequencealignmentidentifiedhomologsof �	DegP in most
Apicomplexa,including !������, ��������, �����
���, �� ����, ��������� and
���������
���. with thenotableexceptionof rodentmalariaparasites[15]. Multiple copiesof trypsin
geneshavebeenfound in ���������a and
���������. For instance,���������� contains
four ��	
-like genes(TGME49_262920(this study),TGME49_290840,TGME49_277850,
TGME49_318290)and
. ���������� hastwo (Pf_MAL8P1.12(named
�DegP [39]) and
Pf_MAL8P1.98).Phylogenicanalysissupportstwo differentevolutionaryoriginsfor these
trypsins.A groupof apicomplexantrypsinsclusterswith plants,metazoanandcyanobacterial
trypsinsandcontains�	DegP (TGME49_262920),TGME49_290840and
�DegP
(Pf_MAL8P1.12),thetwo copiesin ���������� arisingprobablybygeneduplication[15].
Sequencealignmentof Apicomplexatrypsinsrevealsthepresenceof alargeinsertionin the
centralregionof �	DegP, betweentheproteaseandPDZdomains(S2AFig).This insertionis
only presentin Coccidianparasites,andmoreoverisdivergentbetweenspecies(S2BFig).For
instance,theinsertiondomainof !������ and�������� areverydivergentwhereas��DegP
and�	DegP sharethemostconservedinsertiondomain.Wedo not know theroleof this
domainandif it mayimpacttheimmune-regulatoryfunction of �	DegP, but it is temptative
to speculatethat this insertionreflectsaspecies'functionaladaptationfor thehostinfected.So
far,studiesfocusingon strain-dependentvirulencefactorshavehighlightedthat thedifference
of virulenceobservedbetweenstrainsismainlydueto singlenucleotidepolymorphism(SNP)
or changesin thelevelof expression.BycomparingthecDNA of TgDegPbetweentypeI (RH)
andtypeII (Pru) wefound thatDegPharborsahighdegreeof conservationbetweenstrains
with theproteaseandPDZdomainsthat remainstrictly identicalwhileSNPcanbeonly found
in thesequenceencodingfor signalpeptideandin theinsertionregionof TgDegP.However,
it remainspossiblethatSNPspresentin theinsertiondomaincontributesto thestrain-depen-
dentfunction of DegP.Anotherhypothesisis that thehighdegreeof virulenceof typeI strain
maskesthe�
 $�$� phenotypeof KO-��	
 � in micewhereasthemoderatevirulenceof thetype
II strainallowsthevisualizationof thisphenotype.


�DegP is theclosesttrpysin-likeproteasefound in 
. ����������; despiteapredictedsignal
peptide,manyfeaturesshowthat theyareverydivergent.First,theyarenot associatedwith the
samecompartment.While, ���������� DegPisarhoptry bulbprotein,immunolocalization
of 
�DegP in theasexualbloodstagesof malariaparasitedoesnot indicatedanassociation
with rhoptry but ratherthat theproteaseissynthetizedduring trophozoitestages(26-30h;
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beforerhoptry biogenesis)andappearsto betransportedto thecytosolandmembranesurface
of infectedRBCsduring thelatedevelopmentalstagesof theparasite.Second,weshowedthat
���������� DegPissubjectto proteolyticcleavagethat likely takesplacein therhoptry based
on precedentfor otherrhoptry proteins.Proteolyticmaturationof DegPproteasesisuncon-
ventional,andseemsto not undergoin the
. ���������� orthologue[39]. Finally,theinsertion
domainbetweenthetrypsinandPDZdomainsdoesnot existin PfDegP(S2AFig).Interest-
ingly, thisextensiondoesnot existeitherin theduplicated���������a DegP-likegene
�%�!/01,0��/�, supportingtheideathat 
�DegP might harborsamoresimilararchitecture
with TGME49_290840thanwith �	DegP. In addition,thecellcycletime coursetranscription
of �%�!/01,0��/0 doesnot showthetypicalperiodicityof rhoptry proteins(ToxoDB.org)
[29], dismissingapotentialrhoptry localization.Theseobservationsreflectthat thetwo closest
DegP-likeproteinsof ���������� haveprobablydifferentlocationsandthenfunctions,
highlightingtheversatilityof rolesplayedby thisproteasefamily.

Supporting information

S1 Fig. Generation of a DegP knock-out strain in PruΔKu80 strain (KO-DegPII). (A) Strat-
egyand(B) PCRverificationof thecorrectintegrationof thevectorbysinglehomologous
recombinationat theendogenous��	
 locusin PruΔ���� strain.TheprimersML673and
ML871areusedin thisPCR.Therecombinedlocuswasdetectableonly in transgenicparasites
KO-��	
 �� , asshownbyaspecificamplificationof a707bp fragmentthat isnot amplifiedin
theparentalstrain.
(TIF)

S2 Fig. Alignment of the DegP homologs found in other Apicomplexa or Coccidia. (A)
Localalignmentsgeneratedbetween�	DegP andhomologsfound in Apicomplexa:�	DegP
(�. 	�
��� TGME49_262920),��DegP (�����
��� �����
�� HHA_262920),��DegP
(�������� ��
�
�� NCLIV_025000),!�DegP (!������ ��
���� ETH_00028355),
�DegP (
. ���+
������� PF3D7_0807700),
$DegP(
. $�$�� PVX_088155),
�-
DegP (
. �-
����	� PCYB_
011950),��DegP (��������� ���$� TP01_0318),� DegP (�� ����  �$�� BBOV_IV004330).(B)
Localalignmentsgeneratedbetween�	DegP andits closesthomologsfound in Coccidia
!������ ��
����, �������� ��
�
�� and�����
��� �����
��. Identicalaminoacidsare
highlightedin blackandsimilaraminoacidsareshadedin grey.Thecatalyticdomainandthe
two PDZdomainsarehighlyconservedamongCoccidiawhereasthecentralregionof thepro-
tein is themostdivergentpart.
(PDF)
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