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The year 2020 marks a decade since the first gene-edited plants were generated
using homing endonucleases and zinc finger nucleases. The advent of CRISPR/Cas9
for gene-editing in 2012 was a major science breakthrough that revolutionized both
basic and applied research in various organisms including plants and consequently
honored with “The Nobel Prize in Chemistry, 2020.” CRISPR technology is a rapidly
evolving field and multiple CRISPR-Cas derived reagents collectively offer a wide
range of applications for gene-editing and beyond. While most of these technological
advances are successfully adopted in plants to advance functional genomics research
and development of innovative crops, others await optimization. One of the biggest
bottlenecks in plant gene-editing has been the delivery of gene-editing reagents,
since genetic transformation methods are only established in a limited number of
species. Recently, alternative methods of delivering CRISPR reagents to plants are
being explored. This review mainly focuses on the most recent advances in plant gene-
editing including (1) the current Cas effectors and Cas variants with a wide target range,
reduced size and increased specificity along with tissue specific genome editing tool kit
(2) cytosine, adenine, and glycosylase base editors that can precisely install all possible
transition and transversion mutations in target sites (3) prime editing that can directly
copy the desired edit into target DNA by search and replace method and (4) CRISPR
delivery mechanisms for plant gene-editing that bypass tissue culture and regeneration
procedures including de novo meristem induction, delivery using viral vectors and
prospects of nanotechnology-based approaches.

Keywords: gene-editing, CRISPR-Cas9, Cas variants, base editors, prime editing, Agrobacterium transformation,
tissue culture, nanotechnology

INTRODUCTION

ThelyearX2020K marksX aX decadeM sincel thel firstX gene-editedX plantsi werel generatedX using
hominglndonucleasesfindiincdfingerfhucleasesibyiraditionalXAgrobacterium mediatedXeneticX
transformation¥ Gaolethal. K010 sakabeletbh]. 20108 hanglettal. [2010).Bubsequently, ATALENsX
havelbeenMevelopedndNuccessfully¥hownMolngineerbplantsfCermaldethdl. 2011,/ 41.,2012).X
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WhileKinitial¥gene-editingXplatformsXareXmostlyXprotein-basedX
DNARtargetingisystems,MtheMdiscoveryXofguideXRNAXdirectedX
CRISPR/Cas9X revolutionizedX gene-editingX becausel of}l itsX
simplicityXof¥useMand®versatility Xreplacing®previousKplatforms,X
asKonelarticleXtermedXgenome-editingXB.C.X(BeforeMCRISPR)X
(Urnov,2018) Rl'herefhasibeendremendouskprogressinigenomel
engineeringlbf¥rariouskbiologicaléystemsKncludingiplantsdisingl
CRISPRBystems,EndXtiontinuesdolbelMapidlybevolvingdield X
CRISPRKtechnologyXnotXonlyXcatersXtoXgenomeXmanipulationX
needskbutXiskalsoXre-purposedforaXmultitudeXof¥applications}
beyondXzenomeXeditingX(Adli,}2018) MLessdhanMaXdecadelbsinceX
theldiscoverydMCRISPR/Cas9¥hskiMnethodXorbgenomelediting,X
thelyeari2020XalsodmarkedXawardingX“ThelNobelXPrizeXinX
Chemistry”NjointlyXtoXDr.XEmmanuelleXCharpentierandXDr.X
Jennifer® A XDoudnall(TheX NobelK prizelpressirelease)' X Thel
firstlCRISPRXeditedXplantsi¥wereXdevelopedXink2013X(LiXetXal. X
2013;¥Shanietial.,X2013)XandXsincelthenXthisXtechnologyXhasX
beenMhppliedXink45Klantienerakcrossi4Bamilies Shanketihl. X
2020).XRecognizingMgene-editingXasX¥aXmodernXbreedingKtool,X
thellregulatoryXlandscapelofigeneticallyXmodifiedXcropsXinXtheX
UnitedXStatesfhndXseveralXpartsXofithelworlddhaskbeenXrevisedX
(Nadakudutib&tPal.,2018).X

ThisKeviewBvillocuskbn®helrariousilasseskbfMCRISPR-CasX
derived®ene-editing®eagentsithatthavefbeen®ecentlythdded®oX
theXCRISPREtoolXkitKincluding:X(1)XCasKeffectorsXandXmultipleX
CaslvariantskexpandingihelrangelbfitargetibiteskandXincreasedX
specificityMalonglwithXtissueXspecific¥genomeXeditingXtoolXkit,X
(2)Bbasekediting®orkreciselyMnstallingkhllXl 2Kossiblebbaselpairk
conversions¥vithoutlny®NAMoubleMtrandedMbreaks{ DSBs)MbriX
donordemplates{3)bprimelditingdhatan®opyMheMnformationX
onXguideXRNAMdirectlyXintoXtheXtargetDNAKsite, KallKofXwhichX
combinedlyXofferXmultitudeXofapplicationsXinKgenomeXediting®
andbbeyond.®lantiellsthaveMiniquelhallengesMorieliveringiheX
gene-editingXreagentsiompared®toXother®organisms,XincludingX
thelpresencelbPbRigiditelldvall ¥requencydbfecalcitrantdpeciesX
notXamenableXtoXgeneticKtransformation,XcommonKoccurrenceX
ofpolyploidykandXntegrationkbf¥Cas9RexpressioniassettesXintoll
thelhost¥genomesXtoXnameXaXfew.XInXadditionXtoXCRISPR-
Caslreagents,&thiskrticleMwillkhlsofocusKonKrecentXinnovationsX
inXdeliveringXtheselreagentsXtoXplants,XtheKexistingXgaps,KandX
futurebperspectives.X

CRISPR-CAS NUCLEASES AND
VARIANTS EXPAND THE RANGE OF
TARGET SITE RECOGNITION AND
LOWER THE REAGENT DELIVERY LOAD
FOR PLANT GENOME EDITING

CRISPR-Cas9¥nucleaselbelongsX to class¥ 2,X type-1IX CRISPRX
systemsXwhichKareXRNA-guidedX¥endonucleases¥thatigeneratel
blunt¥DSBKatXtheXgenomicXKDNAKtargetXsite XAXCRISPRKRNAKX
(crRNA)NandXaNtrans-activating®crRNAX(tracrRNA )KareXfusedX
intoaXsingleMguideXRNAN(sgRNA )XmoleculeMthatXdirectsKtheX

Uhttps://www.nobelprize.org/prizes/chemistry/2020/press- release/X

Cas9¥huclease(Jinekl#thal.,/2012) MI'heXimostKusedXCas9RderivedX
fromXStreptococcus pyogenes (SpCas9)Rrequires¥aXprotospacer¥
adjacentXmotifX{ PAM)KsequenceofI'NGG KinKtheXtargetDNAX
sequence.MCasIhasKtwoKnucleaseXdomains:XtheXHNHXdomainX
cleavesMhelguide-RNAMound®omplementaryMargettDNANtrandX
whereasKtheXRuvC-like¥domainKcleavesXPAM-containingXnon-
complementaryXDNAKstrandXtherebyXgeneratingXaXDSB,X3XbpX
upstreamBbXPAMNvithinkhefprotospacerdequenceBarrangoul
et R007;¥inekkt}al. 2012).X

Onel of thel limitationsK of}d CRISPR/Cas9X systemi isX thel
“NGG"HPAMHNrequirement,XreducingftargetXrecognitionXsites.X
ARcomprehensiveMistibfXCasON¥rariantsMisedXinXzenomeXeditingX
applicationskhaskbeenXreviewedXearlierX( Anzaloneletial. 2020).K
SomeXofXtheXCas9¥variants¥includingXSpCas9-VQR KSpCas9-
EQR,XCas9-NG,KandXxCas9X3.7MwithXPAMNrequirementsXofX
NGANGAGXNG,FandXNG/GAA/GATRespectively,fhavelbeenX
successfully¥used¥in¥plantlspecieskincluding,X Physcomitrella,X
Arabidopsis,HriceMtomato,MandXpotatol(ZhangNetXal. X2019).X
Furthermore XT'heXCas9¥orthologsMfromXStaphylococcus aureus
(SaCas9)X andX Streptococcus thermophilus (St1Cas9)X whichX
recognizeXPAMNsitesKXNNGRRTHandXNNGGGTXrespectively,X
havel alsol beenX usedX successfullyX inX Arabidopsis,¥ potato,X
tobacco,XiceMindiitrusdvith®-elativelykhighkeditingiethicienciesX
(SteinertXetial. [X2015,X2017;XKayaKetial. X201 6;XJiaXetMal.,X2017;X
Veillethethl.,2020).K

Cas12Rnucleaseskbelongtoclassk2,Ktype- VRCRISPRKsystemsX
whichBrefnostly¥uidedbydBinglelrRNAN~425ht)XomparedX
tothelCasIRzuideXRNAX(~100Xnt) MCas12ReffectorsKlackXHNHKX
domainXbutlpossessKonly¥RuvC-likeddomainXthatXcanXcleaveX
bothXstrandsXofXtheXDNANtargetXsiteMgeneratingXaXstaggeredX
cutlwithXaX4-5KntK5" overhang¥(Zetscheletial. ¥2015).KMThelX
mostX usedX Cas12H variantX usedX forX gene-editing® inX plantsX
is¥LbCas12althat¥recognizesXaT-richKPAMX“TTTV”R(ZhangX
etlh]. }2019) XFurthermore Xengineered®variantsKofXCas12alwithX
increasedMhctivitiesFhnd®arget®rangeskhavelhlsolbeenevelopedX
(KleinstiverbetPdl.,X019).X

Anotherfrecentfhddition®olheXCRISPRMoolboxMsKCRISPR-
Cas®,KalhypercompactXtype- VRCRISPRMsystemXcomprisingXof
albingleMCas® proteinkbfX~70-kilodaltonXhatMskhboutikhalftheX
sizelbfXCasOMbri¥Cas12a.MCRISPR-Cas® iskhlsokhXcrRNA-guidedX
dsDNAMargetingthucleaselvithBkninimallPA MRequirementX{X
5/-TBN-3’ (whereXBX=XG,XT,XorKC).KSimilarKtoXCas12a,XCas®d
alsoMloeskhotequired®racrRNAKnd¥enerateskltaggerediuti
withi'-overhangsi PauschiXetdhl. 2020).KCas® haskbeenkshownlX
tobbelhctivednkplantiells¥vhenMeliveredds®ibonucleoproteinsX
(RNPs)BntoMArabidopsisbprotoplastsiediting®Phytoene desaturase
(PDS)X gene MalbeitX withXaXlowk editing efficiencyX ofi1 0.85%X
(PauschMetMal.X2020) KFurthermore, XCRISPRX-KtissuespecificX
knockoutN¥systemX(TSKO)XestablishedXinKArabidopsisKenablesX
specifictdomaticigenelknockoutsiin®arieddplantsiellMypes/tissuest
byMiriving®heMCasO¥xpressiondisingiell¥ypelpecificdpromotersX
(DecaesteckerMetMal.,X2019;¥AliXet¥al.,X2020) . XTheXlimitationsX
inKusingNtissueMspecificdpromoters,Mhowever,XcouldXbeXleakyX
expressionfinddimitedfhumberbbfuch¥promotersitharacterizedX
thusfar.XTSKORcanXbeXfurtherMbeneficialkwhenXexpandedXtoX
otherXplant¥speciesMandXbyXidentificationKofadditionalXtissueX
specificdpromoters.X
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CYTOSINE, ADENINE, AND
GLYCOSYLASE BASE EDITORS
CAPABLE OF ALL COMBINATIONS OF
PRECISE BASE CONVERSIONS
WITHOUT REQUIRING DNA DOUBLE
STRANDED BREAKS

Basel editorsi preciselyX convertX onel target DNAX nucleotideX
tolanotherMusingalcatalyticallyMimpaired®dead¥Cas9,XdCas9X
(D10AKandXH840A )Mbri¥nostlyMisingkhkhickase,khCasIX(D10A).X
IndividualXnicksXgeneratedXbyXbaseKeditorsXareMrepairedXbyXaX
morelpreciseMbaselexcisionMrepairXpathwayX(BER)XunlikeXtheX
SpCasgenerated®SBsMhatreMtepaireddypically¥bylrrordproneX
non-homologous¥endXjoining®(NHE])X(DianoviandXHiibscher,X
2013;XRanKetNal.,¥2013),Mthereby’minimizingXthelundesiredX
byproductsidueitoXzene-editing.XCytosineXbaseleditors¥( CBEs),X
catalyzeXC-to-TRusingKacytosineMdeaminaseX(CDA )X-XeitherX
ratYAPOBEC1/humanNactivationXinducedXcytidineXdeaminaseX
(AID)/Petromyzon marinus CDA1BnKAIDbrthologitermed¥asX
target-AID)Rethered®ofhCasOX FigureXl A;X<omorketkal. K2016;X
Nishidabettal.,016).M deninebbasefditors{ ABEs)KatalyzeXA-to-
GlonversionsMisingdnMvolved®NAMprocessingileoxyadenosineX
deaminasel{ Tad A*)MetheredMobh CasO¥ Figurel B;Maudellibétbal. X
2017). XWhenXthelsgRNAKbindsKtoKthe)target/complementaryX
DNARtranddoMormMnRNA-DNAMybrid,@helPAM&ontainingX
DNARtrandXsiisplaced®olormMXDNAXR-loop”XJianghethhl.,X
2016) RhelbaselonversionsireMnediated®bylxploitingihelingleX
strandedFhatureldf®hiskR-loop,lexposing,FandX¥naking®heXDNAX
accessibleMoMCDAMIIad A* Rl hiskprocessdillowsHheltonversionX
ofiX thel respectivel basesX withinX the R-loopH (transcriptionalX
RNA/DNAbkhybrid) KdefinedXaskbaseMeditingi‘activityXwindow.”®
BothMCBEsMnd¥A BEsHhavelbeenlbptimizednditilized¥nXrarioust
plant®@peciesq{Shimataniletlhl. 017X .onghethhl. 2017 8hankndX
Voytas,2018;RLietHA1.,2020) KM herethavelbeendremendousiffortsX
towardXimprovingXbaseleditors¥withXincreasedXefficiencyMandX
puritydbfhebedited®productodninimizelby-standerdnutationsX
(Anzaloneletlal.,}2020),KsomeXof¥whichXremainXtoXbeXutilizedX
indplants.X
CytosineMbaseXeditorslandX A BEsKfacilitateMonlyXtransitionX
mutations,MfromXC-to-TRandX A-to-G,Mrespectively K"However,X
recentlyMlevelopedXlycosylasebbaseleditors GBEs)ManXnediatel
transversion®mutationsisuch¥asXC-to- AKndXC-to-G,BmakingXitX
feasibleMoriturrenttbaselditorsiollectively®olonvertromMnyX
baseMoMnybbtherMbaseBnMtheBDNANZhaol kil [2020) MGBEsKvereX
developedibnMhefhypothesis®hatMiracil-DNAKlycosylasel Ung)X
catalyzesXthelremovalXofKuracilX( U)XfromXDNAXtha tXisKformedX
byMdeaminationXofXcytosineKandKinitiatesKBERXcausing®C-to-
ARconversions)(Zhaolethhl. X2020) XUng-nCas9-AIDMspecificallyX
bindsKtoXtheMtargetXDNA XAIDXcleavesKtheXaminelgroupMromX
CNgeneratingXaXU,XwhileXUngRexcises®UKcreatingiabasic¥siteX
(APKsite),MollowedMbyXDNAKrepairkresulting®inXC-to- AReditingX
eventsX(Figurel1C) XUng)preventsXC-to-TRconversions,XwhichX
wouldMbccurdbecauselbfRUGIK UngMnhibitor),RypicallyMisedXniX
caseldMCBERditors FigureXl A) KUsingKAPOBEC1-nCas9-Ung,X
C-to-GRconversionskiwerelbbtainedXwithinktheMactivityXwindowl
(Figurel C) MpecificallytihelsthibaselvithinkheXprotospaceriX

sequencel countinghbasel MromKistalndkbPAM)MuitablelforX
position®8pecificéditing¥Zhaoletil. [2020).K

PRIME EDITING, A VERSATILE GENOME
EDITING TECHNOLOGY BASED ON
TARGET PRIMED REVERSE
TRANSCRIPTION

Recently,MX search-and-replace’@rimebediting PE)¥nethodbhasX
beenXdevelopedXtoXdirectlyXcopyXtheXdesiredXeditXincorporatedX
withinMhelguideMRNA Mvithoutfequiring®DSBskbriMonorXNAKX
repairtemplateX(Anzaloneletial. X2019) KPEXisXakbreakthroughX
technology®hatianigeneratedargeteddnsertionsbbritleletions,tbriX
directlyMnstall®preciseXransitiondhnd®ransversionXmutationsdatX
targetedXgenomicKloci,XmakingXitMaRversatileltool XPEKisXbasedX
onltargetMprimedlreverseltranscription¥mechanismXanalogousX
tollretrotransposons,XcarriedMout®byX(1)KprimeXeditorXprotein,X
alfusionXbetweenXnickaseXnCasOX(H840A )KandXanXengineeredX
reverseMranscriptasedRT)¥nzymeMhatlgenerates@omplementaryX
DNAKfromManXRNAKtemplateX(2)XaMprimeXeditingXguideXRNAX
(pegRNA )M thatMencodesXtheXprimerXbindingXsitel(PBS)KandX
RTRtemplatelcontainingXintendedXedits¥withinXaX3’ extensionX
appendedXtoMthelsgRNAXscaffoldXthatNtargets¥theMDNAKsiteX
(Figurel1D) XWhenXnCas9XnicksXtheXPAMNcontainingdDNAKX
strand,XitXhybridizesKtoXtheXPBSKofXtheXpegRNAKandXtheXRTX
copiesNtheMgeneticNinformationXpresentMonXthelMRTHtemplateX
intoMtheXtargetXDNAKsite XPE2KincorporatesXfiveXmutationsXinX
M-MLVRRTYD200N/L603W/T330P/T306K/W313F)RoNmproveX
editingXefficiencies¥while,XPE3KincludesXanXadditionalXsgRNAX
toXnickMtheXnon-editedXstrandXasXwell,X 14-116XnucleotidesX
awayXrom¥pegRNAKnducedXhick®toXminimizeXtheXDSBs XTI hisK
additionalkhickingkhelpsinMirecting®heMNAKepairk¥nachineryX
toXfavorKtheMincorporationXofltheMeditlduringXtheXresolutionX
offheteroduplexXXDNAX Anzalonelet¥al. }2019) Ml oolsiorkprimeX
editingfhindipegRNAMIesignthavelbeeniievelopedihatitoul dkbeX
usedNrrespectivebbfhelpecieslinBtudy¥ Primefditinglools)*> X
Primefditingthastbeenlmplemented¥niterealddrops¥Butthetial.,X
2020;8.inbetal. 2020 angbethhl. ;20208 ubkthhl.,X2020)MndNsket)
tofbeMised¥nblliversebplantBpecies.X

AN possiblel advantageX ofl primel editing} isX havingi fewerX
bystanderf¥nutationsidompared®@obbaselediting Xespecially®vheni
multipleMCskoriXA skrefpresentliniheleditingkctivityBvindow. XtX
iskalsoMessirestricted®byXPA MMavailability®thanXotherXimethodsX
suchXasXHDR XNHE]XorXbaseMediting,XsinceXtheXPAM-to-editX
distanceMonKaverageXcouldXbel> 30KbpX( AnzaloneXetkal ,K2019).K
HoweverRherelrelMargeluitelbffbaseleditorsievelopedXwvithX
improved®fliciency,Mproductpurity, ndXDNAKpecificitydhlongi
withXwidespreadXapplicabilityX(Yuletial.,X2020) KWhileMprimeX
editingthas®helpotentialdoMteplacedbaseleditors,®his®echnologyX
isMstill¥nascentMandXisKtypicallyKlessMeflicientlcomparedXwithX
thelcurrentXgenerationXbase-editingsystemsXwithMsuperior¥on-
targetKandXoft-targetNDNAKeditingMprofilesX(AnzaloneMetXal.,X
2020) Rrherefore Mlependinglbn®ariousiriterialforbgene-editing¥

Zhttp://pegfinder.sidichenlab.org/X
3https://drugthatgene.pinellolab.partners.org/®
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A Cytosine base editors mediate C-to-T transitions
CDA 0 CDA
U
3 DNAnicking 5 __ 3 DNA 51 3
P nCas) y — IO
T and deamination °"77 ( ) T repair T ) o
o Base-edited
sgRNA sl 3 sgRNA
UGI ~UGI UGI ~UGI
B Adenine base editors mediate A-to-G transitions
S | DNA nicking 5. _..3
s T w LR T
and deamination -
Base-edited
sgRNA
C Glycosylase base editors mediate C-to-A and C-to-G transversions
DNA nicking 5. Y
— LRI
and deamination 3t-- - ---5
Base-edited
3 sgRNA
APOBEC "~ APOBEC ™~
3 DNA nicking ~ 5__ 5o .3
s TRy w LRI T
and deamination -
o Base-edited
3 sgRNA
D Prime editing, a search and replace genome editing tool
pgs RT
template
— N RT
3
nCas9 Hybridization of Reverse
5 PBS 5. transcription 5t__ ---3
3 — — ] 1.5
and DNA and DNA -
nicking repair Edited DNA
pegRNA
FIGURE 1 | Base editing and prime editing using CRISPR systems (A) Cytosine base editors (CBE) mediate C-to-T conversion by using a nickase, nCas9 (D10A)
fused to a cytidine deaminase (CDA) and uracil glycosylase inhibitor (UGI). After target DNA binding by sgRNA:nCas9 complex and formation of a single stranded
R-loop, CDA catalyzes the conversion of cytosine (C) within the R-loop window in the PAM containing non-target strand to uracil (U) which has base-pairing
properties of thymine (T). The UGI domain blocks the uracil DNA glycosylase (Ung) to catalyze U removal and initiate base excision repair thereby preventing U:G
(Continued)
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FIGURE 1 | Continued

mismatch from being repaired back to a C:G. nCas9 generates a nick in the target DNA strand preferentially mediating a U:G mismatch to a T:A conversion.

(B) Adenine base editors (ABE) mediate A-to-G conversion by using a nCas9 (D10A) fused to an evolved DNA processing adenosine deaminase (TadA*) which
catalyzes the deamination of adenosine (A) to inosine (1) within the R-loop. | base pairs with C and read as G after DNA repair or replication. (C) Glycosylase base
editors (GBE) mediate transversion mutations, C-to-A or C-to-G by using a nCas9 (D10A) fused to an activation-induced cytidine deaminase (AID) or APOBEC and
Ung. After target DNA binding, nCas9 generates a nick in the target DNA strand and C is deaminated to U mediated by AID or APOBEC in non-target strand, Ung
initiates the DNA repair by excising U and creating an abasic site (AP), enabling respective nucleotide conversions. (D) Prime editing uses an engineered reverse
transcriptase (RT) fused to a nickase, nCas9 (H840A) that nicks the non-target strand of DNA and a prime editing guide RNA (pegRNA), which contains a 3' RT
template (Red) containing the required edits and primer binding sequence (PBS, green). The PAM containing non-target DNA strand is nicked, which then hybridizes
to the PBS of the pegRNA and RT generates complementary DNA by copying the RT template in 3" pegRNA to incorporate the desired mutations into the nicked
DNA strand. 5’ spacer sequence in the guide RNA is in purple and a protospacer adjacent motif (PAM) in orange.

includingXtheXdesiredXedit,KavailabilityXofXPA Ms,KefficiencyXofX
editing®ndXoff-target/bystander®nutations,MonelmustichooseXaX
suitableléditingitrategyMorpecifiddpplications.X

DEVELOPMENTS IN DELIVERY OF
GENE-EDITING REAGENTS INTO PLANT
CELLS

Gene-editingl reliesX onX plant¥ geneticX transformationX andX
regenerationd procedures,¥ whichX areX majoriX bottlenecksX
inKmanyKspecies.X ByX far,X theX most} used¥ methodX ofX plantX
geneticK transformationl is)¥ Agrobacterium-mediated¥ delivery,X
accomplishedbyMncorporating®heXDNAR oMb eXlelivered®vithinX
itsMtransferXT-DNA XwhichXultimatelyXbecomesHincorporatedX
withinXthelplant¥genome XTheXotherXmethod¥commonlyXusedX
inKmonocot¥speciesXiskbyXparticle®bombardmentXusingXaMgeneX
gunXBothXmethodsXcauseMrandomNintegrationXofXDNAXintoX
plant¥genomesXAnyXforeignKDNANincorporationXwithinXtheX
hostXDNANisXconsideredXgenetically¥modifiedandXmandatesX
regulatoryXoversight.XCellXwallsXpresentXinKplantXcellsXposeXaX
uniquelthallengeMorMleliverylbfigene-editingieagentsiomparedX
to¥lanyXotherXcells.X Protoplasts,XlikeManimalX cellsKwithXonlyX
plasmaXmembranes,MofferaXnon-transgenic¥genomeX editingX
possibility.MProtoplast®ransfection®vith®lasmidsixpressingihelX
gene-editing®eagentsEbrfRNPskndi¥egenerationtbfntiredplantsy
fromMheseXellskhasibeenipossiblednFlewdbpeciesl Woolktihl., X
2015;¥AnderssonXetial.,X2018;XGonzalezZKetkhl.,X2020) MHowever,X
entirelplantiegenerationXrombingle-celled¥rotoplastskinvolveX
tissue-culturelproceduresordprolongediperiodstbMimebtesultingX
inMrequentdndMindesirabledomaclonal®ariation.M\Mecent®tudyX
analyzedXtheXprotoplastdregenerants¥andXidentifiedXaneuploidyX
and¥structuralX chromosomal¥ changesX thati canX compromiseX
plantXphenotypeM(FossiletXal. [ X2019) XTherefore XnewXmethodsX
tobbvercomeRhesefproblems,MespeciallyfbypassingiissuelultureX
methods,Brelnvaluable.X

GENE-EDITING BY EXPRESSION OF
DEVELOPMENTAL REGULATORS AND
DE NOVO MERISTEM INDUCTION IN
PLANTS

Developmental}regulators¥(DRs)XsuchXasXBABYBOOMEK(BBM)X
and¥WUCSHELK(W US)XuponKtransientXexpressionXhaveXbeenX

previously¥shownXtoXinduceXsomaticXembryogenesisKinKplantsX
leadingXtoX genetictransformation¥ofd previouslyXrecalcitrantX
linesX(LoweletKal.,X2016) HAKsimilarKapproach¥hasXbeenXusedX
forllgene-editingXbyXinducing®meristemsKinKsomaticKcellsXbyX
ectopicallyM expressing DRsXincluding BBM,XWUSXSHOOTX
MERISTEMLESSXSTM) andXISOPENTENYLXI'RANSFERASEX
(IPT)ByMAgrobacterium injectionMaherbethl.,52020).MeritableX
gene-editingll throughlX this¥ methodX hasX beenX achievedX inX
Nicotiana benthamiana byXtransiently¥deliveringXguideXRNAsX
andXDRsXtoXCas9¥overexpressing¥plantsKeitherXbyXco-culturing®
seedlingsbgerminated¥nMiquid®ulturelvithgrobacterium orfbyX
Agrobacterium injectiontdfoillgrowndplants¥ Figurel A;XMaherl
ethdl]. [2020) BythavingMransgenicdiplantslonstitutively®xpressingi
Cas9,gene-editingMisinghelle novo meristem@nductionMnethodX
becomeskhlrelativelykhighMhroughputinethodXorXene-editingX
purposesXmainlyXdueXtoXbypassingMtheMtimeNintensiveMtissueX
cultureprocedures.XFurthermore XGrowth-RegulatingXFactorX4X
(GRF4)kandXits®ofactorMGRF-InteractingXFactorXI} GIF1)khavelX
beenXecently®hownloMncrease®helransformation®requenciesX
inXbothXmonocotsXandXdicots,XmostXlikelyXbyXregulatingXtheX
cell®proliferationMandXinXtheXtransitionXbetweenXstemMcellsXtoX
transit-amplifyingiells /VhenfGRF-GIFhas®beenombinedXvithX
CRISPR/Cas9®theMrequencylbfizenome-edited®plants¥ncreasedX
(Debernardiletial. X2020) MDeliveringXCas9¥expressionXcassettesX
alongMvithMhelgRNAMndMgrowthMegulatorsxpressingiassettesy
vialAgrobacterium intoXwildXtypelplantsKisKaXfeasibleMfutureX
approach®vhichM¥vould¥acilitateXDNAKnanipulationnbaMbroadX
rangeblbMecalcitrantpecies.X

RNA VIRUSES AND MOBILE GUIDE
RNAs FOR HERITABLE PLANT
GENE-EDITING

Anotherbheritableigene-editing¥nethod®hatkhasihelpotentialdbfX
beingkkhigh-throughputimethodXiskbyXusingdapositivelstrandX
RNAXvirus,XlikeKtheXtobaccoRrattleRvirusX( TRV )XtoXdeliverXtheX
sgRNAsKintoXMCas9Xover-expressing¥plantskviak Agrobacterium

infiltrationX(EllisonNetNal.X2020).XToRachievelsystemicKgene-

editingiwithBheritableKmutations,XhelsgRNAsKhavelbeenMusedX
withKRNAKmobileXelementsisuchBasXFlowering locus T (FT)Xtol
promoteMnobilitylbfiteagentsdolpicaldneristems,Bnducinglgermi
lineMmutationsMTheseMmodifiedXsgRNAsXareMclonedXintoXTRVX
vectorfvhichfsMelivered¥ntolplants®byMdigrobacterium infiltrationX
(FigureX2B) XThisXmethodXhasXbeenXshownXtoXbeXefticientXinX
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FIGURE 2 | Breakthrough delivery methods for plant genome editing (A) Agrobacterium tumefaciens carrying expression cassette of the developmental regulators
Wuschel 2 (Wus2) driven by nopaline synthase (nos) promoter, isopentenyl transferase (jpt) driven by 35S promoter from the cauliflower mosaic virus (35S), and a
single guide RNA driven by U6 promoter targeting the Phytoene desaturase (PDS) gene. A single guide RNA targeting PDS (sgRNA:PDS) is injected in Cas9
transgenic soil-grown plants with meristems removed. pds photobleaching phenotype is formed over time and transmitted to the next generation. (B) Tobacco rattle
virus (TRV) is a bipartite, positive RNA virus with two genomes. While TRV1 harbors genes for replication, RNA-dependent RNA polymerase (RDRP), movement
protein (MP), 16-kDa protein and terminating ribozyme (RZ), TRV2 has genes encoding for coat protein (CP) and manipulated to harbor sgRNA:PDS fused with
Flowering Locus T (FT), a mobile RNA sequence at its 3’ end and driven by pea early browning virus subgenomic promoter (PeBV). TRV1 and TRV2 are delivered as
T-DNA vectors via Agrobacterium and co-inoculated into leaves of Cas9 expressing plants. Systemic viral spread within the plant leads to photobleaching phenotype
in the new growth in the plant. Germinated seedlings from the seeds of infiltrated plants also showed photobleaching indicating heritable gene-editing. (C) DNA-
carbon nanotube (CNT) conjugates are delivered into surface of mature leaves using a needle-less syringe, enter through the stomates (red arrow), traverse the cell
wall and cell membrane into the cytoplasm and delivery targeted to nucleus or to chloroplast can be achieved, where the cargo is released.
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generatingMeritablebi-allelicMnutationsMvithMhodvidenceldirusk
transmission®olprogenyX Ellisonket¥l. }2020) XhelirawbackXnX
utilizingbpositiveltrandRNANirusestbrBDNANirusesdsiheirflowX
cargoltapacity,MherebybpreventinglheleliverydbfféntiredCRISPR-
Cas9Mxpressionitassettesdntobplants.MRecently,MMhegativelftrandX
DNARvirusXwithXlargericargoMcapacity¥calledXSonchusKyellowX
netXrhabdovirus¥(SYNV)XhasXbeenXengineeredXtoXcarryXbothX
SpCasOkhndgRNAMKequenceskhndXelivereddyXAgrobacterium
infiltration¥ntoXvilddypelplants. KA llMheMnutationskerived¥romX
MobparentstbyMhisdnethodXverefheritablel{ Maléthil. 2020).X

NANOPARTICLES FOR DELIVERING
BIOMOLECULES TO FACILITATE PLANT
GENOME ENGINEERING

NanotechnologyXisKanXemergingXfieldXinKagricultureandXnanol
carriersipresenttMiniquelbpportunityXorkbiomoleculeeliveryX
intolplantsdnd®fterfprotectionfromMegradationMvithinfhelplantX
cells.fNanoMnaterialsireMlefineddsthavingitlleastdne-dimensionX
measurellessBhanX 00Mhm. K hebplantiellsbpossessBhydrophilickel X
walls¥vhichbhaveliizelexclusionHimithh 5206 m BvhereasihatX
ofhelinternaldipid¥lasmalnembranedsi00khmN Cunninghami
ethl. 20188 andrybdndiMitter,)2019) MeavyHnetaldhanoparticlesX
(NP)NarelusedXforKbiolisticKtransformation®whereNXtheMcargoX
is¥deliveredXbyXmeansXofXforcelusingXalgenelgun XHowever,X
singleRwalledXcarbonXnanoXtubesX(CNTs)X(~1-1000Knm)XandX
carbonilotsX~3khm)&ankbelthemically®unctionalized®okarryX
geneticXmaterialdandXcanXdiffuseXthrough®plantXcelldwallsXandX
deliverXcargoktotargeted®ellXbrganellesX Figurel2C) KRecently,X
CNTsXandXcarbonXdotsKhaveMenabledXeflicientl DNAKdeliveryX
intoXbothKhuclearX Demirerietihl. X2019,2020)KandXchloroplast®
genomesXolchievelgenelbilencingX Kwaklethal. )2019),BvithoutX
externaliolistics®rihemicalsndXvithMhoMDNAMNntegrationMntoX
maturedplants WNanolktarbons¥uchBsMCNTs,Hullerenes,Mgraphene,X
andbpolymerid®NPsHncludingbpolyethyleneimine-coatedNPskireX
promisingRforXbiomoleculeXdeliveryX(DNA/RNA/Proteins¥andX
RNPs)KintoXplantMcellsXtargeting¥germlineorMsomaticXtissues.X
Thebbove-mentioneddhanoarriersthavelpropertiesibfitell-wallX
permeabilityndanfeMormulateddndieliveredntobplantitellsX
withoutXusing¥mechanicalforchemicalimethods.XFurthermore,X
theseMnanoMcarriers¥protect®theXbiomoleculesXfromXenzymaticX
degradationXinsideXtheMcell XhavellowHtoxicityMandXfacilitateX
attachmentMof}lspecifidkligandsXdependingKonXtheMsubcellulark
targetsX( Cunningham®etial. X2018) XRecentMreviewsXfocused®onX
NPXmediatedXplant¥geneticKengineeringXfurtherdiscussX theX
potentiallpplicationsfind¥imitationskbfhiskechnologyX WangX
etMal.,}2019;X]atketial. [ X2020;XLviletXal.,X2020) MInKtheXnearX
future,NPRnediated®eliverylbfigene-editingeagents¥ntobplantX
cellsXoffers¥greatlpotentialXtoXfacilitate®highXthroughputXplantX
genomelngineering.X

POTENTIAL FUTURE DEVELOPMENTS
IN THE FIELD

TheX mainX goalX inX plantX genomel engineeringi isK tol getX aX
beneficialXphenotypelthroughXmanipulatingXplantXgenomesXtoX
generatelphenotypeloptimizing¥mutations.XIdeally,XtoXachieveX
this,MvelnustthavelhelbilityMoMnanipulateMhucleotidelequencesX
specificallyMandXsimultaneouslyXatmultipleXsitesXinKaXgenomeX
irrespectivelbfthelplantdpecies. XA relvelherelret NV ebhowbhaveX
reagentsXthaticanKcaterMtoMaKmultitudeXofXDNAXmanipulationX
possibilitieskhndiotentialkhpplications¥ Zhuletl. }2020)KhlongX
withKimprovedXdelivery®mechanismsXwithXnoKintegrationXofX
transgenes.XTheseladvancesXalsoXhelpedXinXre-designingMtheX
regulatoryMrameworkl$urroundingigene-edited®rops Mowever,X
therelreltill@hallengeskueMolackibMditing®fhiciency,BspeciallyX
in¥polyploid&trops,KeliveryMimitationsKniertainkplant®pecies,X
occurrencedbfbystanderfindibff-targetdnutationsXinktheleditedX
productsi(JinXetXal.X2019) XDirectideliveryXmethodsKsuchXasX
meristemBnductiontindfhanotechnology-basedMpproachestbffer
opportunitiesforXene-editingnirecalcitrant®pecies.MReducing
thelargoapacityMurtherfhelpsiinMheMeliverybprocess,Mvhichiank
belchievedibybbptimizing®helMCRISPRXCas® systemMnkplants.X
Further®developmentsKarefanticipatedXinXtheMfieldsXofXsystemsi
biologyXforkhighXthroughputandXpreciseMgene-editing,KeditingX
mitochondriaXorXchloroplast¥genomes,KeditingKplant¥genomesX
irrespectiveldfpeciesdnd®vithoutlnylntegrationtbfMransgenes.X
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