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Marine diatomsareeukaryotic microalgaethat playsignificantecologicaland

biogeochemicalrolesinoceans.Theyalsohavesignificantpotentialasorganismal

platformsforexploitationtoaddressbiotechnologicalandindustrialgoals.Inorder

toaddressboth modesofresearch,sophisticated molecularandgenetictoolsare

required.WepresentedherenewandimprovedmethodologiesforintroducingCRISPR-

Cas9tothemodeldiatomPhaeodactylumtricornutumcellsandastreamlinedprotocol

forgenotypingmutantcelllineswithpreviouslyunknownphenotypes.First,bacterial-

conjugationwasoptimizedforthedeliveryofCas9bytranscriptionallyfusingCas9toa

selectablemarkerbythe2Apeptide.Anepisomecloningstrategyusingbothnegative

andpositiveselectionwasdevelopedtostreamlineCRISPR-episomeassembly.Next,

celllinepickingandgenotypingstrategies,thatutilizemanualsequencingcuration,TIDE

sequencinganalysis,andaT7endonucleaseassay,weredevelopedtoshortenthetime

requiredtogeneratemutants.Followingthisnewexperimentalpipeline,bothsingle-

geneandtwo-geneknockoutcelllinesweregeneratedatmutagenesisefficienciesof

48%and25%,respectively.Lastly,aprotocolforprecisegeneinsertionsviaCRISPR-

Cas9targetingwasdevelopedusingparticle-bombardmenttransformationmethods.

Overall,thenovelCas9episomedesignandimprovedgenotypingmethodspresented

hereallowforquickandeasygenotypingandisolationofPhaeodactylummutantcell

lines(lessthan3weeks)withoutrelyingonaknownphenotypetoscreenformutants.

Keywords:diatom,geneediting,CRISPR-Cas9,conjugation,multiplex,bioengineering,mutant,Phaeodactylum

INTRODUCTION

Marinediatomsareofbiotechnologicalsignificancefortheircapacitytoassimilatelargeamounts
ofcarbonandnitrogen,dividerapidly(Cermeñoetal.,2011),thriveathighcelldensities,
andfixcarbonviaphotosynthesis.Diatomsshuntnutrientstowardmetabolicprocessesthat
produceindustriallyvaluableproductssuchasbiodieselprecursors(triglyceridesa.k.a.TAGs),
polyunsaturatedfattyacids(PUFAs),andphotosyntheticpigments(PulzandGross,2004;Vinayak
etal.,2015).Regardlessoftheirinnateabilitytoproducethesehigh-valuedmolecules(HVMs),

Abbreviations:GA,Gibsonassembly;GG,goldengateassembly;Phaeodactylum,Phaeodactylumtricornutum;RT,room
temperature.
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increasingproductionbeyondtheirnativecapabilitiesisdesirable
forreducingproductioncosts,andachievingsustainabilitygoals
inindustrialagricultureapplications(Gao,2018).Utilization
ofgeneticengineeringtechnologiescouldshift metabolic
outputsofmarinediatomstowardtheseHVMsandimprove
commercialproductionwherealgaehavebeensuggestedas
biologicalplatformsforindustrialfeedstockandnutraceutical
production(Vinayaketal.,2015).Nevertheless,thedevelopment
andoptimizationofsuchgeneticengineeringtechnologiesis
necessarybeforetheycanbesafely,easily,androbustlyemployed.
Geneticengineeringtechnologies,particularlytheversatile

CRISPR-Cas9toolbox,havebeenusedfornumerousapplications
inavastarrayoforganisms(Malietal.,2013b;Sandersand
Joung,2014;Wangetal.,2016).CRISPR(clusteredregularly
interspacedshortpalindromicrepeats),aforeignnucleicacid
immunitysystem,isencodedinthegenomesofmostbacteria
andsomearchaealspecies(Deltchevaetal.,2011).Thetype-
IICRISPRsystemfromthebacteriumStreptococcuspyogenes
wasfirstadaptedforgeneeditingusingtheCas9enzyme,
whichinducesblunt-endeddouble-strandedbreaks(DSBs)when
guidedtoagenetictargetbyachimericRNAmoleculeofthe
tracr-RNAandcr-RNAcalledasingle-guidedRNA(sgRNA)
(Congetal.,2013;Jineketal.,2013;Malietal.,2013a).Together
Cas9andansgRNAformaribo-endonucleasecomplexinvivo
inmanycelltypestoeditormutategenomictargets.Inthe
bacterialimmunitysystem,thesgRNAtargetingsequence,a
stringof∼20nucleotides(nt),preservesthesequenceofa
previousimmuneresponse,calledspaceracquisition(McGinn
andMarraffini,2018);whereasingeneeditingapplicationsthe
nucleotidesequenceof20-ntspacerisdesignedbytheresearcher
totargetaspecificgene/target,followedbyinterrogationand
cleavageofanucleicacidtargetbytheCas9endonuclease.The
sgRNAguidesCas9tothetargetbyformingcomplementarybase
pairingwiththe20ntatthe5endofthesgRNA,calledthespacer.
OnceaDSBisinduced,thebluntendedbreaksarerepairedby
oneoftwonativeDNArepairmechanisms:homology-directed
repair(HDR)ornon-homologousendjoining(NHEJ).HDR
reliesonahomologousdonortorepairtheDSB,typicallya
sisterchromosomeineukaryotes,byhomologousrecombination
(LaFaveandSekelsky,2009).EndogenousHDRcanbehijacked
inordertointroduce,attheDSB,anexogenousdonorsequence,
containingauser-designedmutationthatwillresultinanedited
targetlocus.ForNHEJ,ligationofthebluntendsrepairsthe
DSB,however,thisprocessiserror-proneandleadstorandom
insertionsordeletionsofnucleotidesofunpredictablesizescalled
indels(DavisandChen,2013).
CRISPR-Cas9hasbeenemployedinbothprokaryoticand

eukaryoticorganismsbuteukaryotesposeparticularchallenges
forCRISPR-Cas9experimentsasmosthavemultiplecopiesof
theirchromosomes. Multiplecopiesofchromosomesprovide
twoormoretargetlociforCas9.Forinstance,inadiploid
organism,twoindividualDNArepairevents mustoccurto
producehomozygousorheterozygousmutationsatthetarget
loci.ForNHEJ-mediatedmutagenesis(wherenohomologous
donorisintroduced),aheterozygousgenotypearisesaftertwo
separateCas9cleavageeventsandNHEJ-mediatedrepairthat
resultsintwodistinctindelsatthetargetloci.Ahomozygous

genotypecanalsoarisewhenoneindel-containingtargetlocus
isusedasahomologousdonorforthesecondtargetloci(located
onthesisterchromosomeofthefirsttarget),therebyproducing
anidenticalindel mutation.Theunpredictabilityof NHEJ-
mediatedmutagenesisindiploidorganismsthereforerequires
highlysensitivegenotyping methodologies. Manygenotyping
methodshavebeenusedtogenotypediploidorganisms;among
the mostcommonarehigh-resolution meltcurveanalysis
(HRMC)(Nymarketal.,2016),T7endonucleaseIassay
(Guschinetal.,2010;Choetal.,2013),high-throughputnext
generationsequencing(Zhouetal.,2014),andmanualcuration
ofsequencingreads.
MarinediatomspecieshavebeensubjectedtoCRISPR-

Cas9 mutagenesisincludingthe modelstrains:thepennate,
Phaeodactylumtricornutum(Nymarketal.,2016;Serifetal.,
2018;Sharmaetal.,2018;Slatteryetal.,2018;Stukenberg
etal.,2018)andthecentricThalassiosirapseudonana(Hopes
etal.,2016).Todate,NHEJ-mediatedmutagenesishasbeen
observedonlyinPhaeodactylum(Nymarketal.,2016;Serif
etal.,2018;Slatteryetal.,2018)byusingoneoftwo
genetictransformationmethods,micro-particlebombardment
orbacterialconjugation,tointroduceCRISPR-Cas9.Despite
thesuccessesofutilizingCRISPR-Cas9ingeneratingmutant
diatomcelllines,genotypingthegeneratedcelllineshasbeen
difficult.Phaeodactylum,adiploidorganism,requireshigh-
sensitivityscreening methodstogenotype multiplecelllines
inahigh-throughput manner.Genotyping methodssuchas
high-throughput meltcurve(HRMC)analysisandtheT7
endonucleaseIassayarecommonlyusedtoevaluatemutant
genotypesinmulti-ploidyorganisms.Todate,HRMCanalysis
andCRISPRActivityFactor(CAF)analysishavebeenusedfor
Phaeodactylumgenotypingexperiments(Nymarketal.,2016;
Sharmaetal.,2018;Stukenbergetal.,2018).SimilarlytoCAF,
TIDE(TrackingIndelsbyDEconvolution)sequencinganalysis,
anopen-sourcesoftwarepackage,deconvolvesrawsequencing
readstorevealindelsindiploidor multiploidyorganisms
(Brinkmanetal.,2014;Serifetal.,2018).Allele-specificPCR
amplificationhasbeenusedforgenotypingPhaeodactylum
mutantswithouttheneedforsubcloning(Serifetal.,2018).
Here,TIDEsequencinganalysisand manualsequencing

curationisusedtostreamlinethegenotypingpipelinefrom
colonyformationtomutantcelllinevalidation.Bothsingle-
geneandtwo-genemutantcelllineswereproducedutilizing
conjugationtointroduceaselectable-Cas9andeitheroneortwo
sgRNAstoPhaedocatylum.Also,theT7endonucleaseIassay
hasalsobeenadaptedtoquantifythemutagenesisefficiency
ofindividualsgRNAsthroughoutapopulationoftransformed
Phaeodactylumpriortogenotypingindividualcolonies.
Anewselectable-Cas9episomedesignwasusedthatpermits

antibioticselectionfortheCas9genewiththegoalofboth
increasingmutagenesisefficiencyandpotentiallyavoidingmixed
genotypesformingingeneratedcoloniesafterconjugation.The
P2Aself-cleavingpeptidewasusedtotranscriptionallyfuseCas9
andthePhaeodactylumantibioticresistantgene,shble(Kimetal.,
2011).Bydoingso,Cas9andshbleareco-transcribedunderthe
samepromoterfollowedbycleavageofthetranslatedproducts,
essentiallyselectingforCas9viaantibiotictreatment.Lastly,a
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robustgolden-gateassemblybasedmethodwasdevelopedto
visualizedpositiveandnegativeE.Coliclonesthatharborready-
to-conjugateepisomes. Overall,the methodspresentedhere
allowforeasyCas9-sgRNAepisomeassemblyandstreamlined
genotypingmethodologyandisolationofPhaeodactylummutant
celllinesinlessthan3weekswithoutrelyingonaknown
phenotypetoscreenformutants.

MATERIALSANDMETHODS

CellCulturing
AreferencestrainofPhaeodactylum(CCAP-1055/1)wasusedin
allexperiments.Phaeodactylumwasgrownat18◦Cunderwhite
fluorescentlights(50uEm−2s−1)andsubjectedtoadielgrowth
cycle(14h:10h;light:dark).Culturemediumwasartificialsea
water(ASW)supplementedwithtracemetals,essentialvitamins,
55uMofNaPO4,and880uMoftheappropriatenitrogen
source(NaNO3,NH4Cl,orUrea).Cultures,whennotusedin
growthassays,weremaintainedwithchloramphenicolantibiotic
(10mg/L)tokeepculturesbacteria-free.MutantPhaeodactylum
strainsweresupplementedwitheitherphleomycin(50mg/L),
zeocin(50mg/L),ornourseothricin(200mg/L).
Escherichiacoli(TOP-10,LifeTechnologies,Carlsbad,CA)

wasusedforallmolecularcloningpurposes.Thecultureswere
grownonLuria-Bertanibrothoragarandsupplementedwith
thefollowingantibioticswhennecessary:ampicillin(100mg/L),
carbicillin(100 mg/L),tetracyclin(10 mg/L),gentamicin
(20mg/L),zeocin(25mg/L).

MolecularBiology
PlasmidconstructionwasperformedwithreferencetoSambrook
andRussell(2001)unlessstatedotherwise. Multiple DNA
polymeraseswereusedforcloningpurposesincludingPhusion
High-Fidelity DNApolymerase(ThermoFisherScientific,
Waltham, MA,UnitedStates),AccuPrimeTaqHigh-Fidelity
DNApolymerase(ThermoFisherScientific),OneTaq2XMaster
Mixwithstandardbuffer(NewEnglandBiolabs,Ipswich,MA,
UnitedStates),andPhirePlantDirectPCRMasterMix(Thermo
FisherScientific).Enzymaticcomponentsto makea2XGA
master mixthatincludedPhusionHFDNApolymerase,T5
exonuclease(ThermoFisherScientific),andDNATaqLigase
(ThermoFisherScientific)werepurchasedseparatelyandmixed
inlab.EnzymaticcomponentsforGolden-Gatecloningwere
alsopurchasedseparatelybutonlymixedonthedayofcloning.
Theyincludedthetype-IIrestrictionenzymesBsaI-HFand
BbsI(NewEnglandBiolabs)andaT4DNALigase(Thermo
FisherScientific).
Primer sequences can be found in the

SupplementaryMaterial.

CRISPR/Cas9GeneticComponents
Ahuman-codonoptimizedCas9openreadingframe(ORF)
containing three nucleus-localization signals (NLS) was
producedbytheFengZhanglaboratory(BroadInstitute,
Cambridge, MA, United States) and purchased from
addgene.com [pSpCas9(BB)-2A-Puro (PX459) V2.0, ID:

62988,Ranetal.,2013].TheCas9ORFwasclonedintoapUC19
backboneusingGAcloning(Gibsonetal.,2009)usingprimers
Cas9-2A-shble_1andP2A_1(Supplementary Material).For
constitutiveexpressionofCas9,theFcpB/FcpA(Fucoxanthin
chlorophyll a/c promoter B/Fucoxanthin chlorophyll a/c
terminatorA)(Bailleuletal.,2010)promoter/terminatorpair
werechosen(FcpB-Cas9).
TheHDR-donorplasmidusedinWeymanetal.(2014) for

TALENmutagenesiswasadaptedtoaHDR-donorplasmidfor
targetingnitratereductase(pKO-NR).pKO-NRcontained1kb
homologyarmsflankinganexpressioncassettecodingforthesh
blegenethatconferredresistancetotheantibioticphleomycin.
ThecassetteinsertedbothashblecassetteandaSTOPcodon
upstreamoftheshblepromoter(Fucoxanthinchlorophylla/c
bindingpromoterF,FcpF).Thiswasinframewiththetargeted
codinggene.Theprimersandplasmidsequenceinformationcan
befoundinWeymanetal.(2014).
ThesRNAipromoter(chr2:28,038-29,083)andterminator

(chr2: 29,124-29,424) wasamplifiedfromPhaeodactylum
genomicDNA(promoterprimers=sRNAi1_1andsRNAi1_2;
terminatorprimers=sRNAi_3andsRNAi_4).ForGoldenGate
cloning,thesRNAiterminatorwasshortenedbyPCRto112bp
toeliminateaninternalBsaIrestrictionsite.ThesRNAipromoter
andterminatorwasclonedfromPhaeodactylumgenomicDNA
atthelocusofthemosthighlyexpressedsmall,non-coding,
intergenicRNAcalledsRNAi(Rogatoetal.,2014;Bielinskietal.,
2017).ThesequencesforthesRNAipromoterandterminator
canbefoundintheSupplementaryMaterial.
ThesgRNA backbone, whichconsists ofthegenetic

fusionofthecrRNAandtracrRNA(Jineketal.,2012),was
amplifiedfromthesame Addgeneplasmidthatcontained
Cas9(primers=sRNAgU1_FandsRNAgU1_R).AnsgRNA
expressioncassetteforPhaeodactylum (sRNAi_gBbsI) was
constructedusinga4-pieceGAapproachintoanXbaI-digested
pUC19plasmidcontainingabacterialexpressioncassettefor
theblageneconferringresistancetoampicillin/carbicillin.The
resultingplasmidwasthenPCRamplifiedatthe3endofthe
sRNAiandthe5endofthesgRNAbackbone(primers=gRNA_1
andgRNA_2).Thisampliconservedasalinearizedvectorfor
a2-pieceGAprocedureforaspacerinsertthatcontainstwo
flankingBbsIrestrictionsites(SupplementaryFigureS2).The
100bpGAinsertwasconstructedbyligatingtwo60bpoligos
withhomologytothesRNAipromoterandsgRNAbackbone.
Theresultingplasmid,sRNAi_g2XBbsI,wasusedforBbsI-based
GGcloningofCRISPRspacers(SupplementaryFigureS2B).
ForallCas9targetgenes,spacersequenceswereobtainedfor

nitratereductase(Phatr3_J54983),glutaminesynthetaseII(GS-2)
(GeneID:Phatr3_J51092),andchloroplasticglutamatesynthase
(cGOGAT)(GeneID:Phatr3_J24739)usingthePhytoCRISP-
Exonlinepackage(Rastogietal.,2016)thatpassedthebuilt-in
criteriaofminimizingoff-targetCas9activity.
A GGcloningprotocol was modifiedfromthesgRNA

expressioncassettesuppliedbyFengZhanglaboratory.In
placeoftheBbsI-containingspacersequencewithinthesgRNA
expressionplasmid,aLacZbacterialexpressioncassettewith
flankingBbsIsiteswascloned(primers=LacZ_GG_1and
LacZ_GG_2)intothesRNAiexpressioncassetteusingGA.ThePt
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sgRNAexpressionplasmidpreviouslyproduced(sRNAi_gBbsI)
wasPCRamplified(primers=LacZ_GG_3andLacZ_GG_4)
andtheampliconwasgelextractedandusedasaGAvector.
ThesgRNAcloningvector(sRNAi_gLacZ)wastheassembled
plasmid.ThisplasmidwasusedinallfuturesgRNAexpression
cassettecloningandassemblyexperimentsasacloningvector
(SupplementaryFigureS1B).AnappropriateGGinsertfor
sRNAi_gLacZ wasassembledbyligatingtwo56-ntoligos
togetherthatarecomplimentarytoeachother.Theoligoprimer
sequencesforallsgRNAtargetsequencescanbefoundin
SupplementaryMaterial.
DetailedprotocolsforspacercloningintothesRNAi_gLacZ

plasmid(nameGG1cloning)areavailableatprotocols.io(doi:
10.17504/protocols.io.4abgsan).

Cas9-EpisomalPlasmidCloning
ThePhaeodactylumepisomalplasmidpPtPBR1wasobtained
fromR.Diner(Dineretal.,2016).First,oneBsaIrestriction
sitewithintheblacodingregionofpPtPBR1wasremoved
byPCRamplification(primers=pBR322-Amp_1andpBR322-
Amp_2)andreassemblytoproduceplasmidpPtPBR1(BsaI-).
pPtPBR1wasthenusedasatemplateforGAcloningofa
Cas9ORFandaGGcloningBsaIacceptorsiteforsgRNA
expressioncassettecloning(SupplementaryFigureS2).Cas9
wasPCRamplifiedtwiceusingoneforwardprimer(Cas9-2A-
shble_1)andtworeverseprimers(P2A_1andP2A_2)soto
addGAhomologytotheFcpFpromoter(5ofCas9)and
theshbleORF(3ofCas9).ThedoublePCRreactionadded
aGSG-2ApeptideDNAcodingsequencetotranscriptionally
fusehCas9andshble(SupplementaryFigureS2,GSG-P2A
nucleotidesequenceisinSupplementary Material).Next,a
red-fluorescentproteinbacterialexpressioncassette(mRFP)
wasobtainedandPCRamplified(primers=Cas9-2A_shble-
RFP_1and2)toproduceGGacceptorsites.Theremaining
twoGApieceswerePCRamplifiedfrompPtPBR1(BsaI-)
toinserttwoGGcloningBsaIsitesbetweentheblaandtet
expressioncassettesandflanking mRFP,oneusingprimers
Cas9-2A-shble_2and3(5 –shble–Pt_Centromere–
pMB1–bla–3)andtwousingprimerCas9-2A-shble_6and
7(5–tet–OriT–FcpF–3).AftercloningandE.coli
transformation,thecorrectlyassembledepisome,pBR_Cas9-2A-
shble,2XBsaI-mRFP(AT)(SupplementaryFigureS3A),was
sequenceverified.
Next,primersweredesignedtoPCRamplifyuptosix

sgRNAexpressioncassettes(cloningandconstructiondescribed
above)andtoaddBsaI-restrictionandcleavagesitestothe5
and3endsofthesRNAipromoter/terminator.GGcloning
isanoptimalassemblyplatformwhencloningmorethanone
sgRNAexpressioncassette.ForinsertingonesRNAi_sgRNA
cassette,primersGG-gRNA1-FandsgRNA(GG)-2wereused.
FortwosgRNAs,primersGG-gRNA1-FandRwereusedfor
sgRNA#1andprimersGG-gRNA3-FandsgRNA(GG)-2were
usedforsgRNA#2.BetweenthetwosgRNAswascloned
aLacZexpressioncassette,which,wheninducedwithIPTG
activatesbeta-galactidosethatdigestsXgaltoproduceblueE.coli
colonies(SupplementaryFigureS3C).ThesgRNAexpression
cassette(s)andLacZampliconswasmixedatdoublethemolar

concentrationoftheBsaI-digestedpBR_Cas9-2A-shble,2XBsaI-
mRFP(AT)vectorandcarriedthroughtheGGcloningreaction
withBsaI-HFandaT4-ligase(SupplementaryFigureS1C).The
finalsgRNA-LacZ-sgRNAepisomalplasmidmapcanbeseenin
SupplementaryFigureS3B.
DetailedprotocolsforsgRNAcloningintotheCas9-2A-shble

epsiome(namedGG2cloning)isavailableatprotocols.io(doi:
10.17504/protocols.io.4acgsaw).

PhaeodactylumtricornutumGenetic
Transformations
Bacterial-MediatedConjugation
Bacterial-mediatedconjugationwasusedtointroduceCRISPR
componentstoPhaeodactylum.Dineretal.,2016 provided
detailed methodologyforintroducingepisomal plasmids
toPhaeodactylum inahigh-throughput manner.Forall
transformations,100uLofdensePhaeodactylum(1e8cells/mL)
wasplatedonconjugation-basedsolidagarmedium(NH4/NO3-
ASW,1%agar,5%LBinNH4-supplementedASW)in6-well
cellcultureplatesandincubatedfor4daysunderlight(18:6)
andat18◦C.Priortotransformation,pBR_Cas9-2A-shble,
sRNAi-sgRNAepisomes weretransformedintorecipient
E.coliharboringtheconjugationplasmidpTA-MOB(Karas
etal.,2015;Dineretal.,2016)andselectedonagarplates
forboththecargoandconjugationplasmids(Figure1).
Foratransformationcontrol(positiveforcoloniesnotCas9
cleavage),theepisomepBR_Cas9-2A-shble,2XBsaI_gRFP1
wasusedwhereCas9expressionwouldstilloccurwithoutan
accompanyingsgRNA.Foranegativecontrol,asimilarepisomal
plasmidwasbuiltharboringtheNATgenethatconfersresistance
tonourseothricinandnotphleomycin. Underphleomycin
selection,thetransformedcells woulddie.Transformation
efficiencyforthedeliveryofCas9-2A-shble:sgRNAepisomeswas
500–750transformantsper1×108phleomycin-resistantcells.
Thedaybeforetransformation,4randomcoloniesfromthe

selectionplateswereusedtoinoculate3mLofLBcontaining
selection(Amp,Tet,Gent).Aftergrowingovernight,200uL
ofculturewasusedtoinoculate12.5mLofLB.Theculture
wasgrownfor3–4h,untilan OD-600nmof0.8–1was
reached,pelleted,andsuspendedin100uLofSOCmedia.Then,
theE.coliwaspipettedintoacorrespondingwellcontaining
Phaeodactylumand mixedeitherbyaspreadinglooporby
rotatingthe6-wellplatesuchthattheE.colicoveredtheentire
lawnofPhaeodactylum.AfterE.coliwasaddedtoallwellsand
allowedtodryunderavacuumPCRhood,the6-wellplatewas
placedinthedarkat30◦Cfor90min.Theplatewasthenplaced
backat18◦Candexposedtolightfor48h.
Finally,eachwellwasscrapedusingasterilecellspreader,

collectedina2mLEpitubethenre-platedon100mmselection
platescontainingtheappropriateselectivemedia.Theselection
plateswerethenallowedtogrowfor10–14daysoruntilcolonies
appeared.FortheT7EndonucleaseIAssayreaction,halfofthe
scrapedPhaeodactylumcelllines(∼400uL)wasresuspended
in200mLNH4-supplementedASWmediasupplementedwith
phleomycinandchloramphenicol.Thecellswerethengrown
underlightandat18◦Cfor4days,passedinto200mLfresh
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FIGURE1|ExperimentalworkflowtoproducePhaeodactylummutantsviaconjugation-baseddeliveryofaCRISPR-Cas9episome.(A)Acartoonschematicof

Cas9-Shble:sgRNAepisomecloningtoE.colicellsharboringthepTA-MOBplasmidandfollowedbybacterial-conjugationtransformationoftheepisometo

Phaeodactylum.PhaeodactylumcellsmaintainandreplicatetheCas9-Shble:sgRNAepisomeastheirnativechromosomesinthenucleus(N).Thediatomplastids

(P)andcytoplasm(C)arelabeled.Here,Cas9istranscriptionallyfusedtoshbleandcanthereforebeselectedforaftertransformationwiththeantibioticphleomycin.

(B)EpisomalexpressionofCas9andsgRNA(s)andtargetmutagenesisofadiploidorganism.ThesgRNA(s)guidesCas9togenomictarget(s),andthenCas9

inducesadouble-strandedbreak(grayarrows).Phaeodactylum,beingadiploideukaryote,willcontaintwodistinctNHEJ-mediatedmutations(orangeandyellow

asterisks)betweenthesisterchromosomes.(C)GenotypingandcelllinepickingworkflowaftercolonyselectionforCas9-Shble.A“doublepicking”strategywas

usedbywhichcelllineswerepickedandtargetlocussequencedusingtwoprimers.Aftergenotyping,thecolonycanbere-pickedforfurthercelllineanalysis.

media,grownforanadditional3days,thenfinallypelleted
andflashfrozen.
Detailedprotocolsforbacterial-conjugationinPhaeodactylum

arepubliclyavailableatprotocols.io(doi:10.17504/protocols.io.
5pvg5n6).

Micro-ParticleBombardmentGeneticTransformation
Micro-particlebombardmentgenetictransformation(Falciatore
etal.,1999) wasusedtointroduce CRISPRcomponents
toPhaeodactylum.First,Phaeodactylumwaspelletedduring
exponentialgrowthinliquidculture(NO3-supplementedASW),
suspended,andplatedontoagargrowthplatesatacell
concentrationof3e8cells/mL(400uL). Next,24ugof
DNA(8ugeachplasmid;FcpB-Cas9,sRNAi-gNR-B,pKO-
NR)werehybridizedtotungstenbeadsandintroducedtothe
platedPhaeodactylumathighvelocityusingthePDS-1000/He
BiolisticR ParticleDeliverySystem(Bio-Rad, Hercules,CA).
ThetransformedPhaeodactylumplateswerethenallowedto
recoverfor48hat18◦Candinconstantdarkness.After

recovery,Phaeodactylumwasre-platedonagarplatescontaining
NH4-supplementedASWwithphleomycintoselectforthe
presenceofthepKO-NRplasmid.Theselectionplateswere
thengrownundernormalconditionsfor21–28day,oruntil
Phaeodactylumcoloniesformedandwerevisible.Experimental
controlswerealsoperformedwhereeitherFcpB-Cas9andpKO-
NRwereco-transformedorpKO-NRwastransformedalone.

T7EndonucleaseIAssayforDetermining
Cas9MutagenesisEfficiency
TheT7endonucleaseIAssay(NewEnglandBiolabs)wasused
toquantifytheinvivocleavageefficiencyformultipleclonal
PhaeodactylumpopulationsforeachsgRNAtarget.Frozencell
pelletsobtainedfollowingliquidselection(asdescribedabove)
wereslowlythawedonice.GenomicDNAwasthenextracted
fromthepelletedcellsusingthePlantDNAzolReagent(Thermo
FisherScientific).Theproduct-supplementedprotocolwasused;
however,thepulverizationstep,thefirststep,wasskipped
becausediatompelletscanbeeasilyresuspended.GenomicDNA
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wasthenextractedfromthecellpellet.200uLofgenomic
DNAatconcentrationrangingfrom200to500ng/uLwas
recovered.Atotalof200ngofgenomicDNAwasusedasa
PCRtemplatetostarttheT7endonucleaseIassay.Sixseparate
amplificationswereperformed(only25Xamplificationcycles)
andpooledpriortotheT7assay.FortheNRlocus,primers
NR-gene-1andNR-KO-2∗wereused.Thisamplificationproduct
wasthenre-amplifiedwithnestedprimersNR-HRM-Aand
NR-HRM-B.Thenested-ampliconswerethenPCRcleanedand
concentratedandusedasaDNAinputfortheheteroduplex
hybridization.Thisinputisreferredtoas“Amplicon”inFigure2
andthehybridizedheteroduplexisreferredtoas“Heteroduplex.”
T7endonucleaseIwasthenaddedtothehybridizedproduct
tocleaveallheteroduplexDNA.Allreactionconditionsand
efficiencycalculations(asshowninFigure2)weresupplied
byNewEnglandBiolabs(protocolwebsite1).Genomeediting
efficiencywasdeterminedusingtheAgilent4200TapeStation
bioanalyzerandAgilentHigh-SensitivityD1000screenchipand
assay.Thefractioncleavedvaluewasdeterminedbyexamining
thepeakintensitiesofthehigh-sensitivitygeloftheT7product
comparedtotheuncutHeteroduplexproduct.Fractioncleaved
wasthenaninputforthefollowingequationtocalculatethe
percentageofgenemodification:

%genemodification=100∗(1−(1−fractioncleaved)1/2).

GenotypingPhaeodactylum
Exconjugants
Phaeodactylumcellsselectedonsolidmediaweregrownfor10–
14dayoruntilvisiblecoloniesformed.Colonieswerepicked
withpipettetipsdirectlyinto5uLdilutionbuffersupplied
withtheDirectPlantPCRKit(ThermoFisherScientific)and
incubatedatRTfor15 min.Thebufferedcolonywasthen
pipettemixedand2uLwereusedasaDNAtemplatefortwo
PCRreactions.Thefirst,commonforallsgRNAs,usedprimers
Ars_SeqandV2_insert_2(SupplementaryFigureS4A,black
arrows)toamplifyfromthePt_Centromeretoandthrough
thesgRNAexpressioncassettetocheckforcorrectepisomal
maintenanceandsgRNApresence(SupplementaryFigureS4B).
Fornitratereductase,primersNR-gene-1andNR-KO-2∗were
usedtoamplifya641bpregionaroundthetargetlociforgNR-
AandgNR-B.TheDirectPlantPCRKitwasusedforboth
PCRreactionsfor40cycles.TheresultingPCRampliconswere
usedforgenotyping.

TIDESequencingAnalysis
TIDE(TrackingofIndelsbyDEconvolution,Brinkmanetal.,
2014)sequenceanalysisisanonline-basedsoftware2thatanalyzes
rawsequencingdatatofindoneormultipleindelsmutations
ataCas9targetsite.Forthepurposesofthisstudy,TIDE
wasusedtoanalyzeindelsresultingfromCas9targetingof
nitratereductaseinPhaeodactylumbysgRNAsgNR-AandgNR-
B(Figure3).AnexampleoftheTIDEanalysisoutputfora

1https://www.neb.com/protocols/2014/08/11/determining-genome-targeting-
efficiency-using-t7-endonuclease-i
2https://tide.deskgen.com/

wild-typesequenceisshowninFigure3A.80coloniesforgNR-
Aand64coloniesforgNR-BwerepickeddirectlyintoPCR
mix(protocoldescribedabove).200ngofthePCRamplicons
werethendirectlysequencedusingtwoprimers,NR-HRM-Aand
NR-gene-2,forpaired-endreads(Figure2A).Phaeodactylum
transformedwiththeCas9-2A-shblevectorwithoutansgRNA
wasusedasacontrol.TIDEanalysisrequirestheinputof(1)
thenucleasespeciesused(SpCas9),(2)the20ntspacertarget,
(3)anABI(.abi)fileforareferencesequence(controlCas9-
2A-shble),and(4)anABI(.abi)fileforasamplesequence.
Thesamplesequenceiscomparedtothecontrolsequencefor
significantdifferencesbetweenthesequenceelectropherograms.
Certaincriteriawereidentifiedandselectedforwhenanalyzing
theTIDEoutput.First,atotalefficiencyvalue(inpercentage)
of50%waschosenbecauseitsignifiedthatthetargetlocuswas
mutatedatahighrate.Second,thep-valueofeachoutputpeak
mustbe<0.001.Third,onlycolonieswithdistinctgenotypes,
basedonthecriteriaofonly1or2predominantindelseachwith
greaterthan10%ofthetotalsequencingreads,wereselectedas
candidatemutantlines.Lastly,forthecelllinesthatpassedeachof
thesecriteria,resultswereverifiedbyconductingTIDEanalysis
ofthepaired-endreadofthesamesample.Ifbothpaired-end
TIDEanalysespassthecriteriaandidentifiedidenticalindels,
thesamplewaschosenasamutantcelllinecandidate.Each
sequencingreadwasmanuallyanalyzed,individually,usingthe
open-sourcedTIDEweb-tool.

NitratePhenotypeAssayfor
PhaeodactylumMutantCellLine
Candidates
NR-KOPhaeodactylumcelllineswereidentifiedbyTIDEand
subjectedtotheNRphenotypeassaywherePhaeodactylum
mutantsofnitratereductasearegrownonmediasupplemented
withnitrateandammoniumorurea,separately.ThesameNR
assaywasusedformutantcelllinesproducedviamicro-particle
bombardment.MutantswithadysfunctionalNRgeneareunable
togrowonnitratemediawhileproliferatingonammonium.First,
all40colonies(foreachsgRNA)werere-pickedintoliquidmedia
supplementedwithammonium.Thecultures(includingfour
controlcultures)weregrownundernormalconditionsuntilmid-
logphaseandthenpassedintonitrateandammoniummediaat
aconcentrationof1e4cells/mL.Celldensitywasmeasureddaily
(2:00pmPST)for4daysandgrowthbetweenthetwocondition
wascompared.Thecelllinesthatcouldgrowonammonium-
supplementedASWandcouldnotgrowonnitrate-supplemented
ASWwereconsideredNRmutantcelllines.

RESULTS

CRISPR-Cas9MutagenesisWorkflowin
PhaeodactylumUsingSelectable-Cas9
Episome
ThegeneralworkflowfromepisomalexchangetoPhaeodactylum
colonygenotypingisshowninFigure1.ThePhaeodactylum
episomewasbuiltwithatranscriptionallyfusedCas9andsh
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FIGURE2|Pooled-diatomtransformantT7assayscreenforinvivoCas9activitytocomparethemutagenesisefficiencybetweentwosgRNAsdesignedtotarget

thenitratereductase(Phatr3_J54983)gene.(A)TwosgRNAsweredesignedwithinthePhaeodactylumgenomicregiondisplayed.Thespacersequence(line),PAM

site(boldline)andCas9cutsite(grewarrow)aredefinedforsgRNAgNR-AandgNR-B.(B)TheT7heteroduplexassaywasusedtoquantifytheefficiencyofinvivo

Cas9activityforeachsgRNAforapopulationofpooled-Phaeodactylumtransformants.ThischartdemonstrateshowtheT7heteroduplexassaycanproduceand

cleavemismatchedampliconproducts(I).Thepooloftargetlociamplicons(II)isdenaturedandslowlyannealedtoformmismatcheddouble-strandedDNA,or

heteroduplexes(III).TheheteroduplexesarethendigestedbyT7endonucleaseI(NewEnglandBiolabs).HeteroduplexesaresubsequentlycleavedbyT7while

homoduplexesremainfulllength.(C)TheexpectedT7cleavagepatternforgNR-AandgNR-Bassociatedamplicons.Thesizeofthe“amplicon”inputis185-bp.For

gNR-A,theexpected“T7”productsare∼185-bp(homoduplex),127-bpand58-bp.ForgNR-B,∼185-bp(homoduplex),113-bpand72-bp.(D)Thethree

products,“amplicon,”“heteroduplex,”and“T7”weresizeanalyzedona4200TapeStationSystem(Agilent,SantaClara,CA,UnitedStates).TheT7cleavage

efficiencyisdisplayedaboveeach“T7”laneinthegelthatrepresentsthemutagenesisefficiencyofeachsgRNAforallPhaeodactylumcelllines.Eachbanddetected

bythesoftwareisindicatedbyablackarrow.Theexpected“T7”113-bpand72-bpbandsarelabeled.

ble,anantibioticselectablemarkergene,expressioncassettethat
allowsCas9tobeselectedforaftertransformationwiththe
eukaryoteantibioticphleomycin.Additionally,ared-fluorescent
proteinbacterialexpressioncassette(mRFP)wasclonedintothe
episomewithflankingBsaIrestrictionenzymesitesthat,when
digested,leaveunique4-bpoverhangsforgolden-gatecloning
ofsgRNAconstructs(SupplementaryFigureS1).Ahierarchical
cloningstrategywasusedtobuildandcloneonePhaeodactylum
sgRNAexpressioncassetteintwogolden-gateassemblysteps
(SupplementaryFigureS2).NegativeselectionagainstRFPwas
usedforcloninganindividualsgRNAexpressioncassettewhere
negativeE.colicolonieswerevisiblyred.Forcloningmorethan
onesgRNA,aLacZbacterialexpressioncassettewasclonedwith
andbetweenthesgRNAsthatturnsE.colicolonieswithpositively
assembledepisomesblueinthepresenceofIPTGandXgal.
Thered-white-bluescreeningmethodhelpedexpediteepisome
cloningingeneral(SupplementaryFigureS3).

Afterconstructionandsequenceverification,a Cas9-sh
ble:sgRNAepisomewastransformedintoelectro-competent
E.colicellsharboringapta-MOBplasmid(Karasetal.,
2015;Dineretal.,2016)that has beenshownto be
requiredforefficientconjugationexchangeoftheepisome
toPhaeodactylum(Figure1A).Theepisomethenresidesin
thePhaeodactylumnucleus,separatefromthePhaeodactylum
chromosomesasanartificialchromosome,whereexpression
ofCas9andsgRNA(s)occurs.LikemanyCRISPR/Cas9gene
targetingexperimentsinorganisms withdiploidgenomes,
the Cas9-sgRNAribo-endonucleasecomplexisguidedto
bothgenealleles wheredistinct NHEJ-mediated mutation
mayoccur(Figure1B). Whileaheterozygousgenotype
(twoNHEJ-mediatedmutations)wasexpected,ahomozygous
genotypewasalsoexpectedwhereonemutatedallelecanserve
asanHDRdonortemplatetorepairthesecondallele(HDR)or
wheremicro-homologylociupstreamanddownstreamofthecut
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FIGURE3|GenotypingNR-KOmutantcelllinesbycolonysequencingandTIDEsequenceanalysis.(A)ThesequencingalignmentpairedwithaTIDEchart

associatedwithawild-typePhaeodactylumNRsequence.ThegNR-BspacerandPAMarerepresentedbythegrayarrowandtheCas9cutsitebytheblackarrow.

Belowisthesequencingread,theassociatedelectropherogram,andtheTIDEresultchart.TheTIDEchartisabarplotwherethex-axisrepresentsthepredicted

indelmutation(0,wild-type,negativevalues,nucleotidedeletion;positivevalues,nucleotideinsertion)andthey-axisrepresentsthepercentagethespecificmutation

isoftheentiresequence.Abarshadedpinkindicatesap-value<0.001forthatpredictedindel.Here,thereisonepinkbaratposition“0”(wild-type)thatrepresents

97.1%oftheentiresequence(labeledabovethebar).(B)SixNR-KOmutantcelllinegenotypeswereassessedthesameaswild-type.Thewild-typesequencing

readwasusedasareferenceinputforTIDEanalysistocomparepotentialmutantsequencegenotypes.NR-KOmutantgenotypingwasperformedforallcolonies

usingbothmanualsequencingcurationandTIDEanalysis(SupplementaryTableS2)andcandidateNR-KOcelllineswerechosenforphenotypeanalysis.Here,

sixNR-KOcandidatesandtheirassociatedgenotypingresultsareshown.Celllines20,21,and56displayasinglepeakinthenegativevaluesthatindicatesa

homozygousdeletiongenotype.Celllines27,43,and51displaytwopeaksinthenegativevaluesthatindicatetwodeletionsoraheterozygousdeletiongenotype.

(C)ThesixcandidateNR-KOcelllineswerevalidatedtohavelostnitratereductasefunctionwhengrowninliquidmediumsupplementedwithnitrate.Comparedto

growthonurea(leftpanel),theNR-KOmutantcouldnotgrowonnitrate(rightpanel).Twowild-typecelllinesareblueandthesixNR-KOcelllinesareinred.Allline

weregrownintechnicaltriplicates.

siteannealfollowingstrandre-sectioning,referredtoasMMEJ
(Microhomology-MediatedEndJoining;WangandXu,2017).
Sincebothhetero-andhomozygousmutationswereexpected,

thegenotypingworkflowwasconceivedsuchthatresulting
coloniescouldbescreenedfollowingselectionforCas9-2A-sh

bleexpression(Figure1C).Colonieswerefirstpickedand
addeddirectlytoPCRmixtoamplifythesgRNAexpression
cassette ontheepisome harbored withinPhaeodactylum
(SupplementaryFigureS4).Onlycoloniesthatcontaineda
correctlysizedampliconwerechosenforgenotyping. While
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Cas9expressionwasnotverifiedforeachindividualcolony,
a Cas9-Venus(E-YFP)fusion wasvisualizedbyconfocal
microscopytoensurelocalizationinthePhaeodactylumnucleus
(SupplementaryFigureS5).
Themethodsdescribedabovewereusedforthefollowingtwo

applications:single-genemutagenesisandtwo-genemutagenesis.

SingleGeneMutagenesis
TwosgRNAswereindividuallyclonedintotheCas9-shble
episomebygolden-gateassembly(clonedepisomeproductcan
bevisualizedinSupplementaryFigureS2A).ThesgRNAs
weredesignedto mutatethenitratereductase(NR)genein
Phaeodactylum.NRwaspickedasagenomictargetbecause
thefunctionofNRhasbeenwellstudiedinPhaeodactylum
andNRknockoutcell mutantsexhibitaneasilyscreenable
growthphenotypeofcelldeathwhensupplementedwithnitrate
asasolenitrogensource(McCarthyetal.,2017).Thetwo
sgRNAsweredesignedtotargetregions55-bpapartsothatthe
sameamplificationandsequencingprimerscouldbeusedfor
genotypingefforts.

ComparativesgRNA-EffectivenessAssessmentof
Cas9-EpisomeTransformedPhaeodactylum
Population
Toquantifythe mutagenesisefficiencyforbothsgRNAs
population-wide,theT7endonucleaseassaywasused(Figure2).
WhiletheT7assayhasbeentypicallyusedtogenotypeaclonal
cellline,thismethodwasusefultoquantifythemutagenesis
efficiencyofallcellsaftertransformationandphleomycin-
selectionofCas9-2A-shble.Thiswasdonewiththeintentionto
identifysgRNAsthatmayproducelowratesofmutagenesisand
subsequentlydiscardthem.ThesgRNAsweredesignedtotarget
theNRlocus55-bpapart(Figure2A).Thisallowedbothtargeted
populations(oneforgNR-AandoneforgNR-B)tobesubjected
tothesameT7assayparameters(Figure2B).TheT7enzyme
cleavesmismatchednucleotidesandshouldcutatCas9targetloci
withNHEJ-mediatedmutations.TheexpectedbandsizesafterT7
digestionwas127-bpand58-bpforgNR-Aand113-bpand72-
bpforgNR-B(Figure2C).Homoduplexes,annealedbandsthat
perfectlymatchduring“heteroduplex”formation(Figure2B),
wasexpectedtobeobservedintheT7migrationgelbecause
biallelicknockoutsthatarisefromMMEJ-mediatedrepairmay,
intheory,annealtoeachotherandavoidT7cleavage.Itwas
observedthatgNR-AinsufficientlytargetedtheNRlocus(0%
mutagenesisefficiency)whilegNR-BmutatedtheNRlocusat
38%(Figure2D).
Byemployingthis methodpriortocolonygenotyping,

sgRNAs withlowrates of mutagenesisthroughoutthe
populationcanbeignored whichsavesonreagentcosts
andlabor. Henceforth,gNR-A wasdiscardedfromfuture
targetingexperimentsduetoitslow mutagenesisefficiency
comparedtogNR-B.

PickingandGenotypingPhaeodactylum_NR-KO
Mutants
TIDE(TrackingIndelsbyDEconvolution)sequenceanalysiswas
usedtogenotypePhaeodactylumcelllines(Figure3).Todoso,

eachsequenceofthegNR-Btargetlocuswasfirstcuratedand
analyzedmanually.Next,oneoftwopaired-endsequencingfiles
wereenteredintotheTIDEsoftwareandcomparedtoawild-type
sequenceforeachcolony.TIDEoutputsabarplotwithpredicted
indel(insertionordeletion)mutationsbasedontheinputted
electropherogramcomparedtothewild-type.InFigure3A,a
wild-typeNRsequencereadisshownabovetheTIDEresultplot
thatcompareswild-typetowild-type.TheTIDEplotdisplays
onebaratx-axisposition“zero”andwithay-axisvalueof
97.1%(displayedabovebar).Apinkcoloredbaralsoindicates
thepredictedindelwasstatisticallysignificant(p<0.001).This
resultindicatesthatthereisazero-nucleotideindelmutation
atthepredictedCas9cutsitethatcomprises97.1%ofthetotal
sequencingreads.Clearly,theTIDEplotvalidatesthesequencing
readasawild-typegenotype.
Figure3BshowssixNRknockoutmutantgenotypesforcell

lines20,21,27,43,52,and56.Cellline20,forexample,appears
tohaveabi-allelicmutationthatishomozygousbecausethe
TIDEchartshowsonepinkpeakthatcorrespondstoadeletion
mutationof9-bp.Cellline43,forexample,appearstohavea
bi-allelicmutationthatisheterozygousbecausetheTIDEcharts
showstwopinkpeakscorrespondingtoadeletiongenotype
of3-bp(28.5%)and15-bp(49.4%).AllsixNR-KOgenotypes
displayeitherhomozygousorheterozygousgenotypesbytheir
TIDEcharts.Theyalsolackanypeakatthe“zero”position
thatwouldindicatethattherewasawild-typecontamination.
Furthermore,celllineswithTIDEchartswithonly1or2indel
peaksareshownhere;additionalpeakswouldindicatethatthe
celllineswerenotclonalandneedtobere-streakedtofind
aclonalmutant.
Manualsequencing curation and TIDE analysis was

performedfor80gNR-Acoloniesand64gNR-Bcolonies.
2/80(2.5%)gNR-Acoloniesand26/64(40%)gNR-Bcolonies
containedaCas9-mediatedmutation.Here,theCas9-sgRNA
mutagenesisefficienciesof0%and28%calculatedusingT7
(Figure2)reflectstheefficienciesobservedusingTIDE.
Lastly,thenitrategrowthassaywasusedtocorrelatetheTIDE

genotypingeffortstotheexpectedNRmutantphenotype.Thesix
mutantcelllinesidentifiedusingTIDEdidnotgrowonnitrate
mediacomparedtogrowthonammoniummedia(Figure3C).

Two-GeneMutagenesis
TheCas9-2A-shbleepisomewasassembledtoharbortwo
sgRNA,onetargetingglutaminesynthetase2(GS-2, Gene
ID:Phatr3_J51092)andonetargetingachloroplast-localized
glutamatesynthase(cGOGAT,Phatr3_J24739).Theepisomewas
assembledbygolden-gatecloningandbuilttoharborboth
sgRNAexpressioncassetteflankingaLacZbacterialexpression
cassette(Figure4AandSupplementaryFigureS3).

TIDEGenotypingofPhaeodactylumTwo-Gene
MutantCellLines
Atotalof28transformed Phaeodactylumcoloniesand4
wild-typecolonieswerepickedandgenotypedusing manual
sequencingcurationandTIDEsequencinganalysis(Figure4).
Thegenotypingwasperformedsuccessively.First,all28colonies
werescreenedformutationattheGS-2targetlocus.Second,
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FIGURE4|Two-genemutagenesisofthegenomictargetglutaminesynthetase2(GS-2,Phatr3_J51092)andthechloroplastlocalizedglutamatesynthase

(cGOGAT,Phatr3_J24739).(A)TheassemblyCas9-shble:sgRNAepisomeplasmidmapwithtwosgRNAexpressioncassette(g51092-4andg24739-B,green

arrows).(B)Atotalof28phleomycin-resistantcoloniesand4wild-typecelllinesweregenotypedformutationsatbothtargetloci.Thescreeningwasperformed

iterativelywhereall32celllines(mutantsandwild-types)werefirstscreenedformutationattheg51092-4targetlocusthencandidateGS-2-KOcelllineswere

screenedformutationattheg24739-Blocus.6/28celllinesexhibitedCas9activityin51092and4/6GS-2mutantsexhibitedCas9activityin24739.The

genotypingresultsforallcelllineswasperformedthisway(SupplementaryTablesS3,S4).(C)Fourknock-outcelllines(3,4,10,and15)andtheirassociated

TIDEchartsshowthediversityofmutagenesisatbothloci.

GS-2KOcandidatecolonieswerescreenedformutationatthe
cGOGATtargetlocus.Therefore,genotypinginformationisnot
providedforall28coloniesforthecGOGATtargetlocus.The
genotypingresultsusingmanualcurationandTIDEanalysisfor
eachcolonyisprovidedinSupplementaryTableS3(GS-2)and
SupplementaryTableS4(cGOGAT).

Atotalof6/28(21%)coloniescontainedaCas9-mediated
mutation(s)attheGS-2targetlocusand4/6GS-2 mutant
candidatesalsocontained Cas9-mediated mutationsatthe
cGOGATtargetlocus(Figure4B).Figure4CshowstheTIDE
plotsforeachdouble-knock-outcellline(3,4,10,and15)
forbothtargetloci(GS-2ontheleft,cGOGATontheright).
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FIGURE5|HDR-mediatedCRISPR-Cas9targetedinsertionofShblegeneviamicro-particlebombardmentgenetictransformation.(A)Anshbleexpression

cassettewithanupstreamprematureSTOPcodonwaspreciselyinsertedatthegNR-BDSBsiteCas9,gNR-B,andaNR-Shbledonorplasmidweredeliveredto

P.tricornutumcellsonseparateplasmidsbymicro-particlebombardment.TheplasmidsarepresumablyintegratedwithingenomicDNAandtheCRISPR

componentsareexpressedfromP.tricornutumchromosomes.(B)Anelectrophoresisgelshowsmigratedampliconfromsixmutantstargetlocicomparedtoa

wild-typeNRlocus.Asingleband,ratherthantwoormore,indicatedabi-allelicHDR-mediatededitofthegNR-Btarget.(C)Allsixmutantcelllinescouldnotgrow

onnitrate-supplementedmediacomparedtowild-typebutcouldgrowonammonium-supplementedmedia,aconfirmationthepredictedNR-KOmutantphenotype.

Allcelllinesweregrownintechnicaltriplicates.

Somemutationsappearbi-allelicandhomozygous,suchascell
line15attheGS-2locus(48-bpdeletion)andcellline3at
thecGOGATlocus(24-bpdeletion).Onlycellline10atlocus
cGOGATdisplayedabi-allelic,heterozygous mutationofa
15-bpdeletionand12-bpdeletion.Theremaininggenotypes
werenotasclearlydefinedandhavemultiple(morethantwo)
peaksintheirTIDEchartand/ortheycontainatraceofa
wild-typesequence(bothexamplesareshownincellline4at
thecGOGATlocus).

HDR-MediatedGeneEditingofNRin
PhaeodactylumbyMicro-Particle
Bombardment
SixcelllineswereproducedviaHDR-mediatedgeneediting
oftheNRgeneinPhaeodactylum(Figure5).Itshouldbe
notedthat,althoughattempted, HDR-mediated mutagenesis
wasnotobserved whenthe HDR-donor wasencodedon

the Cas9-shbleepisome(resultsnotshown). Allsixcell
linesexhibitedthegenotype(Figure5B)andphenotype
(Figure5C)ofhavingan HDR-mediatedinsertionofthe
shbleexpressioncassetteatthegNR-Btargetlocus. An
efficiencyof17%forproducingabi-allelic, HDR-mediated
Pt_NRmutantwasachieved.

DISCUSSION

CRISPR-Cas9mutagenesiswasperformedinthemodeldiatom
P.tricornutumspecificallytostreamlinetheuseofbacterial-
conjugationtransformation.First,theepisomaldeliverysystem
forCas9wasre-engineeredsoCas9couldbeselectedforby
phleomycin-antibioticpressure.The2Apeptidetranscriptionally
fusedCas9andtheselectivegene,shble,toensureCas9couldbe
selectedforafterconjugation.PreviousattemptstodeliverCas9
inanexpressioncassetteseparatefromtheshblecassetteresulted
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inlowmutagenesisefficiencywhencolonieswerenotinitially
screenedforapredictedphenotype,suchasNRphenotype.
Althoughnotreportedhere,previouslypublishedexperiments
thatdeliveredanon-selectableCas9viabacterialconjugation
inPhaeodactylumresultedinmutagenesisefficienciesranging
from25to33%usingonesgRNAtarget(Sharmaetal.,
2018).Here, mutagenesisefficienciesrangedfrom2to40%
whentargetingthenitratereductasegene.Despitereportinga
highermutagenesisefficiencywhenusinggNR-B,mutagenesis
efficienciescannotbedirectlycomparedwhentargetingtwo
differentgenomicloci.
Ithasbeenobservedthatonly10%oftransformedcolonies

containedafullCas9expressioncassette,drasticallyloweringthe
mutagenesisefficiency(resultsnotshown).Ithasbeenpreviously
reportedthatthePhaeodactylumepisome,naked,onlyretainsits
fullplasmidsequenceaftertransferfromE.colitoPhaeodactylum
at30%(Karasetal.,2015;Dineretal.,2016).SuchaCas9episome
designwouldnotbeidealfortargetswithoutapreviouslyknown
phenotype.The2Apeptideprovedvaluableinincreasingthe
efficiencyofCas9deliverytoPhaeodactylumandinidentifying
mutantcelllinespriortocheckingforaphenotyperesponse.
Duetoatranscriptionalfusiontoshble,itwaspresumedthat
thefullCas9codingregionwasretainedinalltransformed
Phaeodactylumtransformants,thoughPCRamplificationofthe
Cas9ORFwasnotperformedpost-conjugation.
Althoughnotthoroughlyquantified,selectionforCas9seems

toalleviatepreviouslyreportedproblemsofproducingnon-
clonalPhaeodactylumthatledtoinevitablere-streaking,waiting
forclonalcelllinestoappear,andre-picking(Weymanetal.,
2014).TIDEsequenceanalysisprovidedapredictivegenotype
foreachcelllinethatcanbeinterpretedashomozygous,
heterozygous,ormixedgenotype.ForgNR-B,26/64celllines
exhibitedCas9activitywhile6exhibitedeitherahomo-or
heterozygousgenotypebyTIDEanalysis(Figure3C),whichcan
beinterpretedtomeanthatthosecelllineswereclonal.However,
20/64linesthatpassedthesameefficiencycriteria(inmethods)
containedmorethan2peaksintheTIDEchartorcontaineda
tracewild-typesequenceandthereforetheywerenotconsidered
clonal.Clonalitywasinherentlytestedfor,also,whentheNR-KO
celllinesweresubjectedtoanitrategrowthassay.Ifawild-type
cellcontaminatedtheculturetherewouldbegrowthonnitrate.
Nevertheless,noneofthesixNR-KOcelllinesgrewonnitrate.
WhileTIDEsequenceanalysisisausefultooltoquickly

screenrawsequencingreadsforCas9-inducedindels.Here,
TIDEwasusefulinidentifyingcelllinesthatcontainedtargeted
Cas9activityandininferringgenotype,however,itisnot
recommendedtouseTIDEtoconfirmacelllinesgenotype.
Rather,thegoldstandardofsub-cloningthetargetlocus
intoaTOPOvectorfollowedbysequencingisrecommended
afterTIDEanalysis.ItshouldbenotedthatTIDEanalysisis
complementarytoCRISPR/Cas9activityfactor(CAF)analysis
thatwasalsodesignedtodeconvolvediploidgenotypesafter
CRISPR/Cas9targeting(Stukenbergetal.,2018).
Re-streakingPhaeodactylummutantisalsorecommended

afterTIDEanalysis.TheTIDEchartgeneratedforgNR-B
celllines(Figure3)suggestthatthegenotypesareeither
homozygousorheterozygousandthatthecelllinesareclonal.

Nevertheless,TIDEisnotthegold-standardforgenotyping
andassessmentofclonality.AsshowninFigure4,notall
TIDEplotsindicateclonalityandthereforere-streakingwould
benecessarytoisolatedouble-knock-outmutantcelllines.All
supplementaltablesoutlinethegenotypingeffortsperformedin
thisstudy.Thelastcolumnforeachtableindicatesthepredicted
genotypeofthecolonyandsuggestswhetherornotstreakingthe
cultureisrecommended.
Lastly,thenewCas9episomedesigndecreasedthetimeto

produceandvalidatemutantcelllines.Thetimetoproduce
visiblecolonieswas10–14days,genotypingwas3days,and
phenotypescreeningwas10daysafterre-picking.Intotal,
theproductionof6PhaeodactylummutantsfortheNRgene
took3–4weekscomparedto4–8weekswhenusingparticle
bombardment(Sharmaetal.,2018).Inarapidlydeveloping
researchlandscape,optimizationoftimetoproduce mutant
celllinesshouldnotbeatime-limitingstepwhenthereare
questionsregardingbiologicalprocesses,ecologicalrelevance,or
biotechnologyutilityisanimportantgoal.
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