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Chapter 1

Il ntroducti on

| mportance of forests on a global scale

Forests are essenti al to the Earthodés ecosyste
bi omes. They cover approximately 31% of the g
conservation, cl i mat e r esgyusltaetm osne r vaincde st hteh agr o
speci es, i nEbudshg humanstegr gl atbsmghangésbiaim
7.®itgans 2afnn@@l 'y t hr ou(gtharph ost oesty Tgndhceuse 2t0r2alt) i ¢

significattrlopogehset wimarss+®®dsg@og 2 Lnrse oemi tt e

from fossil &omeél cewmas ulmpato dadc.t,ipa®i23)) oni ng f or
of the most effective natural climate mitigat
Economiocelgltyandf woecodnpraorboutise8 6 00 bi I I i on annu:

gl obal econompothihmbeghpt odbet s, .Tahned peuclops yasntde np
industry alone supports mil |l i ondsudaifsk g ofppasc kwag il |
ti ssue,.talmdeptapmat ed t hat t hef darhwislel pbia3-daurc tisn c
184 mil liinon2(0téddmsst on & Radldmadacetd DODO®Fmdast s
bi opl asticsphaéai naoeed)ygeabmidng iimprogdsainhglays th

transit i-maseecdom.oanybi o



From a soci a&breetrspactei velt al for the | ivelih

i ndigenous communities whose <cultures and t

ecosystems. Sustainabl e forest management can
t heiltucal Moereioitvieges €thaiamaotuemdd 33 million peo
empl oyed in the forest sector, accounting for

wolrd wiLd e p(e, e2t0 2d2Q.rgthiherg hiii ng t he .i mportance of

F o rseasrte a nat uenaé wmashd u'wrmak isn g them <cenngal t
environment al chall enges(pPoséeee byl mbcsat2i0dnse |
' ignocellul osic kiremdspsd rutuinliitz aetsi aano hpawvwed uc e L
materi al s, angr od h epl rnad2u0ciibs) éNa thvee eanodNhced 17
Sustainabl e Develwi pnne nlté 9G caaslsdoNc(i DB )t vahr igeh sf
play a maj) marpwebfmotaH s, such as | ife ,onclliamalt e ¢
action, endalploeveand ,de€g®&mraemwenmrdgy,and economic
asbserved by many aut hhBramgmadt i Cestr2edtMadns @IC

et 2a0l2R2g;uayo e}x. al ., 2023

Despite their i mportanceAnhlh@®eémnmiylsl if mft eh eénsetr e
| apde (IFAOL d2u0e2 Ot)o agr i c wirtbdaenae¢ | epxmpamts,i oand i | |
acralsls cogespedes €heal et ;Sahgh;ad 0 kAddailt.i,o n2all 2| 4
f orsesdr e i ncreasingly vul nerabl e t o extreme
preci pitatDeognrsa dpaattitoenr nodf.ly f @ww eersh aar, v ecsatuisregd and ¢

practices, reduces f or easntdi mé ali tsghr, ovdaufocfteicvtii tnyg. |



threats under scorae nhaoeatwsnogndsat inrmlgderd faodweasnceod
bitechnol ogies to preserve Mandotweagh,adhecwee | fo@rmeant
commer ci al ampd abhteatnonhpsrgoivees ptrooducti vity while

forestrycapr arcaduwcees def or est astpieaxcn edpger eguesdutr e o fo v t

mi tigation actions against c¢climate change and
Chall enges in Forestry

The forestry sector is at a critical juncture
products and ecosystem services while address
Pressure from Climate Change

Forests are both wvictims and mitigators of C
precipitation patterns disrupt (Thee fgregwtemcgy
intensity of natur al di sturbances are exacerb
for forest ecosystems. FoDendrsactnocreu)s topuctnbdneeracks
in British Columbia during the 1990s and 200
mi |l lion hecamdeetsdcnéd Mmerelsant abl e pine vol ume
20 Dhar2616&urz ot al ., 2008

Rising temperatures and prolonged dry season.
Northern Europe experienced unprecedented wil

up to 20 yemesawvwbeagen A 201lar mitruglyc omtoijrecd £,d



could become the primary driver of deforestati
conveMail dn et Lahdnper06§.8; Gdnyv e rz2s0l 0y, in tropi
conditions due to climate change have slightl)
these forests face other threats suckMals biod

et al .Ri s20h@8)t.emperatures and changing precipi

product ievailttyh .anHli ghher temperatures increase e\
and moisture stress. This is parobioteldasilpecdet
forests on poor soil s. Prol onged ,grroewd uncgi nsge ats
growth and resilience. Furthermore, climate
including soil respiration, nitrogen cycling,

and foredqtL edarkreaymiedsl &In. et2@09; AR010) .

Cl i mantdkeuced changes in forest composition and
forest sector. Severe disturbances, such as h
ti mber availability, di srulpatiecrosgnstd emoisler pi ¢
increase vulnerability to soci al and economic
for | ocal communities, such as biodiversity n
ri cknderelg.g, . A0 t5e)ymper atures rise, species di s
tree species migrating to higher altitudes an
potentially |l eading to mismatches betWwesen tr
reconfiguration can affect forest functions,
cascading effects on bi o(ddcvheerlshi gay @ehtdl; sclRP@ By st

2013) .



|l ndustri al Bottl enecks

The forest Il ndustry i s a cor nerhsatronnees sa fn g s uwsot
feedstprckeieuscs ent i al producexanild i(@upeize tt iemb e
2013Bewg 8t Jaaln.g, e20OHaolwe,ve2(Q21he sector faces ¢
particularly concerning the processing of | ig
presents technical, economi c, and environment
extt@gdul i s et Adldr,esz0h3) t hese bottlenecks is

eff

ciency, and the industry's overall enviro

—
«
5

i n, pahecngompicenrer t hat provides structural s
constiiBO0Otwesf2WodqdWabigomasaWhj | 2018) pl ays an es
physiology, its recalcitrance poses <chall enge
manuf a¢Der Mrgster PBPelagnifRkoa2)on, the proces
cell ahdsehemi,cel b uvilerotearmsyi ve and relies on har

including tltesadecompeswndsur These processes co

emi ssions, water pollution, and chemBoeaeljwast
et al., 2003; Chakar and Ragauskas, 2004).

The environment al footprint of delignificatio
di oxins, furans, and volatile orgaxaind oemaurec

emi sqiRmfpsan2®24)ahese emissions contribute to
5



degradati on. Addi tional ly, the economic cost s
treatmemndtel i gni fication procEeSm&skQ2t)F ari ni N tdaure
integrating advanced technologies, such as en;
i mpacts but often involves high initial capi

(Makepa and ¢€hinobo, 20214

Over the past few decades, significant advanc:¢
ai meidndwstrial chall enges asso,ciiandalduedviiatddo pltii @I
of transgenics and | at el yl,n gtehneo nmie9 90dsi,t ignegn eutsii c
focused on downregul ating key ' i gnin bi osyn:
dehydrogenase ( CADmetamydl taoafnfsdied agei d COMT) , [
(Popusppanthese modi fications |l eddbr t modiediuee d | i
compositiommpleaddngut ping efficiency by deci
required f or( Bloiegniain979e% unvavle.d,u e nt research 1 n t
altering lignin composition otveremnxharese ieamtgs! ati g
hydroxyl ase (FBadpulges et)n enodls @ied alts-of thaei ascyy li nrgaytl i
i gni n, resulting in a polymer( Fmané&e aménabl e
Additionally,cocwmpagloaNsealiiogmasef (4 CL) and shikim
transferase (HCT) reduced | ignin biosymrsthesi

(Boerjan et al ., 1996) .

Il n recent yCeaasrds ,t e€CRIN®SARR gy has revolutionized

precise and multiplexed genome editing. Reseat



bi osynthetic genesCa®f9 podpdlairewisng gt LRIl &GPRd 1 e
and alterations in its composit@®umliws tdtoudal nge
This appfeashan excirteidgnugo doupsparitadniptryoroiems v & ¢
environmental nspsfl Iopd magmiolr ietCyda p B)efh e skeeeadv ance
demonstrate how targeted genetic dmbgydicfoind atoil d n
| i ggnemes, as welilonad akdayyisedndsecriepgs with desir
appl i ¢Paattizd nasf f ;Geoti canle.c,heza®BdD ngl et;L@®DY; 100081 .

Mc Cart hy €lti aanl .e;t;WathlgQ e20aB. ,202G 4et Lavlasmmtg 201 7

et al ., 2017;; G@hiene}tet€lall | e2@2DAAl y, these effor
more efficient and sustainable utilization of
Emerging technol ogi es, i ncluding biotechnol og
genetic engineering of |l i gnocell ul ogied at edds

bottl|l Gudeéclss et dloweveE025)Y hese innovations are
to technical ' i mitations, regul atory hurdl es,
modi fi ed orgaNMosesVv e(rGMOEt h e devel opment o f e
techncgmuesrting | igmiaoal ot ererdiorfd éde sscihgeni f i ¢ a
Current technologies struggle to -eaboemprcadleyg:

|l eaving mostvdliuenibny parso dau d (@ Wwhi u rénbepdd If.o,r ener gy

Tree brfemdodwcti ve, sustainable and resilient



The n

ecfessregs with desired traits, such as |

resi st amma toldehgeasy, st he generation of tree bree

These
cl ass

yield

2007;

chall

et breeding programs have made significa
i cal selection methods to modern genomic
, emphasizing traits such avsengtrioowtahl rbarteee
ams often struggled with inefficiency, e
ed ability to addre®s codmmlaex tadaiptabl ik
Aitken et admg,[20WdBr) .i Mthengiotsy of t hese
enges (Grattapaglia et al ., 2015).
ite these |limitations, br eedi ng-aspsriosgtreadms

tion (MAS) and genomi cacsceell eecdtaincerd f § G&)X i &
able genotypes, Epaal,y pwhliiscrhl yarien psipveoctiaels
triesClhind aBurtahzaialdt AAst mal i a (;ReBsaelnodcec heat ea
These mol ecular techniques have accel era
n constrained bvasntdi ghelii mmpmlceemeonnt aetxi iosnt icnog

ti on

bal sstuisfttaith@awaddty has also driven progil
e . For inPtstaundet sDogabpmerdi @gi i n North Arm
ability to variable precipitation and t €
ttsr,aimuldsdl ecti on emphasi zes ecosystem sel

ualstgaiad asblod fsaur estry and biodiW®ewevdry, co



sustaining genetic diversity 1in br ereedliinagn cper oogr
elite clones, while enhancing productivity, C
and di seases. This wundernsge otrreasd itthieo nianhp osretlaenccte

genomic tool steomsatusgaandbi ong yBédNeatlk).&eKr al

Building on these efforts, transgenics emerge
conventional breeding. Through preci se genet
beneficial traits such as herulgihdi deolree sainsctea ndci
trees, bypassing the I engthy breeding cycl es
popl ars engineered for reduced |l ignin content
environment al indp @ad tofiurelt hendpuaspgeri es (Pil ate e
persist, including regul popoeedcdtladdi eal pudbksc
these issues is critictadansogdmidng Mmsoeraelsitzriyn.g t
CRI SPR as a tool for tree i mprovement

The discovery and -Gppl sgatems oEprCRd &SPIR a b
bi otechnol ogy. I nitially wuncovered as a bact e
CRI SPR"s potenti al waBsarfriarnsgto 2éiaichadreotnesd rian eal0
role in adaptive Iimmunity through the targete
work paved the way for its application in ger
wh e Rl SPRwasuccessf wlsl yaearhd fpore dprodci se genetic

Jinek et dahe, f2OR228)Jry sector quficrkliymn tta®0 d &,l i



with the first -Lasmrcaitimmatriyvon(MERIoPR Raar dt rf exGtliber
applying nCRIuSoPsRe q we rtngy e@&res poplars for reduc
wood processing efficiency (Tasnadi raendau édhuneg,t e2alll 5
202H0cemgert etSubls, e20dABis 2ppB) cation exempl
CRI SPR in targeting specific genes responsi bl
resi stance, alnedr aanbcieo,t iwi tsht ruenf@sa etcoe i e Be wagjt RO & 6 |
al , 23008uss eCRRASPR RRORRYi ons as a powerful

transgenic approaches, enabling precise and

approach, -Ctalse®9 GR/IsSRERRn typically requires the s
a comsct encoding tdree Cargdmapreo REAN( @aRNA) desi g
specific DNA sequences. These clodnsatyricabast ar e u
tumef-medemas ed transfor mat iamm d radseprdaenesittar| adt esbdamb
useff adl itm aplsd mramat mome t hRen g atecald.e, 2013;

Nekraspv2efi3d3al Shan et al .200In3;e Xixeprarmsd eYanqgt,h
forms a compl ex wit hspehcei fgiReNAc | d aevaadg en go ft ot hsa tt
endogenous repai r -hmamoht aomgiosuss ,e nai tj lbe md moge  tNeHE J
repair (HBPRairthbe breakatepablti sg( Berntedd ic a&ro

Fi s c2h0elr5,)

The transgenic approach wusing CRI SPR is adval
resistance or i mproved stress tolerance, as
enhance bl ast resistance O#%%WHjgem etsar(get eedt nault

Similarly, transgenic -apdacensnodudt £dhavw e hb &
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reduced |l ignin content, showcasi ng 3)iDwepsrpo vteed i

these advancements, pbaedhftfrghetpedrdiect s,i ndleu

of CRI SPR constructs into plant genomes, and |
or ganiAd meti quil .. , TROLS)hur dl es necessitate metic
precise editing and mini mal uni ntended conseq

and refineds Cas®ewvaprami sing solutions for |

mai ntaining the transformative potential of C

Transfgeeae CRPpPEPRt uni ftoesestry

CRI SP&Rs ed tfrrames gegenreome edi ting offers an innov
in forest species breeding. Unli ke transgenic
systems to i€fasodcdowompo@RINSFBRyiNt D&NAt i h e(eWaedrag e h 0
et aQNaj2#f2i eThias.appgp0@88rh begins with designi
DNA sequence in thebophaanl e gperoctpeia P(MPMB)si ng C
and guide RiNSA t(lgeRiNApd el ipyeamdad cied | s using me t
transfection, parti cl emelda mhk eerddDweeenitr, e ea ne t n aanlo.p,
Zhang. ,et20@ppon entry, the RNP identifies the
via base pairing between the gRNA and the tar
t he DNA at the speci-dtirealn i lir8echackc pe@dIBEN.G andert
repair mechanisms subsequentpryonper orceepsasi rt hpea t hS

introduces insertions or deletions (indels) a

11



gene knockouts. Alternatively, HDR, which rec

precise edits, though this p(aBdrwaesii sandck skKi sdt

Tr ansfgreenee CRASSPRgenome editing using ribonucl e
successfully in multiple studies on woody spec¢
the associ afFend eth@alIPapk2ea al ., 202Thi Pametsteo
invol ves detsemblied oompl exes of Cas?9 protei
protoplasts using techni gnueedsi altiekde tproal nyseftehcyt!ieonn
i n ch€asnhahed§ sraetsieeaar cenpelrygst b B B e (dPelsSa)t ugreansee t 0 ¢
a visually evident albino phenotype, demonstr

and establishing a basélaivrees ef eert fadr.t, h €r0 229 i t i

I n hybriPbpudopulsaral ba )l HahgehRme uivasatarget ed

compl exes with efficiencies ranging from 0.8
Notabl vy, these experiments used protopl asts

efficiencies were suffitdhieentactko odetsaictcemistt ad e
pl ants under |l i nleBarak matj o&l mjolt2d 2in)e cikn gr apevirn
editing was achievéaddioragenssshie@oabat @ad gwi B
an@l P-M, D2 Ml PM n apple, with mutation rates
no regeneration of full plants was reported,

vi abl e, genet(iMadlnloyy eedi tadd ,t r2e0els6 )
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The use of rda ac@EhsSPRapproaches I n tmaejeor spec
advancement over conventional tree breeding a
ri bonucl eoproteins (RNPs) to directly edit gel
addresses many | imitations irnlhiegrengenent itcr anda

techniques, offering precision, efficiency, a

One of the primaryfadeabGRh§PR aeapptoaobgenes t
of genetic i mprovements. -iGotnevnesnitvieo,n adf tterne er ebgu
observe and select for desoir & b\e ¢ter aintds. Chu e otn
Il n contrast, CRbh&woBtiaflilcoantsi ofnoroft hsepeci fi ¢ gene
dramatically accelerating the breeding proce
addressing as gewmdh cdhsaldleingat e change and emer ¢
Compared to traditional genetic modificati on,
involving the integratiHfaomreofCRt PRI grl i BINAat & g
transgeni(cZlcamegdIrwaen g0@t0; alThj s2@24) ds t he regt
acceptance hurdles associated with geneticall
often i mpose stringent requirements on trans
horizontal grinet émtad behh@aed species. By avoic

of foreign DNAe tdansgemer be indistinguishabl

ecol ogi cal ri sks and facilitating approval fo
Anot her significant advantage is the precisic
Traditional mutation breeding involves exposi |

13



genetic changes, resulting (BadoheyhadlrialnesigDlehac
free CRISPR edits are precise and pretiacgebl e,
modi fi@Hathinomsnd Nelkuasev,)aPDhiB8BxO0R&8duces the ri
traits emerging alongside beneficial changes

i mprovement .

Mul tipl ex gene editimgmaursiedhlgli €«eCRINEBR amnfdf ep s e
simultaneously targeting multipl e-igenrenss,i vae fw
ot her t Ee@Mihmbkeqt e £20 87, Abdel r@himasn ettt all ., 202:
al .,. 20”24)ke conventional breeding or traditi.i
multiple traits requires successive rounds o
enables the simulaandmomwes e di tai ngi nogfl es eevxepre r i n
designing multiple guide RNAs (gRNAs) target:i
the Cas@Splrios een Faolr. ,é& x2a0OmPeBpel ntiicpl ex edi ting ha
modi fy sever al genes in plants related to dis

reducing the time required (MobachRROREUlaibsnpe te x

al ., .12z028pntrast, conventional AMe ) hods clhiekm ¢
mut agenesi s are |l ess-tmprgeitsef fefct sn amas uwletqiun g
to isolate theCadretsherwedanmiut @8Bn&sheessmehi ni2000; ¢

Casacubert)a Mar adver 2 0RNAgEatey pei xcparl elbsystiroann s i en't

rat her t hasnt ahbdter pabeteiaqgge s, | Ftneirtm negf fietcst ilvoemge
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The advantages of mul ti plex CRISPR editing a
where modifying multiple genes (Bsoldsiseernteitalalt.
Lorenzao@8ulails ,et dlhi,s Z@dahil ity accelerates:s
expands the scope of feascbhbdprpgediter ®mp&chgs C
genomes, such as trees. However, chall enges s
target eemtsiuwiitnyg ieevfefriyc iteontaldelt arget | oci r emai
(Guo et Nlaeem2@ad; Al IEhkea kit ghaaad;Neotnedlh.e,| e2 8¢
ability to perform multiplex editing in a si:H

potenti al compared to conventional met hods.

Chall enges of CRISPR in tree species

SpciSesc idhiacl | enges

The applicatfiomeme o€ERAtsS RIRNs geomreest ry i s complicat
gymnosperms and angiosperms. Gymhosperms, suc!
and compl ex genomes. These genomepedbiteme i DI
sequenwdéhs ch complicates the design of effect.i
di fficulty of achieving precise edits. Furth
reproductive cycles, makamdg theichaphemagt ngi ¢ oe
Whil e angiosperrms alliyvpbeapomalaremanand | ess repet
present challenges such as varying |l evels of

This disparity necessitates highly tailored p

15



resources r egq(uiorre dnofroe€C hdeeptdeeMest,lhes ee Kr emer , 201

et.2a0l21 Marques) .et al ., 2025

Recalcitrance to Editing

Low editing efficiency remai-isea @&YSSPRO ufrdr e
spe¢iFasmn et al ., 2021; Park éeéwncabrs 20o02Lilri Pave
include difficulties in delivering RNPs into

l'imits the time window for effective genome e
critical rolze,d mARNAIsy ctagnt gets ud ftf entaD @&t rceé ckawe

Wang eO2BHowmi k, eR0OEH) ting efficiency can al si

complexity of tree genomes, particularly in p
editing, essenti al for modifying polygenic tr
gRAs to function simultaneously, often | eadin
et al ., 2015) .

One of the primaryrelkstCReISEPR tappl i Eaevdi@eimisn g n
efficiencyotbeswpahedst braxmmali €@h eemidc al modi fi ca
emerged as a solution t oandan htahneo eerfRoNrRele ssd \adg é i t
activFoy instance, -Oimeée¢ hiydf d anop @Ma ti iboosreo ts RIBOMKS 1t
significantly increases resistance to trhecl eas
modi fgiRiNABendel €tS5Rydn , et20 @b Rei 12I0y1 8¢t Thlese 2

modi fications i mprove editing efficiency 1in n

16



active guide mol ecul es, and the same principl

uni que chall enges.

Anot her maj or l'i mitationtairgep!| acdteagageme wéd ic
uni ntended genetic changes (@a@Guwo cetmpadlicat202dde
Al knbashi, 2023; SheMbdi §hamaadadoes auch a62Bfho
the termini of gRNAs h#awaweglkeeterfsleocows 1o mumiag
t he speci ttiacrigteyt (Doofinmytei i reRed 2all )T hese chemi cal enha
the structural -ONMAadwuw glse . ft amdpgkeit Rl Aotfefr act i ons
For plants, where precision is critical for t

modi fications could ensure that edits are bot

Il n addition to chemical mo-®dNAiIi gat dess pff bkhesuas
avenue to enhance specificity and efficiency
nucl eoti des into the RNA sequtarcgtitvhaoe wdem
mai ntaini Aargeb ustl ea@avealgle( Kiann elfstemaent  al . 2018,
2021)By altering thBNAedmeltey, ofhitmer HRAE Agwitd e s
compl exes, t her eb.y ®hphsormmacphn gc osud alc ibfei cpiatryt i cul ;

pl ant systems with repetitive or hi ghly homo

gymnosper mvwhtetreee gopdtf activity is more I|ikely.
Structur al modi fications to the seed region of
efficiency. I n mammafomam kelilsal mai ntai mi @ghas
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gui de stabil i t(Ry aanndetCaasl9. ,ac20 Wv7i Siykal ay ey et madi
to thehespgphate backbonteumé IigmRiNArsa cctaino nfsi nwei t h
i mproving the over@®ulkdadiet iOddRep ¢ Rpdrémalnlacées ¢ 2
structur al adjustments could help overcome th

genome editing, enabling the development of m

Conformati onal contr ol of Cas9 through engi ne
promise in other systems and could address spi
modul ate the conformational pyoamdcg hef dCas 9]
bet ween t atragred e(tePresli eémeoso ,e tDoanlo.h,0 u2e0 1e& hiad . ap ROQ:

reduces the -takget holoelawdgefdnd enhance-s the

free plant edatamigti ¢adli sacdcwanaderhent, ensuring
|l oci while avoiding collateral damage in the
The success of these strategies i n human an
applicability to plants. For example, chemica

editing efficiency in human priienairc <$tiednnd ecle lilns
et al ., 2015, Dofmdlesee sggtst &lms, fa@21)c hall enges
such as high nuclease activity and t{DdNAneed |
gui des have beenisutbesapeaeutiyc appgipiecedtf s ct @& da (
(Kartje eDomdhque& Oelt8Adlapt i @21t hesecompatilklae i O:
proteins and delivery systems could significa

forestry (Romp!| maerae iGheaspat).drs ,3 s ee
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Recalcitrance to Regeneration of Pl ants

The inherent recal ci t riann cweietgprdm amaantyi of no r perse s esnpte

obstacle to the dpprlei ccBRABSBPPRgehome aedgehnag, p

utilizing ri bon(uRake oapnrdo tLEII,ad2 (2RO)FP8) regener at |
somati c embryogenesi s and organogenesi s- of t e
dependent in these species, complicating the

( Babnajeeilaodar ).etThailsngceh2adl 85 f urt her compounded b
RNPs, which degrade rapidly within the cell ul

regeneration to capture(Phk deprdibLed Bgeaegjic m

To address these | imitations, researchers ar
identification of novel cel | types or tissue:
(pl ant cell s d)éwvaovied earfergeldl awalal spr-€ms9i RANPt at
delivery due to their amenab(laintettal dir @22 0uy
2021, Pavese Fetr ealx.ampdkZI2)secgenemal ed®NRAiIi ng ha
in grapevine byCalse RNPsri ngoCRI 8P&pl asts i sol at
foll owed by regenera@Napafiizoets) mhbhel yp,l anhs c
optimization of RNP delivery into protopl ast

integration(dafeef eteiagn,DRA20) .

Whil e these methods are promising, t heir app
chall enges related to protopl ast i sol ation an

19



p |
an
20
by
p a
t o

ed

a(hResed ragnnda nBha 202 1; ScOmhtatltl aetdMeala.b,t eM@DP)2 ;
d i mmature embryos represe@as ot #H8armapdnag neits ianl
1BI;1 i son &Kwmalga, 2Ch@h. et ppa@PTh,es2022 ssues, c
their high mitotic activity and devel opment
t hwaysdi posg. By focusing on such tissues,
ti potency obeoermpodvedihedr et ant s. However,
iting introduces a further eCoansOl eRNR sy : mudsetl

il ored to the specific characteristics of t

ese strategies highlight-spgécei fiincp od dlainwer yo fn
generation protocols to overfcroame dgereo nceh ad die
rest species. By focusingsaore thegehsenpbdagadIl
t hods, researchers can signi fClacs®n-tiReNdP a m@d o v
iting in recalcitrant forest species. This

i si on edpiatviinngg itnh ef owaeys tfror, advancements in

D
(¢

d sustainable resource management .

(@]
c

atory Challenges

though-ftrreans@®@RelnsSePR approaches avoid introdu
iversally exempt from regul atory oversight
certainty, increased costdgdjtatoatdceeayededep

ited States, BCanialdlaa fCaht,gpeqntd ndadist ed| phangenoe
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foreign DNA are generally not -bgclaassesi v aldu aatsi c
pr oécduwacsted reQluaraki amd. Hobibs , c2@€2B¢s a more fav
the commercial-edate®nhfopeRé SPRropean Union f
based framewor k ;edridgul agtregyeayridslindss g emfe) u mdenrs gen
GMO | @@Wilsar k and . Hbowebveehre, 2 E AB@rpleiaaame n t Il |a curre
|l egi sl att @anegps®cresgul ati on of plants produced
CRI SB&RRdi ated genome editeWhipllanpsof &PRISs RO«
restrict-toassgeninonedi t s, the currentChsynat em
l eads in CRISPR research but | ackdi taead | glaant e
tdati onal GMOs , tcCkatkngndnédehtmail mWY 3) Af ri ce
framewor kge nrequaddley de Oeleo mé d ., the gl obal regu
CRI SeRi ted trees remains fihagmen tresdpiechH @ard nhoyn itzh

recognizing the distreetiaod betwsgeoeni damoegaf d

accelerate the adoption of genome editing 1in
Long Lifecycles and Validation Chall enges

The transformati-feepo@®isSPJRe ne aendsigteinreg | i es i
precise and targeted modifications in tree ge
the realization of its fultlo pmtsanrtei a&lh arte g thier
stable and beneficial over the long I|ifecycle
conditions remains indispensable for confir mi
edited treres.pfMédisctiisvevhmodel s, such as the o
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play a critical role by significantly (rfedruci n

mor e deQhaa plt)ers eze

Predictive mo d mb bofmi pswermadcd batritomni ci al i nt el
researchers to simulate the 1 mpactsi ndafengene
experimental trials. Sulis et al. demonstrat ec

CRI SPR edi tsi RgpstusategiiTshbdelar paal uated -69, 123

editing combinations targeting 21 genes invol
field to seven highly promising strategies. T
t ool s i n erceedsuscairnyg euxnpner i ment al trials and foc
yield opti mal wood traits, such as -r€dgoed | |
rati os

Mul tiplex editing, which targets multiple gen

bal ancing the desired trait(sSuwhisl ee.tmPan e dhi 22t On2g
model s help address these complexities by es
met alpoloic®e sgaensce pirrott e metid@pmg,ntod ypWang r ati; t sl . ,

Matthews BOB%) prioritizing edits with the gre

enhance remowrared efgeciifei city while reducing t
Whil e predictive model ing i s i neddistpienngs adtl rea tfeo
compl ements rather than replaces validation t
environmental factors, ihnhabuldinyg, drtihatght¢canmpet:
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for in silico. Emparrlic adondisttiionmgs urnedmai mse ad s s ¢
traits translate into practical and sustainab
form a robust pipeli e atntdatr erhaxaibiin 2 @ sy GCARfsS P ®Rfafni

tree breeding, paving the way for innovative
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Abstract

The domestication of forest trees for a mor e

by the complexity and plasticity of | ignin, a
and enzymatic degradation. Here, we show that
feedstock design for combinatori al I mpr ovemen

assessing every possible combination of 69,1
bi osygtemesi s we dd&dkcucced sgewmemediefdi ti ng strateg
alteo&dtiupnto six genes and produced 174 edite
t he waodohtybdirgartien ratio up to 228%efhatcientwi]l
pul plineg.edi t ed wood aprloedvu cattieosn ab oriatjloern efcikb erre g
tree gradvet hand coul d bring unprecedent ed 0 [

opport unentviierso,n nmaenndt a | benefits.
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Introducti on

Wood is the most abundant car bomnf bs wsrtaasisn aobnl eE
fibers (1). Globally, a315 billion nd57r% coft on

the biogeniBcaOnarhhoml sTi,hneR W@ &)mass supplies >17C
virgin fi bRIrSl ,pn2t002a2mleye t (demandr d wirng enewabl e
packaging, textil e, and other fXibeo etr)odluct s,
Despi tiemptohéeé ance of wood Hadveremaitmedr | porgdalu
undomesticated forest wtoroae sprwipter t okesen hatb dp
efficiency. The propensity for efficient i so
determined by the <cont eRatl pain de t;cCoanepno, se tt 9 @th. ,of
Vanhol m@a0g¢B8 ahe, of three mabPett dddgdro,h e gins nof
phenmpmdliyxmer -ltihrak s cwiotstsh erail d aillnlot ldoesaasse cio nodfar y cC ¢
vascul agarpklaannetns et al .),. 1IT%h7l ;poliy neetr aln. ,a nhgQ lods g
by fre@otgdecalkzati on of ptrlercaaecsoownsadmr ydlmonod n igfhe
sinapylohol s, w khiyadhr ofx o/frpih) e tn lygku api ac y | ( G), and ¢
|l i ghreudenberg et al ., 1965al .B,)ex(rihe ebnal i gn:
bi osynthesized from phenyl alanine thrgugld a s
consisting of at dreds24 ln&dVealgolntet) dsamhéeé2@B8 hwa
medi ated by hundredencfompagusl aigoGthyeain @Il ig n. ¢, ® o
transl|Matitomews (et and, p@OL2t0r a fWa nagt i eotn adl U I.ri,esgud %
and Wan)g;, e&mMz2yanyeme i nClreemcWadipset J)ahd, m20adol i

regul aMangnst( al ., 2024; MWxaey feitvealdecadels9 o f
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extensively investi gatoefd Itihgeniinn dbiivoisdyunatlh eso mp c
effects of their perturbation on | i ghhienn ceotnt e
al ., Rag@udskas WangaleQ L& 0OHAwever , tphresdeo nma fnfamrttl:
focused on tohfe smondgil fei cgaetnieossn or cogenbhée nfaa mirli iaé s ef
mul tigenic perturbations hthkatremaanedi el msi v
editimogobi gnodi 9igpesiyend hipmpp ®vteise ssolmely ond what
byediting single genes or gene familieduasnd idadl
pulp mill s. These i mprovements suwlsitlaemmtn ad u gi
the gl obal waif miprud ppantidrdtsi,all eadainndg etfdo i &€ i mat e

bi oeconomy.

Mul ti plex genome editing strategies for concu

Gene targets for multiplex genome editing wer
for monolignoMangi eAy hhegys iest (Mat f h@WwWPRDRO al
Matt hews 1l)e.t Tahhe ,mo2dde2l predi cts the transducti o

transcript abundances to absolute enzyme abun

chemical and physical properties. Usio@ t he
mul tigenic editing strategies to reveal t he
modi fied through multiplex editing of monolig

encompass 48,831 gene combpanmubat iroofhuarnt cotfiedm &
editing of wup to six genes, and 20,292 gene ¢

up to three genes and/ or overexpression of on

4 8



model estimated the corresponding abundances
fluxes, and 25 wood properties. Targeting mu
variation attainable by ggeamencecidhsad hagaod mMPEB
For exampl e, mul tigenic editing cotlpger etduveeé
whereagesienglde ts only reduced {typgpeaihecveht ehit g

data S1B) .

Wood with | ow Iignin <4@mutaermtcyand SAGhightisgr i
produfanbos (9t aNe. mia@edlall 69, 123 strategies
are predicted to reduce | ignin cortbeinggnibny (aG/ U
ratio by at |l east 200% and t hat haivse aan hiingdhiecra

of the potenti al maxi munmVaangl ledl .adTl.lge YIQelrl8)t & gir ¢

al so havegrpwethi cthead acteristics (e.g., tree hi
exceed thoygepeotomwtddadls. Of the 69,123 strate
aforementioned criteria in |lignin comdeadataC/
Ss1C) , highlighting the need to minper ognucsh ngt
combinations. Al 347 strategies target at | e

target at | east thre@dhgmmes ¢(Fifgar ddOt ageneat af
a multigenic appr oachoptuol uismptrroikcelgaiciabrepgae m ¢ af & 8
mo st frequently appeared i n t hes-key d3rdo7x ys asald
CCoAOMT (€CaAim@onlyl transferasemetAlyd®dviBncdled als
(phenyl al adiynes eg mmoCdiHd | criaosxeglma taen d4 CAD (ci nna

dehydrogenase) (Fig. 1E)
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We t h
trait
(Fig.
trich.
three
in fi
The s
wi | d

(Fig.

Gener

a mul
into
and t
trich
' i nes
edite
fig.
trich
and d

compl

en performed sensitivity analysis for th
i mprovements in response to varying tra
1, F to I ; fig. S1; eandstdat®gbek ahdr S
ochhegaseven strategies (table S1) encomp
to six) and were selected on the basis

ber traitsnecredsedd SV Ggaind C/ L ratios, a
el ected strategies showed a predicted r ec

type (Fig. 1F and data S3). S/ G eweldy C/ L

1, G and H, and data S3), with no chang
ating genetic diversity in poplar wusing
st the seven strategies in planta for th

ti pl ex CReitS#® Re tc)oavisatsy usddslefmb| ed f or each
P. trichocarpa ustomgg Agr)oa@fcit 20082 tuome§.
ables S2 and S3). We generateikkdiv7éedi RPde
ocar pa, including 78 I|lines that target t
t hat tar gett afroguert o envees ,g ednle sl,i mensd t3hba tl i r
d |ines exhi btotfeudn cvtairoyni nngu teaxtti eonntss ooff tlhoes
S5, and dadfaursdt)i.onBieadilteilng dfosal | targ
ocarpa for strategies that target the <co
ata S5). For strategies that target fiv

eeofuhosson editing acfgebhotglre n&lsl. e INeo: eitheal
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sever al 171 rmea2d8 YKet lyat KWar bor substanti al edi ti
data S5). The frequency of biallelic edits ve
Ptr PAL4 and PtrPALS to 9. 3% fedn tBtcCOcAGNWEZ
insertions and deletions (I NDELS) of 1 to 3
targeted cleavage site (Fig. 2, C and D, and
occasionally obstftravregde t( Feidgi .t s2 D)ye.r eNod eafect ed i r
We used RNA sequencing texprveaettiahgebivQepomieat
12 eBitttdi thoear pdata S6). Therahbese nrecde tafn gd estu
genome editing R.s thriigchhBylc esrppeacoiafdi cv airn at i on i n
target genes in our 174 edited |Iines created ¢
in nature (Fig. 2, E tesHan 8xph oganetoinc odi hen
perturbations can combinatorially regul ate w:

enhance genetic diversity.
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AE_1 puPAL2 __PuPAL4 __ PuPaLs B PUrPALS |
PHPAL4| S -

PUPAL? | o
PIrC4H 1| -

PICCOAOMT1 | EE— - - - -
PUrC3H3 | ER—- - s -
PHrCAD?| SE—

PUAIOMT? | Sm— -
PUrCAD 1| S

PtrCCoAOMT?)|

0 20 40 60 80 100
INDELS (%)
D
Reference PtrPAL2 PAM Reference  PtrPAL4|5 PAM
5"~ GGAATTCTGTCAGGACTCATG- CACHM - 3' 5’ - AACACTAATGACCCTTTGAA- CTGBRIC - 3'
Edited alleles Edited alleles

5~ GGAATTCTGTCAGGACTCATGACACH -3 5’ ~ AACACTAATGACCCTTTGA- - CTGINC - 3'
5~ GGAATTCTGTCAGGACTCATGTCACHM - 3'  5' ~ AACACTAATGACCCTTTGAA- - TGRIIC - 3'
5"~ GGAATTCTGTCAGGACTCATGGCACHE - 3' 5’ — AACACTAATGACCCTT- - - - - crciiilic -3’
5’ ~ GGAATTCTGTCAGGACTCATG - - - - - - B-3 5 -aacacTaaTGACceTTTGAAACTGINEC - 3

Multiplex CRISPR-edited P. trichocarpa lines

5’ ~ GGAATTCTGTCAGGA: -~ - - - CAQMll-3' 5 ~AACACTA----semmmnmmmnannns -3
5 = GGAATTCTG ===« vwmmmnnn

E Wildtype

FigGeRetic diversitiediR.emtuditge Ip@Aexr BCdrl (SePrRt age |
each target geraiRredthetb@8e&Rp&EPReti ng the co
three monolignol genes (PtrPAL2, Ptr PAL4, and
target monolignol P.getnreist h me garthped Gf7adle guB )i te MECRt ST
Camedi ated mutations in PtrPAL2 (C) and Ptr PA
witgpe (E) a2ddt-E®RI BBR(F), -WBthr ebesHhHowing di
coloration of -mome hxy Ige rager nofvEu s@RAxStPeRd -taynple wi | d

trichoc@M)paHar vest ed st eemdisteegdneagnpde wirliodnh €Ra& ISP &
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pr o
mo d
i g
by
F,
res
str
hi g

sho

t he

S9) .

notypic characteri Zadioedopomuéati plex CRI S

ti plex editing of monol i gnol genes in popl
perties of the wood (Fig. 3, A to D; fig.
el (fig. S8 and -nmoankblhaed -8veR.d tStieenbo woadpaf 2 6.
nin and has a C/L rat-edi néd3wOoddalkiag®Si7n . c
up to 49. 1%, and the C/L ratio increased u

and data S7averageni aeddimme n5s5i olnian e snu c | Tewaor

onance spectroscopy (2D NMR) (Fig. 3, G to
ategies also modul ated | ignin composition,
h as 4.0 in the edited |Iines (Figen2Ceand st
wed either no reduction or a mild ¥f7eddcti o

®&Hnd fK g. S12 and dagmi fSiS5c amtd ISi7gni M hree duwoctt
edited trees that harbor four to six gene &€
ni ficant l ignin reductions of up to 32% (
ni faincgaenst icnh wood chemical propealtli elod plredo |
ction BPut@BHEH&bi mead with the mutation of e
Al daOvElt2r CAD1 g . S12) . Wood el asticity was n
gpe anedjgPrdmei chexgxaepta f er atn@d)d i whscli Eh
uced wood elasticity (fig. S7 and data S9)
tection | imit due to the | arge technical a
supypl mateaeatt iaa l-tsyyp e fl eéevheel wdsd B.bsterivieldat ar pd

Seveedit ERIISPRes wi tihn sliiggnifn cannt egretd ush d
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in tree gXoe2nd,h &ned gki, gl 3, D and K; figs. S7

Some multiplex genome editing strategies can ¢
sinlghneckout strategies tbaypottehfbave ondesmi
characteristics and wood properties. Moving f

the genome editing outcomes on the tree pheno

i n demaon rfiiaelsd t
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Fig. Phenotypic vaditaéed daynpdenwi€CIRkE 8@R atrp aD) Di st
of Ilignin content (A), C/L ratio (B).,edSi/tGed at

and -wypPel trichBlkcaepand red celddartsdstlaigpe arndC

control measur ement s, respectively. Pink repr
edited Iinesypandonedollsv) |l dar s. LigninF, C/ L r
G, H, l, J, and K constructs. S/ G ratio data .

( E) and C/ L ratio-edA)t edf |39 eleesctweidt hCRINBpPRO Vv ed
represent one standard error of up tolH hree
(heteronuclear single quant-amamaoh earr onad )i cc arerg
wild type [(G)2Zned( HepH &a&andet iee& fig. S8 for
these regions were used to estimate the di st
composition, namdlly-mpdPobkKybanhzoateaéPBe. ppm,
Quantitative relationship betweewwdlit@emi-rando mwi

type tPri chocarpa
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Projected industri al benefits of debottl eneck

Kraft pulping is the dominant XKrl epess 1Hr7 0i;n d
198Ri;j ok e)}Y. aTo ,urder2stcamob mti lte | timpedudiic eadf wWORIAS R
kraft pulping, we used a Carolina Pulp and Paj
industri al Brazilian pulp mil/]l withuap gnedladl
and production efficiency may be significantl
(Fig. 4, A and B) , as evidenced by mi cropul
composition. Reducing ligniuhpcognténdt apdo gorutl ic
usage of pul ping chemicals (Fig. 4, A and B;
undesirable from an environlmegmian wvedoad dpou Ind .
solid content ofeboltadlk nleicdkuarg, tthheerrelcyovdery bo

and -lriamieti ng energetic component of pul p mil

debottl enecking then enables an increment al p
(Fig.to4,E,C and fig. S18) . Additionally, i ncre
bi omass is required to provide the same amoun

the S/ G ratio encompassed the reaewiurcgs omn od h erm
recovery (figs. S16 and S18). Tremendous fina
from 28% to 16% and by increasing the S/ G rat|
are predicted to iwmergegaseathdwnbtur gresent e)al
$1047.1 million USD for pulp mills wusing natu
million to $1856.9 million USD for mills using

D, S20,) .anNdotSazbll y, some of these benefits are
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g 52 @ CRISPR-edited lines

S/IG4.0
©S/G28 ©S/G9.0

because of industrial operational eff
the financi al gains is forecasted,
attributes of the harvested trees at
A B c
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i ndustr.i

2 _ | e Wildtype 100 L2 S/G10 /660
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Lignin content (% wt) Paper from CRISPR-edited wood Lignin content (% wt)
D E F  SIGratio S/G ratio
e Tiiblhes 28 28 40 60 28 40 60
—-160
Power Power 2
boiler boiler E 180
Recovgelry Recovery g
boiler boiler % 200
Evaporators Evaporators o
8 -220
Lime kiln Lime kiln 2
Recausti Recausti g 20 :
eca;lillgr'f{ ecag.i,',‘i = Constant  : Incremental
O 260 production - production
Logwood Logwood
capacity capacity [l Lignin content 28% [l Lignin content 16%
Fig. Teebhomwmomi c analysis and gl obkeadli twar mionogd ¢
industri al kraft pulping (A) Corr el aetdiiotne db et
and -wypPae trichEeBharpPaper di sks-egrhm.ddtcreidc hforCopmr pCal
The i mpact of wvarying |ignin content and S/ G
i ndustri al kraft pulp mi Il . (D and E) Operat.i
kraft pul p mi | iwxiimg (MDQo d rwiltélte 28% nli n (E) at
| i-dyecl e GWP of producing pulp from 1 BDMT | og.
4. 0, or 6.0), lignin content (28 or 16%), and
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Sustainability i mpact of optimized fiber prod

The pulp and paper industry is a major cont
Environment al Protection Agency reported 35 m
from the pulp and pap&PAiI A2 sGlroyp aild yt, hd higS ainm
emi ssions from pulp and paper prioEdAu,c)Y2 MA@ r e a
assessed the iendpiatcetds wofo dCRINSPtRhe car bon- footp
cycle global warming potuwlnpg iparlo d ucxWPi)o nvafsr cers t i
ton (BDMT) -edfit@Rl Y®Rd and compaeewwowdt hFbhat
powered by natur al gas, reducing |ignin conte
8% (Fig. 4F, fiapsesSBE2 maodSBAa0)anantd i ncreasi

|l eads to a further 10% reduction in the GWP p

S26, and tables SS9 and S10). Altogether, i nct
reddiclei gnin and an increased S/ G ratio could |
S26, and tables S9 and S10), providing subst:
climate change mitigation. Theisel refsudgesome oea
technol ogies for tree improvement, which may
environment al conditions. This study il l ustre

composition c-sus$ dafeintaedrl eprnooduect i on wi th r emar k

efficiencies, bi oeconomic value creation, and
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Materials and Met hods

Predictive model i ng i n monol i gnol bi osynt hesi

i mprovements

The optimal combination of gePe targbosmppavmL
fiber traits, defined as reduced | ignin contel
(C/ L) ratio, and good growt h, was identified

bi osynWahnegs i@sD 1{&8ln.g, et Malt.t,he2wsl 9¢;t Matt he@®26a al
To do this, we heuristically searched throught
editing strategies -bdugetimyg tehle tcogc wrfr ampt tl
pathweaegy. g&®e al so simulated the combinatori al
editing by combining up to three gene edits w
uni que setedidfi ngemcomdi nati ons wee emedall utad eas t
the corresponding changesi ni nsgiélbiochoe gpéent anbatwio
performed by specifying the model i nput as th
percentage express.i olhheoft rtahnes cwiilpdtt yapbeu nl deavnecl e s
were set to either 1%, the minimum transcriopt
| oogHunction), 100% (i .e., wildtypeofl enet )onpr

Thempl ete set of 69, 123 pathway gene express

predictive model to estimate changes in absol
of met abolicsthuresaatd shea@¥y | i fGmheé noainhcdomwe oc
simulations is a comprehensive representatior
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g

enome editing could alter phenotypic attribu

From the 69,123 editiinngf osrtmead epgh eenso taynpdi ct hteriai t

specific subset of strategmests han shewdd ber
iteratively search through al/l possi bl e gene
yield Iignin content | ess than 85% of wildtyp
hi gher than e,00a% dofgrwiwtdht y(pt r ee hei ght) higher
To reveal the most relevant genes associated
monolignol genes based on their frequency in I
in fiber traits. For t he olrOmehd gah epser muatnakti inogn g
scale sensitivity analysis using Latin Hyperc!l
variation in |ignin, wood properties, and gro
expression ods.unltthS geaseduged for each selecte
sets of untargeted monolignol transcript abunc

R. tri ¢clk&O©anapaessi on nWambge re:t )@&S ET7h8e2583L)&u(l at i o

rom the sensitivity analyses were then nor ma

trategies were ranked according to opti mal
estimated yi el d plees santdh agmreosing i%m a(tfheedv igyhide lyd e q u
han 98% of wildtype). Seven strategies havin
est predicted fiber trait impr®vementbdwar pa

even selected strategi esc avleg es eragiht ivwail tiyd ad reall
ample 1,000 sets of wuntargeted monolignol tr

evels oPasdarmrmrviegdc@Oanapaessi on number: GSE78953)
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Lignin and growt hl idrag 2 (f %3 mGReI@S ERIeERR and 12
were used to val i diantfeo rtnheede pliRtl dSPcR isv & amedeles |
data encompassed phenotypi c +he ansasrbeome mtgs aftr d ne
fully edited and one partiall Ptedrtheeds t(asrtgaett e
E, F, amtdr CGHH IbOMT 2Prid CAB1rategi es H, tg,e nlk, an
editing-li 6BESRRr tarnign g rheiqguhe necdyi onl y at one mo
PtrRPRE2 C3H®Ptd C)4HAere selected for the compar.i
(tabl e Sr5gl,attihbpensdop of the predicted resul't

phenotypic measurements (datasets S7 and S10)

Growth coPndittriiacrmoafar pa

P. trigbaoaoaypa-l1Nwaguabkkyg for all experiments.
Gro Soil ( &0 ot tpy oMiurcd sl, e May svi |I-Miex 2H0 (USWN G
Bell evue, WA, USA) in a greenhouse wihtth nlg6 off

~300 "OEf oor si xSomantehtyd .a(l The 2I0&di6ght , di amet er,

of each tree was measured before harvest for

Design and validation of gRNAs

Three gRNASs for each target gene wer e de s

(http://crisporPtefforghedtaoapp iasedd.oh th@l ). Th

6 3



specificity scores (table S2) that target the
val i datimemnciielm@mgge assays. Briefly, DNA t empl
using PCR contian ndiimgma&dOr inpM ioofn gRNA pr i mer, 2
T25 |l ong pri mer, and 1 OM BS7 primer (tabl e
synthesize itmevigtRMdsr byt i orE Tu7s i @ui cak HHiSgchr i Yoiee
Synthesis Kit (New EngilmmndiltBramhgbsastSA3, Fof
recomiBSigrmsmt, 4 Og of gRNA, and 300 ng of |I|inec
C for 1 h in the reactionS5bumMephddp mat & DAy f
DNA fermtgsn were purified usin@5b5thhe€ybNAREIseamcak
and analyzed using 1% agar ose (gSeflasedl,e cat rgoRNAo,r
has randpmc(honon) gRNA were included as negati v

were assessed by electrophoresis on 1% agaros

Assembly of multiplex CRI SPR pl asmids

gRNAs (table S2) were inserted i RtAgpfuywshengmul t
Gol €ceant e cUeo®tha n2gd J(AalPCR fragments containing t
gRNA scaffold segpuerctes,si amgd steRNA npcree wer e amp |l |
S3 (fig. S2). The amplified gRNAGaaegetoséeqgge
i nser tpeMy Pi28g bdipn a single reaction using 20 uni
40 units -loifgaTsde ONfew Englraemac tBii on sa bw G ef Tdhrn cil b a
min and thenCcfood edO0Ot mid6 The temperature cy
Additional 10 wunits of Bsal was added°Ct é6otr he |

1 h, °@nfioB015 min. The presence ofphtaemigiRNAYS S

6 4



confir meds éyuemmnigreg using primers specific for

S3) .

To produce transgene <constructs for target (
synthesized (Genewi z,4CUPP)r.HADIGE cfoinrtsati ns a stsheet
speci fic p4-coomwomeaerri c ofaci d:(EobA4 ClLi3dPasess3d on nu
Potri . O001W0BpOoO@D) )al . CD&hOyddBE o x y cComA:asnoiyRi mi ¢ e
hydroxyci nnam@ytlr HOTabec sfessa®sa G umber N®®TThe 001
second cassettef canmadadmisfi erdad ydGeDhdyxdielt a sCe&H 2

accession code: Potri.007G016400) (dataset S4
Bglll, Xhol were addRrRtdr 4 CRtIFRH,Colid@Bn & &C Arl edgbi HRnesr noafl
EcoRI and Hindl I restricPi oH@B@(treGAIlwWRSIH2he ¢
Ssubstituted with alternative nucleotides withoct
To assedmbU-RBP Lt GAINDODHBEa r HCDS was rkRtprd GAladi5 a3y

the restriction sites Bg4CUPRamHIODEATo#H CL-IR e DN
Ptr CAINOD®H2wer e then isolated from pUC57 pl asn
pMgP2RAFf @RI SfPIRasmi d colt ak&kbetgr PPABL&NAS wusing T

DNA igase (New England Biolabs, USA) to gener a

The xsygdean f i cPtpr4ddGrhaBdiPefr uncti onal My vPa g ltird actheodc ar
stem differentiating xy2@m4 (SDX)pmpotod plpd ;aatsgd swe
with a pUC19 vePcttrodr@lutBiaRr hroge m gf It her(@Bgemindptt dite

percentage of fluorescent SDXranesteptiashs Ra
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transfecte€amMVegFHptdCid8H20 were used as positi
respectivel y. FIl uorescence in SDX psoaaoapl agt s
mi croscope (Zeiss, USA). Excitation and emiss
respectpeecengfpiwesi ¢fi ve protoplasts provides a

activity in SDX.

Generation and g-edoR.ggtirnigc hoofc aGRpaS PR

P. triwhecangavidually transformed with the CF
pr ot oc oAlgsr obsaicntge r i USno n g metf)aaxliAetn sl2OOHt 1 P. put at
trichbcaepawere produced for each CRI SPR cons
genomic DNA from younlgi fesavweas odx tlr7a4d NG&RA SWPsRi n
Pl ant/ Seed Miniprep Kit (ZymoF HRieFledetht y UBDAY
Pol ymerase (New England Bée®#lbed ORADP(QDBDHEpPpSESB
was performed for the putative transgenic pl a
plasmid) and a negative ®ontrokhotgGleepampl| D&NAnN
t hen sequenced etatmpdri choyn Saemaermncdarngdeep det er m
of targeting gend ieackist g.e nfodry ptelde bGRISaMRer (58
F, and G constructwgenest werampgl ohieeld i na g @tMi n
NEBPCR Cloning Kit (New EndgbanmccBimbli ast WUBA)
sequenced (Genewi z, USA) . Blrea utecncti meg , | amwec @
were subsegufint ngdeleay (BRAcri bed in tRIeSBRbsec

l ines genoqaywédcbwyn degpenlciimgs (elndo nggRd sSsSPiRn g t
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K constrdaaeatpd) fi PGRt arget genes were pwwrsified
(Zymo Research, USA)-anmpnldi caama | syezgeude nlty nde € @Gen
sequence reads were mapped to the tdr radfssgene
function | NDEL S for each geneanavaysz ec al calfl ta

(http: /1 www. rrgreanldpyymree met / cas

Based on the type and fr-eqguescweot geheceddt $

phenotypic characterizati on. Up to fiRe veg:t
trichbcaepwere grown in a gr-e@diemfhoenesmrt if@atri g moy
tissues of 42 trees were collected fa@&rdi RMA ex

and 12 wildtypes trees were col ltext@dOE)o,r waa

densi ty, l' ignin and csogposi tioome@ssctiaods | bgiln
were grown in four different batches (1, 2, 3,
of data collected from each batch.

Gene expression anal yssiesq by full transcriptom

SDX ti ssumos tofirdo ng réeger ohwonu ster ees wer-eeqol SOXt ewa s
scraped from the surface -efigeée heazdebabkadest e
ti ssues were frozen and ground aisnteox tproancd eerd iuns
Qui-RKRA Pl ant Kit (Zymo Research, USA) -lfirman on e
Library const-5eqt  wemeaper RIAmed by GENEWI Z (

evaluated using a Bioanalyize)y. 2Tbhe (Abrbaentc®
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performed using TruSeq RNA sample preparation
out on the Il lumina Hi Seq 2000 platform (111
remove adapter sequences and nucliecotwu.dOe.s36wi tT
tri mmed reads wWerdrmaMpead rfed etrleence genome (J(
aligner v.2.5.2b. Unique gene hit counts were
package v.1.5.2. Transsrtpanabungdanper wms!| Expi
The percensager ®odd RINABAL 2 da PRUirrPRAAd4be s was cal ct

using the Geneious Prime 2020.2.4 (https:// ww

Anal vsitsaragfetofefdittriinbobaoibnear pag mul Pti gkAL 22, eRtirtRA

ankRlt r PALS

CRI SPOR software (http://crispor.tef otrarngeet/ )

genes for the tWwor OGRNA_ RZER6NPALEYRNA_ P45 ( 34
(table S49eq Thea RNAfAomeks2 WCRIhSRR hi gh percent
t hrPeea Relnes were mapped d@aigrdt rtelye opst arsti inal

2020. 2.4 (https:// www. geneious. com) software.

Wood chemistry =maltydi 2 Padf wWERIdSRRar pa

Af ter the SDX collection for RNA extraction,
i ntermgdefsr olm t he-l saeng &€RUSRRI dtype trees wer

anal ysi s. The stem segments were edt bgcttehd ew
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additional extractions (each -fAr8Beéd)waucsd ngamlO&
thermraierd for 72 h to remove the residual acet
fine powder wusing a nwishewaond unh darsOda osti ,eweeodo R sot ¢
mass .-i Aoldubl e Isiog mibh eamd gamecind contents were m
procedure (TAPPI T 282RPubl Sugagsesinnfitaet iacn d
CaG@nd filtered tOhF om@mbraanle. 2( Fan IPVCor por at i c
samples were analyzed by an I nfinity 1200 HPL(
(Shodex, USA) . Pure compounds of glucose, gal
USA) wer e duasredds .asT hset asnum of | ignin and sugar ¢

dry wood) for wildtype trees.

Quantification of lignin compositPontm@aindhooarre,|

2D HSQC NMR was wused to quantify the |l ignin
according-cteavdatl he migdinbdoee t() al The2Pt 8e awdbod ewas ¢
t o -6400 mesh as woodmeal Uusi m@. Wihéewomdinéaland-~:
further milled atbal0lOs rfpar uimgusli7TngZra Pul ver
with mild@/ time of 15 min and pause time of 3

sampl es were st or #g¢pruinodrert ov aucsueuum over P

For 2D HSQC NMR, ~ 40 mg of each ©balll mill ed
NMR tube with addition -@6/ BYObdlLApi) pr Eme x EMR

was soni6ahednfan WLl trasonic bath umhhda |2k HDIQG
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spectra was recorded in a 700 MHz Bruker Ava
helioml ed probe. The pulse program of hsqgcetg
2,048 points in F2 and 512 point®tsmsn Bl fdedl ay
s and 32 scans. The spectra were processed us
by integration of contours of S2/6, G2 and H2
The relative abundarces mefasiumteer byHUc nlhiemluadge 5
and expressed on 00640 pbbsdi)é-b+0 ¥(-btdheEe (BB o fet( al

1997

Quantification of wood physical properties

The specific gravity and modul us of eldddteidci t
and 9 wildtype trees weSpecinfeiacs ugrealv iatsy diess ctrh e
of wood to the density of water. MOE represent
to th&epwodd.c gravity and MOE are i mportant pa

and physical properties for solid wood and en

Modulus of elasticity (MOE)

Stem sections (20 c¢cm) wer eedciutte df rloimm et haen db awsiel ©
sampl es-dweed and then placed in a humidity c¢h;

The stem sections wedepthhemanhitleabati yde-dauspag
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St

f o

atic bending test using an MTS I nsight uni

l l owing our established procedure (Kasal et

antification of wood moi sture content and s

Wo

us

St

od disks of 2.5 cm were cut from the middl e
i ng water displacement met hod. Sampl es wer ¢

ernight at 103 N 2AC. The sop@ASIiTIM cstarnavairtdys

atistical analysis

An

t h

alysis of wvariance (ANOVA) -meadsi autseedd gteon otnees te
e mechanicPal tprichdit@mireosmmadbfysi s was perfor med
stitute I nc., 2013) , alh d= DQ@onéeot mpdasr emutl t e prhe

operties -eodi ttehde ICGRIeSSPR oP.t has ec hoofc atrhpea wi | dt y

cro Kraft pulping

cro Kraft pul ping was perfor med t o eval us
commodation of | imited sample size. The bot
ngth and ~ 3 mm diameter stickgsono f d&diel imt a
|l ping experiments used a Parr Series 4700 g

The pressure vessel was heated in -dn5al umi

ofcuptr ewood sti-aki dghhtwe ioMasovemxed with pul pi
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sodium hydroxide and sodium sulfide at | iquid
sul fidity of 25% was wused. The Kraft pulping
shaking of the pressure vegpudlpiewger y h20 pmiers.s u

removed from heat Dbl ock and quenched with run

using a | aboratory blender and thoroughly was
washed pul p wasexXpoesss ewlatteor reembvst ored in pol
was gravimetrically measured. The Kappa numbe
met hod UKWMe246ber quality analysis was perform

X-ray diffraction to determine the cr yWu adtl i n

al2.0,21 The meadruanegmeedn tf rooom 25 A t o 50A at a scan

size of O0.02A. The XRD diffraction pattern we

background.

Teckmronomic analysis (TEA)

The tecdhmomi c benefits of CRI SPR modified tr
eXxi sti ngEukclad &eladuds pul p mi | | |l ocated in Brazi
because Brazil i's the |l eadi ngpupapmdutclee BIf a zbil
Eucaliyptdissi red for fiber properties and its
wo od properties, such as density, tree gr ov
(l'ignin/ carbohydrate content), | iagnn ibne Svio& irfaite
the wood composition and S/m& iralt iomomgiedéddreilngvh

easiness, technical desirability as well as t|
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in this TEA was estimated accor dWamgg tet pallr. pr 4

as shown in thibd¢al wsbs. uadi sludnteydpoet o have 28% | ig
anal ysi s. Four | evels of S/ G ratio, 1.0, 2.8
the i mpacts of lignin S/ G ratio.

Both |iteratur epulagiangangt uodwr dnaitcar ol on transg

extrapol ate the correlations bedavleepilthyeu IKd eyipe

equation feeethdOdavmdss adopted as shown in Equ

Equation 1: Total pulp yield = A + 0.
Where the yield constant, A, is mainly affect
wel | as the pulping conditions.
Anot her assumption for the i mpact of | ignin i

given Kap@Wangueb®Ralkhpuldldecrease with the de
wood. The i mpact of S/ G ratio was assumed to
needed to pulp toWangi etOnakKa,ppadhgmdr2Si&sr at i
derived usinGopudbeéei stiNaaviadvat 20 %5 b . calkRoddlFate r ec

al kal i ne.

Equation 2: AA% = (49.604°T Lignin% +
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The
Pape
deve
Engi
comp
wi t h
down

typi

The

economic | mpadtfs edf wORIASRvMRr e si mul ated u:

r (CPP) mil/l model devel oped at North Car
| oped and evolved over t he paSdi eln5c ey eaanrds
neering program. The CPP mill mo d e | has
anies in recent years. The CPP model has |
Fi shkerfSel mel readat a.s Tand mnihlel dneotdae |l si nocfl
to the | evel of safety glasses or lubric
cal Kraft pulp mill i's shown in fig. S13.
mill model was coB® ¢ @luyreadfute a(sBeEdK )o nmial Ib |leoacc
mi | | was assumed to be constructed in an
ited by the recovery boiler capacity. For
model WwWoo@dstombteThdetree plantation was
sells and delivers wood to the pulp mil

med to be wmeaadamal aomhudl7 icubiemmeter per hec

assumed to be constant at 0.48 bone dry me

tree harvest rotation was assumed to be 7 yea

av ai

sens

The

l able in 2021. The risk of growth changes

itivity analysi s.

base case was assumed to use 28% Il ignin

1,124,745 metric tons annually. The produced |

and

50% sold to North Ameri can UcSuDs tuopmetros 2altl 9t
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hel d constant thereafter. The mil |l was burnin

natur al gas as energy suppmediehit ad ywoddt eas at:
l ow |ignin wood, | ess bl aokefrygborl sol wdi whl p-
to increase the pulp production. Thus, two ptr
production and increment al production. The pu
present val uaesswerse tilhsee dovtea al | financi al per f
freight, fiber, chemical s, energy, and finis
mai nt enance, |l abor , operating material s, ot h
fi nanci al perf or mamceearwa st i enetf irmanee dwiith 15 t ax

hurdle rate.

Life cycle carbon footprint analysis

This study follows | SO 14067 to quantify t he
emi ssions of produced pulp and compare the i m
sources on carbon footprint-toetsal as.sAbwn siymst
including bi omass producti on, transportation
producing chemicals and fuels used in each |

dry metric ton (BDMT) bar protlvomdf bogst{witho

|l nventory (LCI) data were collected from the
model . To assess the environment al i mpacts of
characteri zaoyear facmerisofioron are used foll o

CQ, 30 f-masdeds@iBI f o-babedg W50 orTNe mass and
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bal ance of the pulp mill aecomremiic eadn &b ywsdn smi | B
f osbsaisled GHG emi ssions are tracked separately

present a fuller picture of carbon footprint.

Bi omass production and transportation

Bi omass production produces the | og used for
potenti al energy sources. This stage contain
fertilizati on, and harvest | ogfgi@@qudftesat icom
GHG emi ssions in biomass producti on. Forest g
stores in the biomass as biogenic carbon, whil
fertilizati on,enintd thbaarsveedsst&H gegminsgs)i ons. The C

forest operations are assessed on the consumg
including upstream burdens of these fuels and

V. Bhe emi ssion factors are derived from the G|

7 year s. Af ter each rotation, l og is debarke
di stance (table S10) is estde@dredi rb@asem \var it d
the LCI data of transportation is derived fro

Pul p producti on

Il n the pulp mill, |l ife cycle GHG emission sol
chemi cagsnercCatOor chemical s, and Kraft mil] ma
(i . e. recovery boiler, | i me -Kkiitlen, GH@ de miosveir o I
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chemical usage and energy generatiowcodatoani &r e

analysis. The upstream burdens of producing ¢
energy generation, It i same cédaszrdy GHG terma sk
separately. The recovery Dboiler that burns st

t hat cal cizieosmt idhheCx@@Qstic -paaad, GgH&dnemasesi b

energy supply forwhiicne eknhblasse i dsoGht@tlemalssgas s .

boil er, two energy source cases are explored,
emi ssion type (fossil or biogenic) depends on
elterci city as the byproduct, system expansi on

the guidancdadbdf el S@01406Ws an example of inpu

gas and biomass cases (28% | ipgrnoidnucctoinotne)n.t , S/
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Suppl ementary Text

Screeninggenomeediting strategie$or concurrentvood traitsmprovement

The complexity of monolignol biosynthesis limits conventional hypotkdsi®n approach to the
guantitative prediction of how pathway gene perturbations affect wood fiber properties and plant
growth. To better understand the systdeve&l regulation of moolignol biosynthesisyerecently
assembled predictivemodelof thepathwayin P. trichocarpabasedn experimentallgetermined
enzymekinetic parameterandquantitativemulti-omicsdatameasured from ~2000 transgeRic
trichocarpa(Wang et al., 2018, Wang et al., 2019; Matthews et al., 2@2@Ghews et al., 2021)

The model captures the quantitative relationshlpking gene transcript abundancesto
phenotypictraits using sparsemaximumlikelihood, massbalance kinetics, and machitearning
algorithms. The model informs how changing the expression of individual monolignol genes or
combinations thereof affect protein abundance, metabolic flux and 25 wood properties, including

lignin and carbohydrates contents, mechanical strength, density, and tree growth (dataset S1).

The mostrelevantgenesassociatedvith concurrentimprovementin fiber traits werePtrC3H3
PtrAIdOMT2 PtrCCoAOMT2 PtrPAL2, PtrCCoAOMT1 PtrCCoAOMT3 PtrC4H1, and
PtrCAD2(Fig. 1E).PtrPAL2 PtrPAL4andPtrPAL5are the major xylerspecific genes belonging
to PAL genefamily, and thegeneshavebeen shown to bieinctionally redundantghi et al. 2010.
Thereforewe alsoincludedPtrPAL4, andPtrPAL5In the setof selectedyenesPtrCAD2 haslow
transcript abundance in stefifferentiating xylem (SDX) tissue comparedRtCAD1(Shi et al.,
2010, so bothPtrCAD genes weréncludedin thelist of candidate genes &valuatethe impact
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of lossof- function edits inPtrCAD family. Then, every combination (768) of the subset of
selected genes limitintpeconcurreneditsfrom threeto six targetinggenesvasusedfor asmalt
scalesensitivity analysigdatasef2).Thesensitivityanalysidor all 768genestrategiesletermines

how sensitive or resistive the trait improvements are to variation in the transcript abundances of
the nontarget monolignol genes. Eightigree strategies with estimated lignin yield less than 78%

of wildtype andgrowth (height) estimatedyield equalsor higher than 98% of wildtype were
identified(dataset S2AD). Severgenomeediting strategiesvereselectedasedon thediversity
numberconcurrent edits (from three to six), presence or absence of target gene overexpression,

and levels of fiber improvements (dataset $PE

Theel ecedmea mbi ntahtadtomssi $ edadti lhygra mpr ov ekt so f

Pt r PANRE r PALEDIEGPt r HET 6 pMiekddo Pt r PANRE r PALF)|;5 KO
oPtr CPH3 Al dOMTQABKO Pt r CPH3 CPHI Al dOMTQAD] ;
KOofPt r C3PH3,C4PHIr, CCOABOMTA] dBMTEZADKQofPt r C3H3,
Ptr CCoAOMT1, PtrCCoAOMT2, Pt(rkKADIT,0 RtornGAD2m tFht
fiber trait i mprovements, a gl obal sensitivit
compareidngtdeoee edi ting strategi esmu(ldtaitpalseext eSd3i/
strategi es, the fiber trait i mproovaelmenasd wglr ¢
sensitivity analysis (dat asgeetnse S2di amwsd dS8) .n o,

phenotypic traits comgdin@dFiSdaAnded avti ddety p83) F

PtrCAld5Hgenefamily isinvolvedin theconversiorfrom guaiacyllignin (G-subunits) to syringyl
lignin (S-subunits) in angiosperm¥ang et al., 2018 In order to increase S/G ratio in CRISPR

lines with reducedignin content, astrategy containinghe overexpression of tHetrCAId5H2
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coupled withconcurreneditsof PtrPAL2 andPtrPAL4|5(G) wasincluded.Togetherthe seven

multigenic strategies were selected for genome editiy trichocarpa(table S1).

PromoterandgRNA validations

To overexpres®trHCT6 andPtrCAId5H2in the F and G strategies, a xylamecificPtr4CLP3
(13) was used to drive the expression of the transgenes. The promoter actiriit@if 3P was
validatedin vivo by transfecting protoplasts isolated from SDXPoftrichocarpawith a plasmid
encoding pUC1Ptr4CL3Rgfp. After 16 h postransfection, 18% of the protoplasts exhibited
green fluorescence, confirming tHtr4CL3Pis a functional promoter in sterylem cellsof P.
trichocarpa As a positive control, protoplastsransfectedwith CaMV35S gfp showed green
fluorescence in 32% of the transfected ceNontransfected protoplasts (negative control)

exhibited no fluorescence signal (fig. S3)

Eighteen gRNAs were designed to target the editing of monolignol genesSisamjococcus
pyogene£as9(SpyCas9).All thegRNAsshowedhigh MIT andcuttingfrequency determination
(CFD) specificityscoredor theirrespectivaargetgenes anderevalidatedusingin vitro cleavage
assays (fig. S4A). Two gRNAs showed poan vitro activity, namely gRNA_C3H3(1) (targeting
PtrC3H3 and gRNA_CCOAOMT2(1) (targetingtrCCoAOMT?2 (fig. S4G and |). These poor
performing gRNAs were then discarded. The remaining 16 gRNAs showed specific and complete
cleavage of their target genes in vitro. We selected gRNA_P2(36),
gRNA_P45(34),gRNA_CD1(32), gRNA C3H3(3), gRNA_ALDOMT2(2),

gRNA CCOAOMT1(2), gRNA_CCOAOMTZ2(3) for generating the multiplex CRISPR
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constructs, based on their low-¢éfrget scores and positions nearer to the start codon §2aple

PhenodlyprnactelCRIzSdARI ®nerdi chocar pa

Woodcomposition

To analyze the impacts of CRISF®Iting on lignin biosynthesis, we analyzed the wood chemical
compositionof 65 CRISPReditedP. trichocarpalinesand12 wildtypes.Wildtype wood contains

on average 20.9% of lignin, 44.4% glucose, 12.4% xylose, 3.5% mannose, and 2.6% galactose (%
= g/100g dry wood), with a total C/L ratio of 3.0 (dataset S7). The multiplex CRi&iHRAP.
trichocarpa showed significant alterations in the wood chemical composition compared to the
wildtype as expected by the predictive model. We observed a variation in the lignin content that
ranged from 11.4% to 24.2%. C/L ratio varied from 2.6 to 6.6, total carbobgdvatied from

51.8% to 75.1%, glucose ranged from 38.4% to 55.3%, xylose fromt8 1B4% mannosérom

0.3%t0 4.9%,andgalactosdérom 1.0%to 7.0%(Fig 3A-B, fig. S7, and dataset S7).

Lignin composition and interuniinkagesof CRISPRand wildtypeP. trichocarpa

Editing for lossof-function of monolignol genesmay alter the rate and ratio of monolignol
biosynthesisthat leadsto changesin lignin compositionand structure.To quantify how the
differentmultigenicstrategies affectelignin composition inthe edited. trichocarpa 2D-NMR
analysis of 24 CRISPR and 8 wildtyp@strichocarpawood samples was performed (figs. S10
andS11;datase68). Wildtype lignin composeanaverager2.2%S-subunits 26.5%G-subunits,
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1.3% Hsubunits, and 3.69-hydroxybenzoic acid (on & +G + H= 100%basis) (dataset S8).

In the CRISPReditedP. trichocarpalines, Ssubunits ranged from 67.1 to 78.7%, ands@units
rangedfrom 19.8to 30.7%(fig. S7 anddatase8). The changes subunitcompositioned toan

increase inS/G ratio from 2.7 (wildtype) to 4.0 (Fig. 3C and datasetS8). H-subunitsand p-
hydroxybenzoi@cidcontentwereincreasedn theeditedlines,reaching 3% and 7.5% of the lignin
composition, respectively (fig. S7 and dataset S8). As expected, no major changes were observed

in the lignin interunit linkages (fig. S7 and dataset S8).

Growthcharacteristics

We measured the growth traits of 153 CRIS&iRed and 12 wildtyp®. trichocarpa Wildtype
height rangedfrom 242 to 368 cm (average:312.5cm) and stembasaldiameterfrom 12.7 to
16.1 mm (average: 14.4 mm). CRISPR lines showed a broader variation than wildtype controls in
height (148348 cm) and stem diameteri @5.1 mm) (Fig. 3D, fig. S7 and dataset SI0)ese
growthmeasurementgo not encompasa few lines(e.g., H2, H-5, K-22, andK-28; dataset S5)
with complete los®f-function of PtrC3H3 because such edits affected the survivability of the
trees inthe greenhouse. In contrast, CRIS&ited lines withpartial lossof-function editsfor
PtrC3H3(e.g.,H-4,H-19,1-1,1-5, }32,K-6, K-9,K-13,K-23, andK-32; dataset S5) proliferated

in the greenhouse. Line-& only harbored partial loss-function editing ofPtrC3H3 which
resultedn a4%reductionin lignin conten{(fig. S12anddataset7).Ontheother hand, the partial
lossof-function of PtrC3H3 in combination withthe editing of additional genes suchas
PtrAIdOMT2andPtrCAD1 (seelinesK-6, I-1, H-4, 1-5, H-19, }32, andK-23) resultedin more

significant reductions in lignin content, ranging from4®% (fig. S12 and dataset S7). These
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results illustrate the importance of harnessing a multigene approach to achieve desirable trait

combinations in tree growth and wood properties.

Micro-pulpingandtechnoeconomianalysisof usingCRISPReditedwoodin apulp mill

Both the transgenic woods from our previous stiifgiig et al., 200)8and CRISPRedited wood

were subjected to micro pulping to assess the impact of lignin content and composition on pulp
yield. The pulping results are shown in tables S7 and S8. Pulp yield constant was calculated using
the pulp yield and Kappa number aatiag to the Kleppe equatioKleppe, 197). The pulp yield
constant exhibited negativecorrelationwith lignin contentin woodfor bothtransgeniavoodand
CRISPR wood (Figs. 4A and fig. S14), indicating that reducing lignin is beneficial to improving
the pulp yield. The range of fiber dimensions observed between the CRIBfRR lines and
wildtype woodsamplesreunlikely to haveamajorimpactof paperuality(Horn, 1978 (fig. S15).
Sincethe micro pulping study for transgenic wood covers a wide range of lignin content, the
correlation of yield constant and lignin content for transgenic wood was used for-tamamic
analysis. The amountf pulp producedoer1 bonedry metricton of log at differentlignin levelsis

shownin fig. S17.

Impactof changinglignin content

The impact of lignin content (at S/G of 2.8) on pulp manufacturing cost at constant production is
shown in fig. S16A. Lignin content mainly affects the direct cost at constant production,

specifically, fiber, chemicals, and energy. When using lignin wood, less wood is needéal
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producehesameamountf pulp(constanproduction) Meanwhile Jessactivealkaline isrequired

for pulping. Thus,thefiber costandchemicalsostdecreasavith areductionof lignin content. On

the other hand, low lignin wood generates less black liquor solids to burn in the recovery boiler.
Additional fuel needs to be purchased to compensate for the energy gap. Consequently, energy
cost increases. The total pulp manufactucogts for 28% lignin, 16% lignin, and 8% lignin are
410.0, 418.7, and 423.7 USD/Mt of pulp, respectively. These results indicate there is no benefit

for cost reduction by solely reducing lignin content at constant production (fig. S16A).

The impact of lignin content on net present value was also evaluated (fig. S16B). As expected,
netpresentaluedecreasedueto theincreasingoulp manufacturingost. Thebase cashasanet
presentwvalueof $-359.3million USD,whereaghenetpresenvaluedecreasetb $-434.0 million

USD for 16% lignin and $476.9 million USD for 8% lignin, respectively. In conclusion, solely
reducing lignin content at constant production is not beneficial because of the high penalty on

energy cost due to threduction of black liquor solids in thhecovery boiler (figS16B).

Impactof changingS/Gratio

The impact of S/G ratio was estimated using 28% lignin wood. The pulp manufacturireg cost
five levelsof S/Gratios(1.0,2.8,4.0,6.0,and9.0) areshownin fig. S16C.Only chemicals and
energycostswereaffectedby theS/Gratio. Woodwith ahigh S/Gratio requiredesschemicalsor

pulping at a given Kappa number. It also relieves the energy burden for chemical recovery. Both
chemicalsand energycostsdecreasedvith increasingS/G ratio (fig. S16C). The overall pulp

manufacturing cost decreased from $410.0 (S/G of 2.8) to $406.5 (S/G of 4.0), $402.2 (S/G of
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6.0), and $398.7 (S/G of 9.0) USD/Mt. The impact of S/G ratio on net present value is shown in
fig. S16D.Thecostsavingby increasingignin S/Gratio permitsthenetpresentalueto increase

up to $-328.0, $-290.9 and $259.6 million USDfor S/G ratio of 4.0, 6.0 and 9.0, respectively.
Clearly, at constant production, increasing S/G ratio is a better approach than reducing lignin

content (fig. S16D).

Mill capacity

Most Kraft pulp mills operatewith the recovery boiler being the operationalbottleneckfor
production capacity (Fig. 4C and D). Consequently, there is tremendous potential to increase the
production of pulp using modified wood that debottlenecks the recovery boiler. When CRISPR
edited low lignin and/or high S/G wood is used, the recoveryebas expected to be
debottlenecked because of lower black liquor solids and/or lower chemical recovery burden.
However, theenergypenaltyof usinglow lignin wood will inevitablyincreaseheoperationioad

and fuel consumption ithe power boiler.

The impacts of lignin content and S/G ratio on the operation load of the recovery bopemasrd
boilerareshownin Fig. 4C-E, andfig. S18AandB. As expectedtheoperatiorloadof therecovery
boilerdecreasefrom 100%o0f capacityto 57%whenthelignin contentreducedrom 28% to8%.
Meanwhile,the operationload of the power boilerincreasedrom 54% of capacityto 77% (fig.
S18A). Although there is no cesaving benefit by solely reducing lignin content at constant
productiontheoperationoadchangellowsthemill toincreasehepulpproductionThe operation

load also can be reduced by using high S/G ratio wood (fig. S18B), but not as much as reducing
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the lignin content.

Incrementalproduction

The operation load change on the recovery boiler allows pulp mills to increase the production
capacityto theextentwherepowerboilerbecomeshenewbottleneckTheincremental production
potentialfor all lignin levelsandall S/Glevelswascalculatedasshownin Fig. 4E. The highest
incrementajproductionpotentialis up to 48% at 16%lignin andS/Gratio of 9.0.The 16% lignin

and S/G ratio of 4.0 and 6.0 were selected to evaluate the financial performance for incremental
production scenario since they were modest modifications (achievable based on the predictive

model informed gene strategies).

The comparison of pulp manufacturing cost for constant production and incremental production
(using natural gas and biomass as supplementary energy) is shown in fig. S19. -Hawiogst

was obtained at incremental production scenarios with the majoigsatire to a change the
indirectcost andaminor change inthe directcost. Theindirect costwvas notlinked toproduction

and normally remainedthe same.Thus, when productionincreasedthe indirect cost decreased
whencalculatedon a productionbasis.Theminor savingrom directcostwasfrom the savings on

wood. For the incremental production scenarios, reducing lignin had more benefit on cost saving

than increasing S/G ratio.
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Sensitivityanalysison treegrowth

Tree growth changes affect the area of forest to supply the required wood and the transportation
distance from forest to pulp mills. The risk of tree growth changes was assessed #irough
sensitivity analysisfor both constanandincrementalproduction ashownin figs. S20and S21.

An increase in tree growth (+15% of wildtype) resulted in less forest land and shorter
transportation, hence, cheaper fiber. On the other hand, a decrease in tree growth caused an
increasectostin fiber. Themajorrisk associgedwith decreasingreegrowthexistsin the constant
productionscenariovhenusinggasassupplementargnergy Whereashefinancialbenefitsfrom
incremental production had better risk tolerance for decreasing tree growth, since the net present
values were still higher than the net present vafugsing wildtype wood (28% lignin, S/@tio

of 2.8, base case).
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Non-transfected

GFP positive cells: 18% GFP positive cells: 32% GFP positive cells: 0%
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A
Reference
Allele 1
Allele 2
Allele 3
Allele 4
Allele 5
Allele 6

D

Reference

Allele 1
Allele 2
Allele 3
Allele 4
Allele 5

Allele 6

G

Reference

Allele 1
Allele 2
Allele 3
Allele 4

PtrC3H3 PAM
5'~ GCCTGAGCCCACTCTGCAAAG- CACTHEE - 3'

5'— GCCTGAGCCCACTCTGCAAAGGCAC- -3
5= GCCTGAGCCCACTCTGCAAAGTCAC- -3
5~ GCCTGAGCCCACTCTGCA- - - - CAC- -3
5'~ GCCTGAGCCCACTCTGCA- - - - - AC- -3
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5~ AGGTTTGTGGTGAGAA- - - - - - GATHEE - 3
5~ AGGTTTGTGGTGAGAATTCC- - GATIREN - 3'
5'- AGGTTTGTGGTGAGAATTCCT - - - T- -3

5'— AGGTTTGTGGTGAGAAT- - - - = - - - BB -

PtrCCoAOMT1,2  Pam
5'— CCAAGAGAGCCTGAATGCA- TGAREE - 3/

5'— CCAAGAGAGCCTGAATGCAATGANEE - 3
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Fig. Psdidi al LHHrtHS@@)gecorrel ation spectra (a
cel | wal | (col or CcoAd) &ERee@IRRiendX-AtQon efsilgd( yPR)
control s. Contours in this region were used

rati os, playsdmwexXybeamszoate (PB).
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Lignin content (% of wildtype)

Growth

Line ID Target genes edited (% of wildtype)
PtrPAL2 PtrPAL4 PtrPALS PtrC3H3  PtrAldOMT2 _ PtrCAD1 PtrC4H1__ PtrCCoAOMT1 _ PtrCAD2 __ Height Diameter

51 | K6 71 80
52 | I1 80 76
68 H-4 82 98
78 | 15 87 m
80 91 88
82| K15 78 107
85 J-25 84 85
86 18 95 90
874l 17 66 78

H-19 80 92
89
0 J-32 98 94

K-23 98 85
92 J-11 80 76
96| K9 100 87
993 K13 96 81
03y K32 100 88

INDELS (%)
0 20 40 60 80 100
Fig GdrRotypes of -edi eettedofgRaSPRIi nes and

t hei

contaamterowh bk agdtt bmdalameobep hoévei | dit ¢ \Pwmle.r age

phenortegadctiss! 0 gipd d lavtae we ulsea)d x a mp iva & talne

achiwlvaemchr gearn migo mb a ncathad romisg @ meoid aoltfhael | il €1 ay

o-esfunction edi

t s.
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® Transgenic wood ®  Ref. 1
A Wildtype wood B ® Ref. 2
65 1 e CRISPR wood 60 1 Ref. 3
- ® Wildtype wood — y=-0.51x+68.0
§ 60 930' = e RN
@ 55 ; 2 .
3 8 45-
© O
- 50+ S
[0 ©
< = -0.44x + 60. = 40
> e P y=-1.28x+77.7 .
5 2
45 351 R?=0.81
40 T T T T 30 T T T
12 16 20 24 24 26 28 30 32
Lignin content in wood (%) Lignin content in wood (%)

Fi§ld@orr eb eatt weegenoi nni evio tadnpdu ¥ p € loah s (AaTrta.n svwgeand c
(Wang et )alCRI S2PRL8nodi fied wood, and WBIBItyYype v
Eucalwpadad,s original data were (Meitva eetadrad r,0o m2

replotted.
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A B

TreeID  Arithmetic Length Arithmetic  0.025-0.2mm 0.025-0.2mm — E-82
length weighted width fines fines
(mm) length (um) arithmetic length
(mm) content weighted
(%) content (%)
WT-2-2 0.43 0.50 21.5 21.5 6.2
WT-3-1 0.45 0.50 20.7 25.3 6.2
E-8-2 0.39 0.43 25.7 27.7 8.8
G-16-1 0.36 0.40 25.8 29.9 10.7
G-27-1 0.41 0.46 21.9 23.0 6.6
T T T T T
10 20 30 40 50
26 (°)

Fi 8§81.51 mara({ AGnadr y st @Bop unbi ptnypflressm | eCcRil eSdPRi & redd

wil dtype trees
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( A nG@)a ntdhneeptr e vy @ahotkelnel ( BB nR)at o n spiraondtu @ NBAtS/ G
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Natural gas as supplementary energy Biomass as supplementary energy
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Tab®BMul t isgternasce b efeogredcended t Rhgi chocar pa

Strategy name Target genes
E PtrPAL2, PtrPAL4|5(KO)
F PtrPAL2, PtrPAL4|5(KO)
PtrHCT6 (OE)
G PtrPAL2, PtrPAL4|5(KO)
PtrCAId5H2(OE)
H PtrC3H3 PtrAIdOMT2 PtrCAD1(KO)
| PtrC3H3 PtrC4HL PtrAIdOMT2 PtrCAD1(KO)
J PtrC3H3 PtrC4HL, PtrCCoAOMT] PtrAldOMT2 PtrCAD1(KO)
K PtrC3H3, PtrCCOAOMT1PtrCCoAOMT2PtrCAD1, PtrCAD2,
PtrAIdOMT2(KO)
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Tab32hesi gned og RiMAkeg ghe nMResldetdentshPeAM i t e

gRNA name Target gene(s) Target sequencer PAM CDS MIT CFD Selectedo generate|CRISPR-
(58%) position specificity specificity |the CRISPR-edited |construct
score score lines
gRNA_P2(36) PtrPAL2 TTCTGTCAGGACTCAT 7-26bp 62 98 n E,F,and G
GCACTGG
gRNA_P2(37) PtrPAL2 ACCCCAATGACCCCTT 50-69 bp 99 98
GAACTGG
gRNA_P2(38) PtrPAL2 CTGTCAGAGGAGGCTC 229-248bp 65 99
GAGTTGG
gRNA_P45(33) PtrPAL4and TTTTGTCAAGATTCAC 7-26bp 49 98
PtrPALS5 GCAATGG
gRNA_P45(34) PtrPAL4and ACTAATGACCCTTTGA 52-71bp 49 98 n E,F,and G
PtrPALS ACTGGGG
gRNA_P45(35) PtrPAL4and GCAATTGCTAGCCGTG 193212 33 97
PtrPALS ACGTTGG
gRNA_CD1(30) PtrCAD1 CTGAAACAGAGTGGGC 529548bp 98 99
TAAGAGG
gRNA_CD1(31) PtrCAD1 TGGCATGTCACACTAT 174193bp 99 99
CCTATGG
gRNA_CD1(32) PtrCAD1 TTGTGGTGAGAATTCC 434453bp 97 99 n H, 1,3,
TGATGGG andK
gRNA_CD2(1) PtrCAD2 GTAGGAGACAAAGTAG 268-287bp 96 96
GCGTGGG
gRNA_CD2(2) PtrCAD2 GATAACATGCCGCTTG 460479bp 100 100 n K
ACGGTGG
gRNA_CD2(3) PtrCAD2 GATGAACCCGGCAAGC 541-560bp 96 99
ATATCGG
gRNA_C3H3(1) PtrC3H3 TTTGGGAGAGAAAAGC 383402bp 88 93
TCAAGGG
gRNA_C3H3(3) PtrC3H3 GAGCCCACTCTGCAAA 147-166bp 100 100 n H, 1,3,
GCACCGG andK
gRNA_C3H3(5) PtrC3H3 CTACGCTTCAAGCTCC 67-86bp 99 99
CACCAGG
gRNA_C4H1(1) PtrC4H1 GGACAGGTATAGGACC 102121bp 98 98 n I andJ
TGGAGGG
gRNA_C4H1(2) PtrC4H1 GACATCTTCCTCCTTCG 199218bp 95 98
TATGGG
gRNA_C4H1(4) PtrC4H1 CCTCCTCAAAACAATC 509-258bp 80 99
CCATTGG
gRNA_ALDOMT PtrAldOMT2 CAAATTCTTGACCAAG 336:355bp 93 96 n H, 1,3,
2(2) AACGAGG andK
gRNA_ALDOMT PtrAldOMT2 | TAGCCAGGAGGCGCAA 237-256bp 82 99
2(3) GATACGG
gRNA_ALDOMT PtrAIdOMT2 [TCTTCATCTGATACCTG 34-53bp 98 99
2(4) AGTTGG
gRNA_CCOAO PtrCCoAOMT1 | ATGCATGAAGGAGCTC 132151bp 98 99 n J
MT1(2) AGGGAGG
gRNA_CCOAO PtrCCoAOMT1 | CGGAGAGGAACAGCA 12-31bp 97 98
MT1(3) AAGCCAGG
gRNA_CCOAO PtrCCoAOMT1 | ATGGAGATCGGTGTTT 250-269bp 97 99
MT1(4) ACACTGG
gRNA_CCOAO PtrCCoAOMT2 | AGGCTCTCTTGGGTAC 110129bp 93 100
MT2(1) ACACTGG
gRNA_CCOAO PtrCCoAOMT1 | GCAAAGTGATGCTCTT 72-91bp 49 98
MT2(2) and TACCAGG
PtrCCoAOMT2
gRNA_CCOAO PtrCCoAOMT1 [AAGAGAGCCTGAATGC 120-139bp 50 98 n K
MT2(3) and ATGAAGG
PtrCCoAOMT2
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Tab33Iri mequemadsadgeescr i pti ons

Primer name Sequence 5Y63 6 ) Usage
- CACTATAGTCTGTCAGGACTCATGCACGTTTAAGAGCTATG o transorio
ORNA_P2(36) CTGGAAACAGCATAGCAAGTTTAAATAAGG n vitro transcription

gRNA_P2(37)IT

CACTATAGACCCCAATGACCCCTTGAACGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_P2(38)IT

ITAATACGACTCACTATAGCTGTCAGAGGAGGCTCGAGTGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_P45(33)T

TAATACGACTCACTATAGTTTTGTCAAGATTCACGCAAGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

GRNA_P45(34)T

CACTATAGACTAATGACCCTTTGAACTGGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_P45(35)T

CACTATAGGCAATTGCTAGCCGTGACGTGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

GRNA_C3H3(L)IT

CACTATAGTTTGGGAGAGAAAAGCTCAAGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_C3H3(3)IT

ICACTATAGGAGCCCACTCTGCAAAGCACGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_C3H3(5)IT

TAATACGACTCACTATAGCTACGCTTCAAGCTCCCACCGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_CAH1(L)IT

ITAATACGACTCACTATAGGGACAGGTATAGGACCTGGAGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_CAH1(2)IT

ITAATACGACTCACTATAGGACATCTTCCTCCTTCGTATGTTTAAGAGCTATG
CTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

ORNA_CAH1(4)IT

CACTATAGCCTCCTCAAAACAATCCCATGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_CD1(30)T

CACTATAGCTGAAACAGAGTGGGCTAAGGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

GRNA_CD1(31)IT

TAATACGACTCACTATAG
TGGCATGTCACACTATCCTAGTTTAAGAGCTATGCTGGAAACAGCATAGCA
IAGTTTAAATAAGG

In vitro transcription

gRNA_CD1(32)IT

TAATACGACTCACTATAG
TTGTGGTGAGAATTCCTGATGTTTAAGAGCTATGCTGGAAACAGCATAGCA
IAGTTTAAATAAGG

In vitro transcription

GRNA_CAD2(1}IT

ITAATACGACTCACTATAGGTAGGAGACAAAGTAGGCGTGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

GRNA_CAD2(2}IT

ICACTATAGGATAACATGCCGCTTGACGGGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

GRNA_CAD2(3}IT

ICACTATAGGATGAACCCGGCAAGCATATGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

GRNA_AIdOMT2(2)IT

ICACTATAGCAAATTCTTGACCAAGAACGGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

GRNA_AIdOMT2(3)IT

CACTATAGTAGCCAGGAGGCGCAAGATAGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

GRNA_AIdOMT2(4)IT

ITAATACGACTCACTATAGTCTTCATCTGATACCTGAGTGTTTAAGAGCTATG
CTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

JRNA_CCoAOMTL()IT

TAATACGACTCACTATAGATGCATGAAGGAGCTCAGGGGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_CCoAOMTL(3)IT

TAATACGACTCACTATAGCGGAGAGGAACAGCAAAGCCGTTTAAGAGCTA
TGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

GRNA_CCOAOMTL(4)IT

CACTATAGATGGAGATCGGTGTTTACACGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

JRNA_CCoAOMT2(L)IT

CACTATAGGCAAAGTGATGCTCTTTACCGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription
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Tabl €03 i nued) .

gRNA_CCoAOMT2(2)IT

CACTATAGAGGCTCTCTTGGGTACACACGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_CCoAOMT2(3)IT

ITAATACGACTCACTATAGAAGAGAGCCTGAATGCATGAGTTTAAGAGCTAT
GCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

IAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCC

BS6 TTATTTAAACTTGCTATGCTGTTTCCAGC In vitro transcription
BS7 IAAAAAAAGCACCGACTCGGTGC In vitro transcription
T25-long GAAATTAATACGACTCACTATAG In vitro transcription

gRNA_CD1(30)C1-F

GATTCTGAAACAGAGTGGGCTAAG

loninginto pEgP237gfp
CRISPRplasmid

gRNA_CD1(30)C1-R

IAAACCTTAGCCCACTCTGTTTCAG

loninginto pEgP237gfp
CRISPRplasmid

GGACTCATGCACGTTTTAGAGCTAGAAATAGCA

gRNA cloninginto pMgP237

gRNA36F(P2GG gfp CRISPRplasmid
TTGGGTCTCCAAACCAGTTCAAAGGGTCATTAGTCTGCACCAGCCGGGAAT  [gRNA cloninginto pMgP237
gRNA34R(P45)GG CGAA gfp CRISPRplasmid

FAA tgRNA_C3H3(3)

TTGGGTCTCGTGCAGAGCCCACTCTGCAAAGCACGTTTTAGAGCTAGAAAT
IAGCA

gRNA cloninginto pMgP237
gfp CRISPRplasmid

R4A_tgRNA_CAD1(32)

TTGGGTCTCCTTCTCACCACAACTGCACCAGCCGGGAATCGAA

gRNA cloninginto pMgP237
gfp CRISPRplasmid

F4A_tgRNA_CAD1(32)

TTGGGTCTCGAGAATTCCTGATGTTTTAGAGCTAGAAATAGCA

gRNA cloninginto pMgP237
gfp CRISPRplasmid

R4A_tgRNA_CAD2(2)

TTGGGTCTCCCGGCATGTTATCTGCACCAGCCGGGAATCGAA

gRNA cloninginto pMgP237
gfp CRISPRplasmid

F4A_tgRNA_CAD2(2)

TTGGGTCTCGGCCGCTTGACGGGTTTTAGAGCTAGAAATAGCA

gRNA cloninginto pMgP237
gfp CRISPRplasmid

R4A_tgRNA_CCOAOMT2(3)

TTGGGTCTCCTCAGGCTCTCTTCTGCACCAGCCGGGAATCGAA

gRNA cloninginto pMgP237
gfp CRISPRplasmid

FAA_tgRNA_CCOAOMT2(3)

TTGGGTCTCGCTGAATGCATGAGTTTTAGAGCTAGAAATAGCA

gRNA cloninginto pMgP237

gfp CRISPRplasmid
RaA_tRNA_AOMTZ) TTCCGTCTCCARRCCGTTCTTGGTCAAGARTTTGCTGCACCAGCCGGGART g fF;r\JCAR (l:lsoggpg: into pNigP237
R4A_tgRNA_CCOAOMTL(2)  [TTGGGTCTCCTCCTTCATGCATCTGCACCAGCCGGGAATCGAA gf%'\‘c/}fl'sogg“ﬂ intopMgP23?
FAA_tgRNA_CCOAOMTL(2)  [TTGGGTCTCGAGGAGCTCAGGGGTTTTAGAGCTAGAAATAGCA gf%'\‘c/}fl'sogg“ﬂ intopMgP23?
R4A_tgRNA_C4HL(1) TTGGGTCTCCCTATACCTGTCCTGCACCAGCCGGGAATCGAA i Cr P 223
F4A_tgRNA_C4HL_1 TTGGGTCTCGATAGGACCTGGAGTTTTAGAGCTAGAAATAGCA g%”éjg’gg}ﬂ rstﬁ]%'\"g P23t

IAtUG(666) F TCTTCAAAAGTCCCACATCG [Transgeniescreening
Cas9(975R IATGTTGGCAAACTTGGC [Transgeniescreening
PAL2-F1 TTTGGTGACCTGAAGATTCC Genotypingeditingof PtrPAL2
PAL2-R1 TCCTCTGACAGCTCTACCTTG Genotypingeditingof PtrPAL2
Genotypingeditingof PtrPAL4
PAL4,5F4 CTCACACATCCGTTCTTCTC andPtrPALS
Exon1P4SR2 CTAGCAATTGCAGTTACCTG Genotypingeditingof PUPALA
C3H(50)}F CAAAATCTACCAACGTCTACGCTTC Genotypingeditingof PtrC3H3
C3H(209}R IAGAGTTGAACCGAACCAAACTG Genotypingeditingof PtrC3H3
OMT2-E1(101)F CTCACCTCCCTACCAAAAACCC Cenotypingeditingof
OMT2-E1(421)R IACCAGCTTTCCATGAGGACCTT Cenotypingeditingof
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C4HL-UR-F2

CCTCAAAAATCCCCACCTCTTTC

Genotypingeditingof PtrC4H1

CAH1(253)R

CAGGAGAAGAGACGACAACAAGG

Genotypingeditingof PtrC4H1

CAD1_E4F

GATGGGATGTCACCAGAACAAGC

Genotypingeditingof PtrCAD1

CAD1-R1(1378)

CTAATCACAGTTACGTGGTGTC

Genotypingeditingof PtrCAD1

CD2-E3(150)F

TCCTGACATACGCCTCCATCTAC

Genotypingeditingof PtrCAD2

CDZE3(360)R

CCAACGATACCGATATGCTTGC

Genotypingeditingof PtrCAD2

MT1-E1(36)F IAGGAAGGCACCAGGAAGTTG Cenotypingeditingof
MT1 In(80)}R CATCACACCATAAGCATTAATATCA Cenotypingeditingof
MT2-EL(3)F CGGAAGGCATCAAGAAGTTG Cenotypingeditingof
MT2-In(26)}R TGCATGTGAGGATTCAACAAAC Cenolypingediingof
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Tabl eOf8d4rgets analysis of candidate genes
fferences betwegrttlgenes.and off
On-target CRISPR- | Off-targetcandidate name| Off-target candidatesequence| MIT Off- CFD Off- N° of total RNA-seq N° of off-target
gene line and accessiortode (56Y36) target score targetscore |readsmappingtheoff- [candidatesmapped
target candidates reads with edits
PtrPAL2 E-1 Acyl-CoAsterolO- TTGTGTCAGGACTCATGCA( 19.72 0.129630 3 0
acyltransferasé GAG
(Potri.001G260700)
PtrPAL2 E-4 Acyl-CoAsterolO- TTGTGTCAGGACTCATGCA( 19.72 0.129630 1 0
acyltransferasé GAG
(Potri.001G260700)
PtrPAL2 F-8 AcylCoAsterolO- TTGTGTCAGGACTCATGCA( 19.72 0.129630 4 0
acyltransferasé GAG
(Potri.001G260700)
PtrPAL2 F-12 Acy+CoAsterolO- TTGTGTCAGGACTCATGCA( 19.72 0.129630 3 0
acyltransferasd GAG
(Potri.001G260700)
PtrPAL2 F-17 Acy+CoAsterolO- TTGTGTCAGGACTCATGCA( 19.72 0.129630 3 0
acyltransferasé GAG
(Potri.001G260700)
PtrPAL2 G-2 Acy+CoAsterolO- TTGTGTCAGGACTCATGCA( 19.72 0.129630 3 0
acyltransferasd GAG
(Potri.001G260700)
PtrPAL2 G-9 Acy+CoAsterolO- BTGTCAGGACTCATGCAC GAG 19.72 0.129630 15 0
acyltransferasé
(Potri.001G260700)
PtrPAL2 G-13 AcykCoAsterolO- TTGTGTCAGGACTCATGCA( 19.72 0.129630 12 0
acyltransferasé GAG
(Potri.001G260700)
PtrPAL2 G-16 AcykCoAsterolO- TTGTGTCAGGACTCATGCA(Q 19.72 0.129630 5 0
acyltransferasé GAG
(Potri.001G260700)
PtrPAL2 G-25 AcykCoAsterolO- TTGTGTCAGGACTCATGCA( 19.72 0.129630 10 0
acyltransferasé GAG
(Potri.001G260700)
PtrPAL2 G-28 AcykCoAsterolO- TTGTGTCAGGACTCATGCA( 19.72 0.129630 7 0
acyltransferasé GAG
(Potri.001G260700)
PtrPAL2 G-29 AcylCoAsterolO- TTGTGTCAGGACTCATGCA( 19.72 0.129630 6 0
acyltransferasd GAG
(Potri.001G260700)
PtrPAL4 E-1 Phenylalaninemmonia CCCAATGACCCCTTGAACT(Q 137 0.348013 276 0
land lyase2 (Potri.008G038200) GGQ
PtrPALS
PtrPAL4 E-4 Phenylalaninemmonia CCCAATGACCCCTTGAACTG 137 0.348013 383 0
land lyase2 GGQ
PtrPALS (Potri.008G038200)
PtrPAL4 F-8 Phenylalaninemmonia CCCAATGACCCCTTGAACT(Q 137 0.348013 448 0
land .B/aspz GGQ
PtrPALS (Potri.008G038200)
PtrPAL4 F-12 Phenylalaninemmonia CCCAATGACCCCTTGAACT(Q 137 0.348013 125 0
land lyase2 (Potri.008G038200) GGQ
PtrPALS
PtrPAL4 F-17 Phenylalaninemmonia CCCAATGACCCCTTGAACT(Q 137 0.348013 168 0
land lyase2 GGQ
PtrPALS (Potri.008G038200)
PtrPAL4 G-2 Phenylalaninemmonia CCCAATGACCCCTTGAACT(G 137 0.348013 354 0
land lyase2 GGG
PtrPALS (Potri.008G038200)
PtrPAL4 G-9 Phenylalaninemmonia CCCAATGACCCCTTGAACT(Q 137 0.348013 505 0
land lyase2 (Potri.008G038200) GGG
PtrPALS
PtrPAL4 G-13 Phenylalaninemmonia CCCAATGACCCCTTGAACTG 137 0.348013 508 0
land lyase2 GG(Q
PtrPALS (Potri.008G038200)
PtrPAL4 G-16 Phenylalaninemmonia CCCAATGACCCCTTGAACTG 137 0.348013 630 0
and lyase2 GGG
PtrPALS (Potri.008G038200)
PtrPAL4 G-25 Phenylalaninemmonia CCCAATGACCCCTTGAACTG 137 0.348013 661 0
land lyase2 (Potri.008G038200) GGG
PtrPALS
PtrPAL4 G-28 Phenylalaninemmonia CCCAATGACCCCTTGAACTG 137 0.348013 467 0
land lyase2 GG(Q
PtrPALS (Potri.008G038200)
PtrPAL4 G-29 Phenylalanin@mmonia CCCAATGACCCCTTGAACTG 1.37 0.348013 475 0
land lyase2 GG(Q
PtrPALS (Potri.008G038200)
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Tabl eCR§SIPIRnes selected for comparing model pr
phenotypic murlaiitgse.n eF osgceilttdioat g¢,d 4d li lIreeks htdr arglucem cay |
in at | eaBttr gAeoe o f ( s threat egi es E, F, and G) or
bi osygem@tsr CAHI OMT Phd CADIL r atleJqinE}yF otrhsei ngl e
geedi ttihsegyl,dcitheads dhoirgtdi f r agaemoymronol bigomo®ynt het
genPet rIPRLR2 C3HArr C)4.H1

CRISPR group Number of treesanalyzed
Line ID classification

Lignin content(n=12) Diameter

N/A (n=12)

Wildtype
E-1
E-2
E-3
E-4
E-5
E-6
E-7
E-8
E-9

E-10
F-2
F-6

F-7 . .
=) Multigene editing of

E10 PtrPALZ PtrPAL4, and Lignin contentn=28) Diameter
= PtrPALS (n=76)
13 (E, F,andG)

F-15
F-17
G2
G-9
G-13
G-16
G-22
G-25
G-27
G-28
G-29
H-4
H-19 Multigene editing of Lignin content(n=10) Diameter
-1 PtrC3H3 PtrAIdOMT2 (n=10)

I-5 andPtrCAD1
K-6 (H, 1, J,andK)
G-7 Singlegene editing of | Lignin content(n=5) Diameter (n=7)
1-17 PtrPAL2 PtrC3H3 and
K-9 PtrC4H1
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Tab$@&Vooadomposittriaonnspgaeprhi@acc or di p g e v 0to uf¥arn g

2018
Lignin Glucan Xylan Other sugars Extractives Ash Total
28.0% 41.5% 11.6% 5.7% 1.7% 0.6%  100.0%
24.0%  45.6%  14.1% 5.0% 1.7% 0.6%  100.0%
20.0% 49.7% 16.5% 4.4% 1.7% 0.6%  100.0%
16.0% 53.8% 18.9% 3.7% 1.7% 0.6%  100.0%
12.0% 57.9% 21.3% 3.1% 1.7% 0.6%  100.0%
8.0% 62.0%  23.8% 2.5% 1.7% 0.6%  100.0%

Note: Wildtype Eucalyptusvasassumed to hav@8%lignin asthe basecaseof analysis.

et
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Tab$ BMi cpwl pdiarbgh  t r awnosofde miupr evs tou(gyng et )al ., 2
Mi cpwl pifngach tree was performed in duplicate

t he Kd geuatei on.

Target ge Lignin co Pulg Pul p Ka Yield c

Tr ee
wood yi el number A
61. 7 13 59. 6%
i 290 9. 9%
Pt T CEKB) 60. 6 13 58. 5%
57.6 26 53. 4%
2% PtrCCoAOM 16.5%
58. 1 30 53. 3%
Pt r CCo AlGKDN
58. 1 35 52. 5%
i 219 PtrCAld5lI 18. 5%
56. 6 32 51. 5%
Pt r CAI(KDH:
59. 1 19 56.10°¢
I 6193 ptr CBHBCRHIN 13.40%
59.0 18 56.10°¢
4HRKD)
(
NSE 3 52. 7 36 46.90
23.20%
wT - 52. 7 36 46.90
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Tab&8Mi cpol pdantgdC Rl SP&®di woetli cpol poifegah was

performed in duplicate. TheKyeppd,.chtagbOant
Target ¢Lignin S/ G Pulp KYield c
Tree Pul y
in woo rat.i numbe A
56. 2% 24 52. 3%
Ptr PALZ
E-8-2 16 % 2. 7 ¢
Pt r PALKQ) 56. 5% 21 53. 1%
Ptr PALZ 56. 5% 27 52.2%
G1a Pt r PALKQ) 16 % 3. 2¢(
57. 0% 26 52. 8%
Pt r CAI(DE
56. 7% 24 52. 9%
Ptr PALZ
G217 19% 3.0¢
Pt r PALKQ) 56. 2% 19 53. 2%
Pt r CAI(DE
54. 5% 39 48. 3%
WT 2 22 % 2. 8¢
- 56. 3% 35 50. 8%
54. 5% 21 51. 2%
WT 3L 20 % 2. 6!
- 55. 2% 22 51. 8%

A
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Tab3F uabagkre mu s adireldeays sump thii @ommrsosduct i on.

Unit Value
Dieselconsumptiorin fertilization application kg/ha? 7.5
Dieselconsumptiorin planting kg/ha 234
Dieselconsumptiornin site preparation kg/ha 72.0
Dieselconsumptiorin logging kg/m?® log 1.7
Nitrogenfertilizer usage kg N/ha 200.0
Phosphorugertilizer usage kg P.Os/ha 143.0
Potassiunfertilizer usage kg K2O/ha 75.3
Herbicideusagg(glyphosate) kg ha' 14
Abovegroundiomassyield BDMT/ha 157.9
Plantingdensity perha 625

31 ha = 10,0000
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Tab3$ k@ ne x a mpil epfud rs ppruoldpuccrt B MT B a0gi2sk8 % gcnamt ent |,

S/ G ratio 2.8, and constant production).
Inputs Natural gascase Biomasscase
Feedstock
Log (BDMT) 1.00 1.00
PurchasetiomasgyBDMT) 0.03 0.45
Bleachingchemicals
Sodiumhydroxide(kg) 10.26 10.26
Sulfuricacid (kg) 8.64 8.64
Methanol(kg) 0.54 0.54
Oxygen(kg) 21.61 21.61
Magnesiunsulfate(kg) 4.63 4.63
Hydrogenperoxide(kg) 1.23 1.23
ClO2 generatorchemicals
Sodiumchlorate(kg) 10.73 10.73
Sulfuricacid (kg) 6.59 6.59
Hydrogenperoxide(kg) 1.23 1.23
Methanol(kg) 0.54 0.54
Kraft mill makeupchemicals
Sodium Hydroxid€kg) 8.89 8.89
SodiumSulfate(kg) 5.31 5.31
SodiumHydrosulfide(kg) 8.07 8.07
Lime (kg) 0.57 0.57
Energydemand
Natural gagMJ) 7220.24 1336.92
Netelectricity (kwh) -144.05 -338.22
Transportation
Transportatiordistancg(km) 12.88 12.88
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Abstract

Cli mate change profoundly impacts the health,

and threatens the sustaindklaisleidt i ndfustorest b

enhance tree growth, devel opmdertp,poand nadadptsa tti
ecosystem resilience and mitigate the effects
protopl ast i sol ati ofCaspuriibfoinawatl iemmp,r ocdared n CRIRSIFE

taeda and Abieewhrdseaccabenastapg the genetic

tree species. Il n this system, purified protop
to 2 I 106 protoplasts/ g of tissue addlitvangf
efficiencies up to 13.5%. The delivery of fun
in P. taeda and phytoene desaturase in A. fras

and 0. 3%, respectivel gel iTheées yfdeeoeo ngBethProantei oend i atfi

protoplasts of P. taeda and A-Cafsr da®erein hialnlces tt
of value in ecologically and economically i mp
foundat ubar eoef fort s -etdd treedg ef oerreastte tgerecsmd o i m
and natur al resource sustainability.

Keywords: CRI SPR; genome editing; protoplasts
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Il ntroducti on

Forests occupy more than 31% of Earthos terre

composition, biodiversity, atmospheric carbon
forests are critical f orourhcee eoccfo nwonoyd off o rmacnoyn <
as well as pulp and paper [3]. However, <cli mat
temperatures, CO2 concentration, and changes

productiiving yt i rmabdrecsuppl vy. The pulp and paper

one of the main sources of greenhouse gas r el

emitted 24.8 million metric tons ofard2pamert h
production on the environment is associated w
Due to its physicochemical properties, Il i gnin

chemical pul ping. Woondd dreedgreadlkadl wi t h ghess cl
carbon footprint in the chemical pul ping proc
with changes in lignin content and compositioc
mitigate th@2 emeswslitoinngffrCom pul ping by up to
Pinus (Laoaddally pine) i's the most promi nent S
pl antations corres-po-plearntoed haer elaasr gefstt Heor es
mani pul R.t itomeoddd composi tion could greatly cont

paper producti on.

Gl obal climate change i mpacts also extend to

extinction for multiple forest species. Tempe

13¢



and invasive pests to newleuvhheoablferlksbomes |
ecol ogi cal consequembees [ @BFAddxzarFofri re)xaimp| & he
Christmas tree species i-el evhat ibSh aencdo seynsd eenmsc
Appal achian Mountains [A.0]f pé&geltdateisornpy eldave d
ri sk of extinction due to tALe fisnacereeravsael iins gtlhor
due to its exyremeisegscepandi i sease threats
the balsam woolly adelgid (BWA)A][ lflgdafetlBpes T
through genetic manipulation could prevent fu

the Southern Appal achian Mountains.

One of the primary bottlenecks in conifer biot
involved in key traits, such as wood formati c
target genes and inform geepntoinoen aeé diyt ilnagr get rgaetr
conidfreamgi ng fr odmn9d ttoh ed3 5abGbnpdance of | arge re
substanti al chaé¢hemgesedqwencwhnogl eand conseque
validation [14,-mbfepd ani osArs fahelsasi n nam gel y un
at the functional genomics | evel. Developing ¢
for accelerating genetic improvement-baséadrts.
systems have bedmysuc ceos sifnuMelsyt ieggmt e transcri
formati on, underscoring the potenti al of prot

[16, 17, 18] .
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The use oedasCRIITSPRMucl| eeRNPOt edenl i (VERIYSPRr esent s
precise approach for gene editing in fprleaent s
genetic modi fications-adygendblreedRNCRIcHbidd odunct ion
protopl anetdgs atREGtr ansf eRNRsonh asf hteheen CsRu cScPeRs s f
various plant speciMisgotiinara,datntgeovi @ &pa (t vdmmd \ca
pot &tod agum JubpbePo220in. -RWH IdkeelCRI EBRBR gained tr;
research, its application in forest trees rer
studies demondtraenngnuCRt SBPHResv ean brryabshi @l Jetniz e &
chesCastafea [Ra&Z2t]i.vaBot h studies targetkROSthe m
gene. PDS is involved in the biosynthesis pat
[ 23] .-offLuonscst i o P D&deistusl ttso i n an al bino phenotyp

emphed for the val iCéaat igemoaomfe tehle t CRHSHRt hod

speci es, i n cBruads snigc ac addl bearyasBeeg¢ads sri apge rM{ayhuesmaa  (
spp. ), Candz ar)iscjeRidv 25, 26] . I n coni f eCalgactheodvev e
genome editing is stild]l i n i tlsareiax | kya empEfyecrain d

Pinus [ra&l]i.atlan additi on, pAot © plad.e ttiraemapsE me rt aot |

be devel oped. RBNpPadeéi hge€CRI EBRconi fer species

tool for functional genomics and genetic i mpr
trees.

I n this study, we eval uatRNP pdreoltiovpelrays.te fihaseod aaetr
anA. fraBersystematically optimizing protopl as

established conditionBNPuttabbtetoroaefandi eat
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CRI SPRduced mutations -twermes feéet edt ed ot op RSPt s
demonstrating the feasibility of this approac
and economic Psi gmireiacdnrassobabl i shing a relia
platform thRO®PgHeCRVEPR in protoplasts <could
climaetse |l ient forest trees and more sustainab
guality, enhanced dbBddasveieasinsgrato abiotic s
engineered usdifngetbBystemansgenemately contri bu

change i mpacts on forestry [29,30].

Resul t s

CRI SPRRNA Design for Knockout of the P. taeda

| mprovements in wood quality can be achieved

bi osynthesis pathway and the conXle.quemd irretdruic

nature of monolignol bi osynt hesi-dsr ihvennd ea psp rt chaec
to quantitatively predict the I mpact of gene
properties. To eval uamiel itdhe fmorstt a mpeatcitd gl wigtel

established predioti beoaBpldedh2d sBVScm onluil g ed t
of each monolignol gene family knockout in 1
shown t hat t hPeh eknnyol cakl oaunt-l goefsAginmmgeemiea f ami |y di spl
i mpactf ul l'ignin content reductFigmujamdBid tlse -

family of enzymes that <catalyzes the deaminat
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the biosynthesis of all phenybp86pa3magiod ncgo mpecs!
focusing on optimizPADmahiguwl &t icom,t e@an s urhirrog gV
considering the intended applications and oV
i Ropul us t[6j]8&hoGiavema t he i mpetPAbhtcek®hPhanteghi s f
member i dRe.nttjafeveasl Cchosen as the target gene.

design -sCRRNASR f or thhEeAkweckoustomheeded t o conf
and identify potential allelic variations. Pr
portiPtnPA&aBed on I ts compl ete CDS deposited

usog7r92.1). The amplicons were sequenced throu
The sequencing results revealed six SNPs in p
tobhe reference sequence. I n addition,readXxg bp
possibly indicating the Pt bk rPcledgadendadfoiegey rteh an

S 2)A.

After the colhtf PEADMR,t iwen desitghnreed fi ve sSgRNA sedg
of the gene CDS, to ensuPrtePAkpeescsoimph et €Eonleiad
di fferent sgRNAs sequences have variable <cl ea
five differekPt PaANsi €gig@8B.ofThehesel ected sgRNA:
hi ghest specificity and efficiency scbalklse i n
). A high spec-iArgetyeinf et hosfz eusnei dniit€einndge dt hneu trait
a high efficiency ensures effective cleavage ¢
gene di3Bupltmoinhg CRI SPOR OB ghiostdjuoactess dat

March 2025), two methods are employed to eval
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predicts the efficianuapdef sSDBNHS prk-Pabeseed a

which more accurately predicitrs Wihttehoed fTCi pnaocm

Al so, al | SgRNAs target ed PAbhsércedaregnones aw
annotated CDS. To screen for SgRNAs that cou
sequdamces weocarri e&€dhsouwtl e@RIagRPR assays. The as:

SgRNAs effi cRtem&tU yt hcet epnedpisg 8B .Nnscqnfirming
specificity of the designeidn sgyiRiNHh@e ¢tbedwvade

demonstrated that any of the five sgRNAs scre

oPt PAh vihvough-RGRI PPRt opl ast transfection. S
genome editiimg ,ve fgfoichi eanscyt ar get accessibilit)
confor mati on, screening a set of wvalidated s

edigt hnwvi vo

Tabllen 1si |l ico efficiency and out coHFne tsaceidraes f o
fraser.i
Efficiency Scores Outcome Scores
Name Target Position Doenc Moreno- Out-of- Lindel
Sequence Mateos frame

PtPAL_gRNA1l 1061125 55 57 65 84
PtPAL_gRNA2 2301249 59 58 65 81
PtPAL_gRNA3 341i 360 66 60 54 69
PtPAL_gRNA4 434 453 51 66 80 77
PtPAL_gRNAS5 479 498 39 72 62 68
AfPDS gRNA1 611 80 55 50 53 91
AfPDS_gRNA2 62 81 59 59 60 77
AfPDS_gRNA3 110129 45 49 63 86
AfPDS_gRNA4 127146 39 57 66 75
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l nitiation of Pinus taeda Somatic Embryogenic

Somatic embryogenesis (SE) is a widely establ
tree species. I n this process, itrheyiparkoooiwienrgatf
the rapid and scal abl e pr oduc3tdi.onDucef teombrtyso guel
and totipotency, ET masses are a suitable tis
SE initR.attmvaeesd aper f or med according to a protoc
[3P. A t o5t adeeodfs 29a9r bori ng zygotic embryos ran
[4D were disinfected andgamestsepghyetdes Wer emtias
zygotic embryos from the other 1458 S83®edwe Aft
obtained 79 growing ET |Iines, which corresponc
l nitiation from megagametophytes displayed a
embryos produced ET. The wihbdexmpamgenemft BT olvii

diversity of genotypes with varying potenti al

Overnight Cell Wall Digestion I mproves Transf

For the initiRPl tBeodlaagtiinoant ealf ptriog opl ast s, w e
described foP. thei crbbéamt pohall opWwhstk @demonstr a
efficient protoplast isolation yields. The i ni
resultedprot ®plilasltos/ gram of ET and displayed
debris. To increase the proportion of fully d

perfor med wsigrgpdaSewtdMabsee i al s and Met hods) .
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were resuspended i n MM&aMVigigepoct ed

and incubated i

n Wi sol ution.

positive protopRFiagtrge wd8he abueadaede( of

sample was a clear indication that the
E 1st optimization : 2nd optimization ; 3rd optimization E
(A) (8) 1 (©) /(D) :
N U TR T poaeraedd @00 |
' o b e O * Bmd : 4 '
N o t %Q : ’V%J e yi2 1 S5 ' °
e ol
o i ML ‘ " ® %N,
1 x.«‘ L X L2 : :
E' : 4% i s/ -: ;..» ("“’ & : ‘:’ 5 N
1} k 4 : L) ° | :
' i K - i :‘: > a® ' ¥ !
I T I T L R e s ] e e e 1
(E) Isolation | ¢ ] Cleaning | 1| Transfection | | | Post-transfection |
: : 3 Sucrose i PEG-Ca* 0%
1st S ! HICES= gradient MMG — 11ansfection ; vl (0/500)
optimization : N | Sucrose | PEGCa® | 5.5%
Overnight digestion _;’MMG ™ gradient — MMG —> 1o nsfection " wl > (28/500)
2nd . L : Sucrose 1 PEG-Ca® | 1.2%
optimization Overnight digestion 7 MMG = gradient > W5 — Transfection | W —» (6/500)
5 13.5%
> WS —>(68/500)
3rd L } Sucrose | PEG-Ca* | 41%
optimization Qvemigutdigestion pelie il gradient | MG — Transfection | MiG > (21/500)

FiguEetabli shment and

of R.heeSaEedagi nated

103 was digested for

di gesti on, protopl asts

CaMV3sipeporter

pl asmi d.

opt i mi

protopl ast .

(0/500)

b pMM —> 0%

zation of t

wil tals ma d g

The transfectio

cel | (
cel | w
he prot

t EaTe tdfbreo M ilrisme «c

pA) o taonpdl a®R)e riinanagldndbtait(@ o na f

wer e

At

t

purified through

he sec@®Bd &kt il minz
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wer e I sol at €d, osvuesrpnei ngdhetd (i n Wha MY @bt ma s rhiod ¢
transfection, and incubated i n W>5soloart elds phr.o tla
(D) were transfected with reporter prasmsieéctno
buffers, iHBclIFddiwghWs.t (representation of the
optimization step. Transfection efficiencies

through the tranCGaNEyifppap oft drhep lpdJClpAms i twhvee e

cel | rate was <cal cul aftleudo rbeys ctehnet pprrooptoorptliaosnt so fu
a total of 500 protopl asts.
To address this issue, we searchedNifoot iadntar

bent hamihamah yields of the viable protoplasts
digestion solution suppPemelmnt ddck swi tthhi s®lInmeurhe c
taedla in CWDS2 (CWDS1 supplemented with PTMM)
steps for the transfection of isolated cell s
SEoriginated protopl ast Sprimtcapelasstds /sgiriagihtdfy SE

amount of wundigested drebgriBr)se clom sa dicirtaibdry, deeegp

cell wall digestion period, 87% of t hFel gpurroet op
S . The transCalVFHnorfepdd€d 9t o 5. 5%, i n comps
experiFmghhEe( Overall, the overnight digestion

protopl asPt.s tafeadma s es and i ncreasetdthbughstéet
i mprovements were obtained, we observed that

shape after 16 h, which was an indication of
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buffering conditions provided in W . Therefor

transfection steps were stildl needed.

Transfection Buffer Coddgiaken&fAfteencpProtopl

To investigate the shriveling condHA.t it&ifke dand

protopl ast s, we tested a range of -tbrudrdefre aitgi «
incubation periods. Due to the successful i mp
20241p [in the previous protoplast isolation, we

al so iPmprtpaveedtaop | ast DNA uptake and recovery.

empl oyed as the main solution for all washing
transfection. To test t his, we®. c aShkE dma s soeust ial
CWDS2. | sol ated protoplasts were then purifie

W5 buffer for tr-@adBV &g HHilfnt ewi tthr gonUsCfledct i on, pr
and incubated i n W5, yanmnwdh st me stersasresdf ead ttiean 1e&f fhi
3.26°%lell1/ gram of SE tissue. Most cell s exhi
healthy protopl ast s, indicating that the W5 ¢
bal anPc e tpareodtao pl g #x)e (Despite the substanti al i
conditi on, transfectionFigfuEleci®Adndygdt bpped th
demonstrated that even though W5 prdviwdad os

protoplast DNA uptake in the transfection ste
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https://www.mdpi.com/2223-7747/14/7/996#B42-plants-14-00996

W5 Buffer FacahstatesoPoRécovery of Protopl as:
The formulation of i deal conditions that enall
devel opment after transfection is essential

CRI SRR di ted protoplast sampl eesi.t Iwi tthh et hper eivni
protopl ast viability, the transfection effici
buffer. At this point, the experiment display
with MMG as a trasefettibat puiveedecBdeduto te

buffer-tasnafpceéion resuspension buttaensfieoctco

i ncubation buffer, could rescue the transfec
f ol |l owei npgr etvi ous procedures, purified and rest
reporter plasmid. After transfection, protopl

suppl emented with 0.5 M mannitol, ahdern scublae
observation of GFP fluorescence showed that

transfection efficiency of 13.5% (Figure 1D),
4. 1% (Figure S4A,B) amdanh%tfodr (MM@ua e SBITCM NDe |
results demonstrate that the empl oyment of \Y
transfection incubation in W5 consiPdet&Bldya ent

originated protoplbaset scoanndd tp rocmwsi dfeodr fRaNE rtar an

compl exes and t hedridcedverytofpl @RIt SPR
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Genome Editing of -RNPAProhoplugbBt CRI &8RRf ecti on

The parameters established -06or giPhetgme@atlapli dnt S
(summarHizgeulk)ei hled t o an i mproved transfection
enabled the emp-RPmehdorofgec®| 88Rti nBt PAlovet ar g
individually as®R&Nmblceodnpt eee€€Rh&PRoOoring)the f
previously desiignevioRérPdL e#avageat edhe RNPesmbl ed
were then tr ansftébktdmd off opbbadswvthag our I sol ati o
met hod. The tr armNfPesc twaosn soefp aCRIt R perf or med
from three distinct-t8&BNnS3fieaectsidonA¥ ¢ 8 RIMTRR thi opmas
fiPePA&rget sites were assessed through ampl.
NJ, USA). We obsCasveeaditthiantg CRIfSPCR enci es wer e

the different assembl ed sgRNA -adidt itnhge o8eke el i

obser veRINAflQr sgqRNA3, and sgRNA4. I n contrast,
editing event in the target positions of thes:¢
efficient among the sgRNAs wused, and SEner at
protopl ast source as well as displaying the |

tested (OFibguirpe 2F @ Po) sé@émpl es transfected with

editing efficiOen3ckyo ranged from O
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(A) (B)

BRNA3 targeting site PAM gRNA1 targeting site PAM
Reference 5 G AAACCAGTAGTGACAC -CAT 3 % Reference 5 CGAGCAGCCAAGGCCAT -GGA 3 %
SGAAACCAGTAGTGACA CAT 3 124 SEtine 5 CGAGCA -G A 3 021
SGAAACCAGTAGTGACACHCAT 3 012 21066 5 COAGCAGCCAAGGCCATLIGGA 3 o
SGAAACCAGTAGTGACAC ICAT 3 o012 SCGAGCAGCCA T-GGA 3 003
SGAAACCAGT AT 3 o012 SEline S CGAGCAGCCAAGGCCAT GGA 3 014
SGAAACCAGTAGTGAC CAT 3 01 21334 S CGAGCAGCCAAGGCCATI ' GGA 3 004
SGAAACCAGTAGTG CAT 3 0.06
SElne GAAACCAGTAGT CAT 3 005
21-066
SGAAACCAGTAGTGA CAT 3 005
SGAAACCAGTAGTGACA CAT 3 004
SGAAACCAGTAGTGA AT 3 003 (C)
e u e gRNAA targeting site PAM
e Addted eNeTeR .- it Reference S TGGGCATTTGCCAAGAA-CTC 3 %
e AR R P a6 SEline S TGGGCATTTGCCAAGAALLCTC 3 o1
e ARG CA T Ao T e Al o T 21066 5 TGGGCATTTGCCAA c 3 01
. SEline S CGAGCAGCCAAGGCCAT GGA 3 0.4
SEline SGAAACCAGTAGTGACACIICAT 3 005 5o B echcbnctonarceceaalida 5 054
2133 SGAAACCAGTAGTGA -CAT 3 002
SGAAACCAG CAT 3 0.02
SGAAACCAGTAGTGACARLI-CAT 3 097
SGAAACCAGTAGTGACAC CAT 3 o
SGAAACCAGTAGTGACACHICAT 3 o
SEine S GAAACCAGTAGTGACAC CAT 3 009
2108 SGAAACCAGTAGTGACACIECAT 3 003
SGAAACCAGTAGTGA -CAT 3 002
SGAAACCAGTAGTGACAC - cllT 3 0.02
SGAAACCAGTAGTGACHIC-CAT 3 001

Fi gurCRl &RdRdi Bt BMhockout through theorRNR ntat @ d:
protoP.l atsSisdal at ed pr ot epd6a;868B2 f-88d BéEnesi 28I ¢
and transfectRNP waarmp | @RIeSPRt ar geti Ry Pddeéinfef er er
sequence. Sampl es t-RHRsf avetreed awiatlly z €ERI1 $PR o0 u g
sequenci n@ss CwRit PRI i ants were observed for S
gRNAAS ,( gRBNAl1 ahd Cy RMAdr ¢ base maiarys rleipglelsieght &

sites; in bl ue, i nsertions:; in red, del eti ons

CRI SPRRNA Design for Knockout of the A. fraser

To develop a protoegidiasensysn d@dme f ®@aw E€RD IPPRa t o
t hhee fraserd.i p h(4 ft B)e BgeP bDdéess aitruwraalsveed i n the bios

chl orophyl |l , caro2noids, and gibberellin |

To dat g,e nohmel ese queM.cifnrgacdeartti dh ef @b osepsd cyi e se | aart ee ©

avail abl e. TheAéP®Squehoe oBg®RINBRODBBRgnN, we e\
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transcriptome assembly madéBubrom @&xiattwg(Ha
| i braries (Bi oProject PRINA357112, Bi oSampl e
NCBIBet hesda, MD, UBAPDOBSheoptaednst @dd52 bp an
reference for the design of the primers and a
215 bp amplicon was sequenced t hrough Sange
predAtPP8ference sequence.

After sequence validatiAmnROBRBIeSEIR sviegin ekdn oscgkPONIA s.
that , we used sgRNA predicting software to fi
fragment previously validated. Fromid) hwist ntal e
hi ghest efficienicryg asnndo roAt RB8red spr gEltiTea bIN rle g i
To evaluate cleavage efficiency and target sp
CRI SCP&Rsn «ilteraw age asAsfalPyD b5u shipngf rtahgement as a t &
the sgRNAs werAd P®ISl ¢ hteo colre 28 ® 0 IFd ggrutr)et HBPBe $ [
result suggests that despi tAe tfihhreawkeacludbtd ade

functional sgRNAs Al ®DBSeainmlpei wueed to target

Af PDS Editi-R§Aran€RESEPRAd A. fraser.:i Protopl as

To formul at e met hods for t he i-RNPs&t Aiomt o an
frapeotopl ast s, we t ooAK. afdrveasndErditgre® lolf e @atni erx,i sd
by the Christmas Tree Genetics program at Nor |
weeki ol dutteares were embedded in CWDS1 and in

we obtai-mreidgiamattdd protopl a4§3. § Pierd @O o minayd tn/gg rf &
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ET. The digested protopl asRiNPswearsessembéaesf evatten
previously validateCGaBY®d&Hsp amtde rt hpel agpsh@1d as
control . Afttrrandfee qit iodn pibstcobatsicemt mpooGBPRI as:
in the control sampl e, indicating very |l ow pl
CRI SERi AfeRID&r i ants in the protoplast sampl e ¢t
editing effi Suemdye men tSr.§5Tehthglrsauggested that
occur even iIif the fluorescence reporter for t
mol ecul ar wei g2hxt0 okiDaRNP s( 19wWbst antially small
CaMVxxsfeporter plasmid (~2908 kbDa), RNPs may

protopl asts.

To i mprove the transfection efficiency and <co
incorporated a sucrose gradient puPifiaavkbaon
aimed to remove the cell debris and partially
the proportion of healthy protoplasts. To tes

the procedures adopted oiph atsh e ifsiorl aatt | e@xap emnidmes nu

a sucroswitgh adthentdi gested protoplasts. The pl
reduction in protoplast yield but enhanced th
fewer undigested cells and cell d ehber i GR-1 SFPWRr i f

RNPs assembled with the sgRNA collection and
the protoplasts remained viable after transfe
Af ter 16 h, green fluorespégLa MwaxsS-HhHoas ef ¢ e d e d

protopiagesr®B)BASucceLafsuledBRP®BRobbserved for
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the four gRNAS3)t,eamidad (esdgRNAlg effici &éngiuese r a
3CiE) . The enrichment of healthy cells in the

i mproved protoplast transfection,AftwthDS h | ed t

(A) (®
r' e L 3 'v
(o]
©
gRNA1 targeting site PAM
Reference S T TG CCTTTGGACTCAGTGCA 3 %
STTGECCTTITEG CA 3 0.052
(D)
gRNA2 targeting site PAM
Ref 5GCCTTTGGACTCAGTG CAA 3 %
SGCCTTTGGACTCAGTG CAA 3 009
5GCCTTTGGACTCAGTG CAA 3 0.013
SGCCTTTGGACTCAGTG CAA 3' 0.009
5! - CAA 3' 0.005
(E)
BRNA3 targeting site_ PAM
Reference G CAGCAGCAGGCTGGCATCT 3 %
SGCAGCAGCAGGCTGGCACT 3' 0.236
55GCAG AGCAGGCTGGCA CT 3' 0.008

Fi gurCRI $3R&Rdi At BEBBSockout through theorRNPNat ad
protopl Ast § . 6&S3shoeliat ed proto@PO2asStsi meomenrdei Hc
transfectee RN tcho mMpRIeXRRR targetAmMBpEmde feeeumenc
Additionall vy, protopl ast SGFRerepor aesf @d¢ asdi o
transfection, protopl astAd werde BYbsoghedh umdesr
of transfection effdcwenbyRNBsERPRéres amahypied
amplicon deep sacsorcAfiidpsdd | @RIt SPRwer e observe
transfectedOCwithg BYRINA{LD B gRNV3er(e base pairs

gray represent the PAM sites; in blue, insert.:
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Di scussi on

Il n this study we demonstrat-edi gheratsdl| ®t obopla

—+

aeadnsl. ffasemi -CR$ SBRI i very and genome editing

pecies, we observed that <cell wall digestion

(7))

—+

ransfection. I n addition, mai nt ai nriensger valnagn
cytoplasmic integrity. Pl ant cell walls are e
caused by eptetoablhpsamod&i When removed, cell s &
osmotic changes. Osmotic pressure stabilizers

fi-nene the buffer osmotic pressure and reduc

prot aomplodsat i on and proliferation. Different pl
needs, and therefore protoplast osmotic condi
source tissue.

We showed that adjustments to the protopl ast
transfection rates and incre®set adwkaicrog | @af fiina
the transfection efficiency from O to 5.5% by
incubad@Aiohradgmraddi ti onal purification step t|
enri chment of fully digested protopl ast s, i nc

anAlf POBI Sd®PRi ven mutations from O0.056 to 0. 25 %.

protoplast yield or viability. Overnight i sol
editing in other model pl ant spercieg. oWPemnomniogph
wall di BesoboitobananBgnt hami ana

15t



We observed that the presence of magnesium ch
protopl ast PONA, avepdtaake iith i ncreased the transf e
compared with the W5 EHOuwfefier . uPptnueckioeps aisn so ihla vpe
transfection efficiency proportionally increa:

i n t he transféct iwhmi cheaccariroonbofr at es wPit h t ho

t aepdraot opl ast herbosfectcompo3ition is also cri
protopl asts. Our experiments demonstrated t he
transfection incubation -mesiumvencelchedi nhehg

to 13.5% for samples incubated in MMG and W5,

Genome editing -mehrn aughd tdled i-REBY c oifp |CGRxleSsP Rh a s
established for many agricul t uMiad otciraonpd ,saptetce n
| et tLiacd u(ch, sah dSvgloamun }(LHPE¢20 However, reports
RNP delivery in trees are stildl ' imited and |
wel | as the editing efficiencies, vareyibhtedd,I
CRI SRPRP transf egdtoircerd wed apx demédsesahbting in
efficiency of upussep pb.)9 %i tihn almaneadniat i(ng ef fi c
grapewiitne )(viwnitheaa ef% i[cRie by .upRetgoar0d.ilng f or e
with CRNBPRyielded up to 20.HeEV ae fbfr)iacqirdaiteympdiiass

and 21. 4% i n EQarsotpacnagha pshaetsibvpdubst s [ 21, 22

Foll owing the establishment of an isolation a

RNP compl exead giimtaa e8BE protopl astCa;drwe ede me m D tm

15€



edi t Pngtaangtid a fr aWert ar get ed RthRd &nndd.cikb@aid dfao fv et h
di fferent gene positions and obtRt R&ERNAIT t i n.
consistently displayed the highestA.edfirtawegr ief
obtained up t o 0.25% efficienkfyPDPi€me .t amwhet ie
t hAef PROPSRNA3 di splayed the highest ef FfRNH ency.
medi ated editing in pratccpelsasts | iitrycl sdiRINA & a
chromatin state. Additionally, i ncreasing tra
outcomes. The higher eBit tcacgpeafrAeidciteame e s k @b g

due to a greater propod¥ion of transformed pr

OQur findings iFRNPusdealaitwvwalr yYCRASPR promi sing too
conifer species. Further | mpedivteimmegntef fiinc iternacn
explored by testing protoplastiosolsatiges, f EG
treatments such as drought or cold treat ment s
Al so, alterQad isvyestCRMsSP(Re. g., Casl2a) coul d be
and genome edd.i nTgh ee ftf ei acai sefnbcrymfda aRb e rtipafeidnaar i | y
relies on Algir wlbiasttdedri iaw ne dl met hods, t hough ef
compared to mP.det, agdhagntbd ol Fet i c transfor mati
somatic embryos yields 1 to 5 stabled4dpPransge
whiAger ob aermeedriiaune d transformati on i s |l ess eff
integration events HE)5080mi i bf egpeidoematr yon,
less studied, foll ows comparabl e protocol s, Wi

due to the recalAgirtorbard8k.roBRomclbons pecses of ace ¢



|l ow regeneration rates and di fficulties i n

transformation efficiencies.

This protoplast system serves as a platform f
delivery and transcriptional response anal ysi

di ssection of gene regubatbopwthwbwot ksadwaaoaoni

on tree growt h, devel opment , and adaptation,
sustainability, aRNMNP ptreecdhuncaliogy yc o (CIRd SfPRc i | i t &
tol erancest ancse,ase&nd elsiiomass production i n cor
chall enge remains in regenerating edited prot

bottl eneck that must be addressepdr aotitcalnsf at

appl i chazt,)]iso3anBuft her research is essenti al to o
the full potleansedhl geodfoml@RI &SRt i ng in conifers.
Met hods

Pinus taeda Somatic Embryogenic Tissue I|Initia
P. tjawewdeani | e cones were harvested in July 2021
at the North Carolina Forest Service seed or
coll ected fPromcleddnnds sti nahsported within insul
and placed in a 4 AC cold chamber unt il di s

performed according to the BBPot awidlh deosner iakldeac

15¢



| mmature seeds were removed from each cone a
hydrogen peroxide solution for 15 min. After I
distilled water for 30 s andl ekaenpetd aste eddsAC.i nk
gametophytes or zygotic embryoTawkpepedndmonweudbe
at 26 AC in the dark for at |l east 60 days. T
di ssected embryos waesditurna nasnfde rmeidn ttaoi nPeTdMMat 2
mai nt enance of the generated SE, young prolif

di sh containiTap)emeéshumTE®Mefy 10 days during

TablMed®i.a components for SEPI niaandida fomsamd mai

Media and Components (mg/L)

PTIM PTMM AFMM
NH4NO3 200 200 E
KNO3 909.9 900 E
KH2POs 136.1 130 340
Ca(N®®)2-4H20 236.2 230 E
MgSOu-7H20 246.5 250 394
Mg(NOg)2-6H20 256.5 260 E
MgCl2-6H20 50 100 E
CaS@-2H20 E E 37.8
H3PO1 E E 373
Kl 4.15 4.15 0.083
H3BO3 15.5 15.5 2.48
MnSQ4-H20 10.5 10.5 18.6
ZnSO4-7H20 14.668 14.4 5.76
NaMoO4-2H20 0.125 0.125 0.103
CuSGH5H0 0.1725 0.125 3.75
COCkh-6H20 0.125 0.125 0.012
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Tabl(eco2nti nued) .

NiCl2:6H20
AgNO3
FeSQ-7H20

Na2EDTA
Maltose
Sucrose

Myo-inositol

C12H10MQg3014-9H20

Casamino acids
L-glutamine
Thiamine HCI
Pyridoxine HCI

Nicotinic Acid
Glycine
D-xylose

MES
Biotin
Folic acid
Vitamin B12

Vitamin E

U-ketoglutaric acid

Sodium thiosulfate

NAA

2,4D

BAP
Kinetin

Abscisic acid

24-epibrassinolide

Gellan Gum

3.398
13.9

18.65
15,000

100

500

450

0.5
0.5
100
250

0.05
0.5

0.1
0.1

100

1 mM

0.63
0.61

5000

E 1.188
E E
13.9 E
18.65 E
E E
15,000 10,000
500 1000
E 266
E E
2500 2000
1 1
0.5 0.5
0.5 0.5
2 E
E E
E E
E E
E E
E E
E E
E E
E E
E E
E
0.333 1.1
E E
5 E
E E
5000 3000



Tabl(eco2nti nued) .

pH 5.7 5.7 5.7
PTI R tiareidtai at i on e d i dnaseidmtTéMMa n c e medi a,

framerntenance medi a.

Abies fraseri Somatic Embryogenic Tissue I nit

Thke., fsamati c embryogenic (SE) tissue was acgq
from the Christmas Tree Genetics PA.ogfr&as eati N
l in®02% was used. The ET was proliferated acc
et alb5§f,20a6which the young ET was transferrec

(Tabhdhe 2

Gene Amplification and Primer Design

Pi nus taeda

The establ-omhed imut e gr ati ve mo d e | f er mo n
tri ch@Bdgr3d®y 3 wa84used to extrapolate the best
edit Phngtad&dwasi mulated the i mpact of the entir e
The in silico gene perturbations were perform
transcript abundances in the foewelof TPlkre cttmam
abundances of the mnimnesmweoli grael tpere ttham 19

abundance used to train the modebffuacteon)t he
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100% (i .e., wildtype Il evel). A set
to estimate changes in the
l i gnin R.ontteemda i n

of

19

csotrartees proentda lmgl ipa oft

from

aPseaNjof

I rvi

ThRt Pdéene CDS sequence was obtained
Uusogrzr92. 1) Based on this sequence,
endab)le Benomi . DNvaesdraexmt r act ed fr om DNAe
Pl ant/ Seed Miniprep Kit (Zymo Research,
Tabllei 3tt. of HM.r iteaeekdsa ffroas er i
Name Sequence Purpose
AfPDS_gRN TAATACGACTCACTATAGTTGCCTTTGGACTCAGTGCAGTTTAAGAGCTATGCTG  Invitro
Al GAAACAGCATAGCAAGTTTAAATAAGG transcription
AfPDS_gRN TAATACGACTCACTATAGTGCCTTTGGACTCAGTGCAAGTTTAAGAGCTATGCTG  In vitro
A2 GAAACAGCATAGCAAGTTTAAATAAGG transcription
AfPDS_gRN TAATACGACTCACTATAGGCAGCAGCAGGCTGGCATCTGTTTAAGAGCTATGCT  In vitro
A3 GGAAACAGCATAGCAAGTTTAAATAAGG transcription
AfPDS_gRN TAATACGACTCACTATAGTCTGGGAGGAGTGAATATTTGTTTAAGAGCTATGCT In vitro
A4 GGAAACAGCATAGCAAGTTTAAATAAGG transcription
ATPDS_Forw GCGTTTCAAGGGTGGATTC AfPDSampli
ard fication
AfPDS_Reve AfPDSampli
ey GTCCTTTGCAGGTTACATGC fication
AIPDS_FOW 0 A CTCTTTCCCTACACGACGCTCTTCCGATCTGCGTTTCAAGGGTGGATTC  ATPDSNGS
ard_seq sequencing
AIPDS_Reve 5 - TGGAGTTCAGACGTGTGCTCTTCCGATCTGCATGTAACCTGCAAAGGAC  PDSNGS
rse_seq sequencing
PtPAL_ gRN TAATACGACTCACTATAGCGAGCAGCCAAGGCCATGGAGTTTAAGAGCTATGCT  Invitro
Al GGAAACAGCATAGCAAGTTTAAATAAGG transcription
PtPAL_gRN TAATACGACTCACTATAGCACTTGCGATCTTCGAGCAAGTTTAAGAGCTATGCT In vitro
A2 GGAAACAGCATAGCAAGTTTAAATAAGG transcription
PtPAL_gRN TAATACGACTCACTATAGGAAACCAGTAGTGACACCATGTTTAAGAGCTATGCT In vitro
A3 GGAAACAGCATAGCAAGTTTAAATAAGG transcription
PtPAL_gRN TAATACGACTCACTATAGTGGGCATTTGCCAAGAACTCGTTTAAGAGCTATGCT In vitro
Ad GGAAACAGCATAGCAAGTTTAAATAAGG transcription
PtPAL_gRN TAATACGACTCACTATAGCCCGGGCTGCCATGCTGGTTGTTTAAGAGCTATGCTC  In vitro
A5 GAAACAGCATAGCAAGTTTAAATAAGG transcription
PtPAL_Forw PtPALampli
g CAGCAGCAGAAATAACGCA fication
PIPAL_Rever CTGTTGAATGCGTGGCTGA PtPALampli
se fication
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Tabl(eco3nti nued) .

PtPAL
PIPAL_Forwa -\ cTCTTTCCCTACACGACGCTCTTCCGATCTCAGCAGCAGAAATAACGCA NGS
rd_seq sequenci

ng

PtPAL

PIPAL_Revers GACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTGTTGAATGCGTGGCTGA NGS
e _seq sequenci

ng

BS6 AAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTT tlrre]lr\gézp
AAACTTGCTATGCTGTTTCCAGC s
In vitro
BS7 AAAAAAAGCACCGACTCGGTGC transcrip
tion
In vitro
T25long GAAATTAATACGACTCACTATAG transcrip
tion

To confirm the precise gendcmiPdesegwascampor fs
Q5 HiF igdhel i ty DNA Pol ymer ase (New Engl and Bi
amplicons were cloned i nt ofFPtCHRe Cp Minning2 KO tv & dNte
Bi ol abs) . Bacteri al colonies containing the r
sequencing (Genewi z, Sout h Pl ainfield, NJ, L

t hPet PBDS ( Accession Number: Uusogo792.1) to find

Abi es fraser:i

Thhe., frasedi ngD\d P)IpDsSwae ¢bt ained from a transc
out by Dr. Jill Wegrzynds grosepqatr eds Wereer
for contaminat iAng fsoeagguga mc euss bGnpogt Konfa k ¢ m 2 mme d f
and adapter remo¥@m.l The ngl sdarc ktlrei mme8B rfeads we

57, and the assembled contigs5Bannlont attleids uamm
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process, the sequence Fraser Fir9a3%lipshwytso a dee n |

desat.ur ase

We designed four sets of primers for the am
t hheft PP&ndab(l)eA. 3 fgasemi c DNA extrad@t0i2adn SfEr on
l' i AEeP®P8ne amplification and cloning, and Sang

f oPr. t aeda.

Recomb3faasn%t Expression and Purification

StreptococCas SPyavYenexscombinant pEctcdiem i awhaisa
coRosetta (DES3) strain (Novagen, Madi ¢dn, Wi
Recombinant colhoriueatwdr eiBpBé arbi of LBR)Jurbraot h s
with 50 Og/mL of ampicillin for 16 h at- 37 AC
inoculum was inoculated in 1 UmlLofofL Banbprioctihl |s
incubated at 37 AC/ 250 rpmraoawthl phaee cUODGO @
RecombSpangdfgadas9) expression was inducedb- by ad:q¢
gal actoside (IPTG), and the culture was incub
centrifugegtorat5 5mDA]J the supernatant was di
resuspended in 25 mL o0PQ65HkpsSHMBi. Od i nagn dB uNfafCd r &
Bacteria |ysis was performed through sonicati
OFF, withoé& tO6t ami ntameamplitude 20%. T©Gher cel |

30 min at 4 AC, and the s uSpearsnia tweanst cforl d cetcitoend .
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For t he pWwrgiafsioc a t6iNohA @iffi sNBi nd Resin (Millipor
was -warsehed with 200 mL of 61T His Binding Buffer
|l ysate was | oaded into the colupPn@ ab0 wdMshéedp
8.0, NacCl 500 mM, and i mid®&fals®,2A2mkvhL. 0T o 6&IHL
BuffeePQ@ N8B mM at pH 8. 0, NaCl 500 mM, and i m
floawrough was <coll ect®flas dl,o tdleetakitatt gk Wpeus wif a
into an AhbcC@enUttfagadf fFi 11t0e0r kUDai)t ((Miultl i por ¢
1T Phosphate Buffer Saline (PBS) 2R®7 1mM7Na®I ,
KHPQ@ at pH 7.4). The protein was quantified 1

glycerol at 120 AC.

CRI SPR sgRNA DesngiCl emd aQRl 3RR ay

The sgRNA deBi BAhRL ftPob Stsa rpgeertf or med using CRI SP(
(https:/ /[ cri,s paocrc.egsis. udcastcé PeldouT/Mar e g RANA25 wWef e chec
to thei-MatMoaseneof fi ciency scores, which better
SgRNAs triann sy@i.rboefTche sgRNAs di splaying the hi
scores were chosen from the given [|ist voftroa
cleavageDasBnrniysf [ yattehé oDNAatcdhmplgRNA was gener
20 mM of each sgRNA primer, 20 mM BS6 pri mer,
(Table IThe DNA templates wereimheairtamsed i fpdri osng

a Hi €7 bui ck High Yield RNA Synthesdins vKittr o(
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cleavage assay r eSafcatsi9o npsr,ot7e.i8,Og 50f ntgheofr | i n
(containing the sequences targeted by tvheéraaco
transcribed sgRNAs were incubated at 37 AC foa
MgGl 50 mM phosphate buffer at pH 7.5). DNA fr
DNA Clean and Concentrator KkKitSfaymo &ResgRNAhh
nosipeci fic SgRNA were Ubedraachiegmat pvedwecoing r

el ectrophoresis on a 1.5% agarose gel

Protoplast | solati on

Protoplast isolation was pe&]Jf,orwietdh amod®rrfdii cnagt i
t aeldla was harvested-wahd DngebBat ecdh iSml Qelilon 1 (
1. 5 %, Macerozyme R10 0. 4%, ME S;1D0 miiy aManpiH t B .
mM, and Bovine Serum Al bumin 0.1%) or CWDS2 (
media) following the proportion of 1:5 (wet t
incubated in a 150 mm petrirediismh & orroc3kionrg 1pél
rpm. After incubation, the protoplasts were f
St. Louis, -ddisaAh.wadadewpehed with 5 mL ol2%5 sol
mM, NaCl 154 mM, KCI 5 mM, and MES 2 mM at pkh
final concentration of 0.5 PTMM) to recover t
again through the#hsoeghfidag.re@hé wiFleevand 45 (
strainer s, respeéethirwealgyh. wlalse csegficoarn d5ufgheatw a tn 3¢

bottom glass tube. After centrifugati on, t he
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resuspended in 5 mL of MMG21llbu fnfMgr a(nMa nvEiSt o4l  nbN

5.7) diluted with 11 PTMM media (to a final c

F oA. fraskei ET was harvested and incubated in
released protoplasts were filtered twice throc
flowrough was caghori Sumed fhor 406611 pelleting.
5 mL of MMG buffermgfocebBtmi hugaddatedO86pended
For protoplast purification, the 2 mL protopl
mL of 0.6 M sucrose sofgfudrn o, ,miam.d Tchee tpri dtuogpelda
phase) was coll ected and mixed with 5 mL of
40@fFor 5 min. The supernatant was removed, an.

either MMG or W5 solution.

Protopl ast sampl es wer e a nsad ayrereidn gu smin@r oa&arc o

Ober kochen, Germany) , and the protoplast <conc
ThR. tpareodtaopl ast viability was assessed using
h of incubation under CWDS, i sol ated protopl e
solution and incubated for 5 mine adb sreorome d eunyg
Uv | ight using a micromicope, bpndalvcabating W

fluorescent protoplastA. obpaséopl astatVviabuhtt:
i mmedi ately after protopl ast transfectR.on, f o

t aepdracot opl ast s.



CRI SPPRP Transfecti on

For RNP assef@glhg9 a0dO@00ofdgr of the sgRNAs wer
and incubated f orP.eittaheedra 20 hnmian fHt7aaE de® o@r i be
other 23@&ci €RKRNBPsR (100 OL) were added to 1 mL
10cel |l s), and t-Gémollutti omh OPEBEGOO mMMO %magcgalt ol
mM) was added. The transfection reaction was
transfection reaction wadéd.whshMdammii tt vl 4560 mbM,

mM, and MES &#. miflaesdd uWi o(n, and the pragtopl ast

5 min. The supernatant was discarded, And pro
fraseor PW5t)desdoal uti on. The protoplasts were ¢
conditions, and the supernatant was discarded

either regeAerfat abm2imedS,a  mg/ L NAA, 0.3 mg/l
M Mannitol ) ®&r Yaeddleuttiroamns(f ected protAopl ast s
fraseon P72t)hei¢ha t he dar k at room t efAnpgeujaa uS %

Protoplasts tr aGasMWw3gst&ndd wldH?2 0p UsCele9et us edanad ne
transfection control s, r epsopse cttiivvee | p/r. o tTohpel apd rs«
amount of protoplasts after 16 h provided a r

excitation and eend swemwea NAa¥Fehmngmdhs4d@a® to 543
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https://www.mdpi.com/2223-7747/14/7/996#B20-plants-14-00996
https://www.mdpi.com/2223-7747/14/7/996#B42-plants-14-00996

CRI SPrRi ven Gene Editing Anal ysi s

To detecdr CRe®SPRut ati ons, the genomic DNA fro
was extract®8NAwPt BntQuse&d Miniprep Kit (Zy mo
oPt PAhAIf PD8re amplifieldi onaltiht yQS5DNHAI gFhol y mer as e
Bi osci enAfePsB)BRIt PAmBp|l i cons were purified with D
kit (Zy md Bseesgeuaerncched by amplicon deep sequenc
results were analyzed with GeneiouosuPrimgEat®
Cas9 cleavage sitesdmwieren crontsa tdiee et iICRY SPRRI S
was calculated by dividing the number of edit

mapped to the target regions.
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Suppl ementary Figures

Screening of monolignol target gene families for
improved wood properties
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Figure S1.Screeningdf monolignoltargetgenefamiliesfor improvedwood properties.

We assessed the effect of CRISP&sed knockout targeting on monolignol gene families and
evaluatedheir impacton lignin contentusingour establishegredictivemodelfor monolignol
biosynthesis (Wang et al. 2018; Wang et al. 2019; Matthews et al. 2020, 2021). This screening

aimed to identify gene families that can potentially improve wood properties.
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PtPAL cds fragment
583 bp

Fi g&Rledent i Hti Rgabtn e@ornii attaseadnd@@R|1 SPRRMA si gn.

The 583 bp amplicon &ftPALgene was sequenced through Sanger. (A) Sequencing results were
aligned with ClustalW with th&tPAL sequence deposited on Genebank (Accession Number:
U39792.1). Sequences highlighted in black are completely aligned, in gray partially adigded,

in white arenot aligned.(B) Schematic representatiar the PtPAL 583 bp amplicon, aligned

with the two identified variants in (red), where SNPs and deletions are represented under the faint
positions. sgRNA positions are representedhe squares colored by blue (sgRNA1), yellow

(sgRNA2), green (sgRNA3), pink (sgRNA4) and orange (SgRNADb).
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(A)

MM 1 2 3 4 5 6 7 8 9 10
a0kb
3.0 kb
20kb
15kb
10kb
0.5 kb

(B)

3.0 kb
2.0kb
1.5kb

1.0kb

0.5 kb

Fi g $BEGRI SPRI N il enaagaeys.

(A) Electrophoretic analysis of the cleavage assay reactions targ&fiAdLafter 3 h incubation,
where (MM) represents molecular marker; (1) negative control without Cas9 and gRNA; (2)
negative control without gRNA,; (3) negative control without Cas9; (4) positive control reaction
with Amp_gRNA; (5) gRNAL1 reaction; (6) gRNA2 reamt; (7) gRNAS reaction; (8) gRNA4
reaction; (9) gRNAS reaction; (10) negative control with a scramble gRNA. (B) Electrophoretic
analysis of the cleavage assay reactions targ&fRdpS after 3 h incubation, where (MM)
represents molecular marker; (1) negative control without Cas9 and gRNA; (2) negative control
without gRNA; (3) negative control without Cas9; (4) positive control reaction with Amp_gRNA;
(5) gRNAL1 reaction; (6) gRNA2 reaction; (7) gRNA3 reaction; (8) gRNA4 reaction; (9) negative

control with a scramble gRNA.
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Figure S4.Protoplastposttransfectiorrecoveryin MMG andPTMM medium.

P. taedaET-isolated protoplasts of 2063 line were transfected with a reporptasmid and
incubated for 16 hours in MMG (A and B), PTMM medium (C and D). Protoplasts were observed

in bright field (A and C), and in UV light (B and D) for assessment of transfeefilciencies.
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(©)

gRNA4 targeting site PAM
Reference S TC TGGGAGGAGTGAATATTT 3 %
S5TCTGGGAGGAGTGA TT 3 0.02
S5TCTGGGAGGAGTGAATA TT 3 0.01
S5TCTGGGAGGAGTGAA TTT 3 0.01
STCTGGGAGGAGTGA TATTT 3' 0.005
S5 TCTGGGAGGAGTGAAT TTT 3' 0.005
S5TCTGGGAGGAGTGAA TT 3' 0.005

Figure S5.CRISPRmediatedAfPDSknockout through RNP transfection of fofiginated

protoplasts.

A. fraseri protoplasts of 5D025 line were isolated, anttansfected with CRISPRNP
complexes targeting different regions APDSgene sequence. Additionally, protoplasts were
transfected with pUCX&FP reporter plasmid. After 16 hours of transfection, protoplasts were
observed under bright field (A), and UV light (B), for assessment of transfection efficiency.
Samples transfected thi CRISPRRNPs were analyzed through amplicon deep sequencing.
CRISPRassociatedAfPDSvariants were observed for samples transfected with sgRNA4 (C),
where basepairs highlighted gray represent the PAM sites, in red deletions, and green base

exchanges.
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(A) (B)

Fi g&bessesomeont ovp ladbis@ti daeda

After 16 hours of incubation for celvall digestion, protoplasts isolated from P. taeda ET masses

were stained with FDA and observed under UV light.
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Figure S7.Schematic representation of step procedures feortginated protoplast CRISRR

RNP delivery.






































































































































































































