ABSTRACT
SULIS, DANIEL. Genetic Regulation and Multiplex Genome Editingvionolignol
Biosynthesis for Enhanced Wood Properties and Applications in Forest(Uress the
direction of Dr.Jack Wany

Wood has long been used for structural materials and bioproducts and can be explored as
a potential source for biofuels. Wood properties are, in part, conferred by lignin. Lignin is an
aromatic polymer resulting from the oxidative polymerization of threénrhydroxycinnamyl
alcohols (monolignolg)-coumaryl, coniferyl, and sinapyl alcohols. The monolignols biosynthesis
pathway has been extensively studied in the past decades, but many aspects of its regulation remain
unknown.

In this work, we investigad and performed a literature review of the genetic regulation
mechanistic of lignin biosynthesis at transcription and-pasislational levels. We also provided
perspectives on how the genetic modification of plant feedstocks and microbes can be used to
increase lignocellulose deconstruction capability and generate industrially relevant products such
as biofuels and green chemicals.

Further, we have performed an integrative systbas®ed approach using advanced
machinelearning algorithms and CRISPR teology to generate machidearninginformed
concurrent multiplex genorrediting strategies to maximize wood conversion efficiency into
bioproductsPopulus trichocarp&RISPRIines generated in this present work showed significant
improvements in wood qual, resulting in increased fiber production anghprecedented
operational efficiencies and sustainable bioeconomic opportunilés also dveloped a
transgendree CRISPRCas9 genomediting systemusing Populus trichocarpaprotoplasts.
Transgendree CRSPRedited lines regenerated from edited protoplasts azrelerate the

developmenof trees with enhanced traits and mitigate public and environmental safetgrns



about genetically modified organism$ét opens great to create sustainable bioeconomy

opportunities and address threatening issues like climate resilience, forest health, and conservation.
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Chapter 1

Introduction

Wood composition and itsapplications

Trees play an essential role in maintaining the stability of earth systems by retaining water
(preventing flooding), preserving diverse ecosystems, and limiting greenhouse gas emissions.
Some woody genera suchRspulus EucalyptusandPinusare also valuable sourcesstfuctural
materials (e.g., timber), bioproducts (e.g., pulp atiterfibers), and biofuels for the economy
(Dubouzet et al., 2013; Li et al., 2014b; Bewg et al., 2018; Parsons and MacKay, 2018; Wang et
a., 2018b; Jang et al., 2021)ue to climate change, the world is moving toward sustainable
sources for fuels and products, making wood one of the promising feedstock sources to replace
fossil fuels andlerivativesBombeck et al., 2017; Beluns et &021)

Wood is the secondary xylem of vascular plants, which consisttlefisttwo types of
cells: fibers, which provide mechanical support, and tracheary elements composed of vessels (not
found in gymnosperm wood) and tracheids (found in both angiosged gymnosperm) for water
and solutes transpdiPemura and Fukuda, 2007; Novaes et al., 20l9gxylemtissue is formed
from the terminal differentiation of the inner side of the cambial meristem for vertical and
horizontal transport of water, nutrisnand extractive@Novaes et al., 2010\Wood properties are
determined by the secondary cell wall (SCW) structure and compoastitibesecondary xylem
(Novaes et al.,, 201085CW is mainly composed of cellulose, hemicelluloses, and lignin, in
differentratios of these constituenfki et al., 2011; Ye and Zhong, 201%) the past decades,

lignin biosynthesidhas attracted attention because of its fundamental role in regulating cell wall



formation and the consequences in wood chemical and phpsagaties (Novaes et al., 2010;
Wang et al., 2019)Remarkable achievemertisave been mad® understad the biosynthetic
pathway for lignin, including the identification nfonolignol biosynthetic enzymes, peroxidases,
laccases, and other regulators like s@iption factors (TFs), kinases, roading RNAs, and

others.

Lignin biosynthesis

Lignin servesmany important functions in treesThe polymerprovides mechanical
strengthand elasticityto support treethat carweigh more thar2,000 metric tongNovaes et al.,
2010) It also provides hydrophobicity to the plant cell walls and enables tkatsport to heights
greater than 100 r(Novaes et al., 2010; Fromm, 2018)gnin forms a physical and chemical
barrier that helps the trees to resist pathaged pest infection®/ance et al., 1980)

Lignin is an aromatic polymer resulting from the oxidatigelymerizationof three main
hydroxycinnamyl alcohal(monolignols)p-coumaryl, coniferyl, and sinapyl alcohdBoerjan et
al., 2003; Vanholme et al.020; Wang et al., 2018b)Vhen incorporated into the lignin polymer,
these monomers are converted imgdydroxyphenyl (H), guaiacyl (G), and syringyl (S)
phenylpropanoidsubunits, respectivelyBoerjan et al., 2003)The process of lignification
encompasss three major biochemical steps: The biosynthesis of the monolignols in the cytoplasm,
transport of the monolignols across the cell membrane to the apoplast, and the oxidative
polymerization of the monolignols to form the lignin polymer in the cell walls et al., 2014)

The biosynthesis of monolignols is comphlaxd regulated by a network of substrates and
inhibitors in the conversion of phenylalaniaetyrosineto monolignols The reactions proceed
stepwise through modifications of the phenyl ring and reduction of the propanoid side chains to

produce the monolignol®ang et al., 2019)he biosynthesis of monolignol involvasleastl1



different enzyme families and 24 metabolit€se 11 enzyme failies encompass phenylalanine
ammonialyase (PAL) cinnamate 4hydroxylase (C4H),p-coumarate CoAigase (4CL),
shikimate hydroxycinnamoyl transferase (HCi¢oumaoyl shikimate 3hydroxylase (CB),
caffeoyl shikimate esterase (CSE)caffeoytCoA-O-methyltransferase (CCoAOMT),
coniferaldehyde #hydroxylase (CAId5H), 5-hydroxyconiferaldehyde O-methyltransferase
(AldOMT), cinnamoyWCoA reductase (CCR), and cinnamyl alcohol dehydrogenase (CAD)
(Vanholme et al., 2013; Wang et al., 2018b)

The first two stepsf monolignol biosynthesishift from primary to secondary metabolism
and involvePAL and C4H enzyme familie®AL is the first enzyme family in lignin biosynthesis
and mediates the deamination mienylalanine (or tyrosine in grasses mediated by tyeosi
ammoanidyase; TAL) and consequently, conversion to cinnamic éRitbery and Northcote,
1968) The second step is the hydroxylation of cinnamic aciok¢doumaric acid, mediated by
C4H, a family of cytochromB450C4H enzymeg¢Batard et al., 1997 Alternatively, tyrosine can
be directly converted ip-coumaric acid by tyrosine ammoaiyase (TAL) (Maeda, 2016)
However, this is mainly restricted monocot grass family Poace@arros and Dixon, 2020)

For the biosynthesis of all monolignols (H, G, and!®),carboxylic acid has be reduced
and, particularlyfor G and S monoligno)sthe aromatic ring methoxylated. Reduction of the
carboxylic acid moiety proceeds via 4CL, CCR, and @ABdiated enzymatreactionsresulting
in thesuccessig productiorof CoA-thioester, aldehyde, and alcohol (monolign@i&nholme et
al., 2019) Reduction ofp-coumaric acid tg-coumaryl alcohol is the shortest path &salds to
the formation of Hmonolignols However H-monolignol is not abundant in gymnosperms and
dicotyledonous rgiosperms, but is predominantly formed in lignin of monocotyledonous

angiospermgBonawitz and Chapple 2010)



Thereactionsteps towards G and S monolighabsynthess involvethe hydroxylation of
the aromatic ring bywo cytochrome P45@nzyme familis (CYP450s; C3H and CAld5H) and
methoxylation via O-methyltransferases(CCoAOMT and AIdOMT). One interesting
characteristic in the monolignol biosynthesis pathway is the HCT activity. Thygnentamily
catalyzes the coupling gfcoumaroyCoA with shikimate to producp-coumaroyl shikimate
Following this step,hite hydroxycinnamoyl moiety gi-coumaroyl shikimate is hydroxylated by
C3Hto produce caffeoyl shikimaterhich is thereithertransesterified by BT to release caffeoyl
CoA or cleaved by caffeoyl shikimate esterase (CSE) to release caffaades et al., 2016;
Vanholme et al., 2019)From a biochemical perspective, thecurrence D shikimate ester
intermediates is not neededr fthe monolignol biosynthesis and could be a waste of energy.
However, these intermediates are now recogrézetihe preferred substrates felny&iroxylation
by C3H (Vanholme et al., 2019)Thus, the activity of HCT, C3H, and CSE over $ikimate
esterintermediategould be an escape to bypass the hydroxylatignaafumaric acid.

Several monolignol enzyme families (e.g., C3H3, C3H, CCRD, HCT, CCoAOMT,
AldOMT, and CAId5H) have multiple substrates in the monolignol biosynthesis pafkivieang
et al.,2018b) The pathway has a grike structure,where the metabolic flux can flow via

different parallel routes toward G and S monoligr{planholme et al., 2019)

Lignin content and composition

Lignin content varies drastically among species. For example, lignin content in softwood
(gymnosperms) species varies from3&®0, while the hardwood (angiosperms) species varies
from 1825% (Sharma and Saini, 2020pue to the absence of the CAId5H enzytamily in

gymnosperms, the lignin composition also distinguishes between softwood and hardwood species.



Gymnosperms lignin is predominantly composed e$uBunits, whiledicotyledonouswvoody
angiospermgsy S and Gsubunits(Bonawitz and Chapple, 2010; Fnon, 2013; Skyba et al.,
2013) In addition, lignin changes among cell layers and types. In angiosperms fibers, the middle
lamella is rich in Gsubunits, and theay secondary walls contain a high proportiorsefubunits
(Skyba et al., 2013)

The content md composition of the lignin polymers are combinatorically modulated by
developmental and environmental stim{@hong et al., 2009; Sulis and Wang, 202Dyring
xylogenesis and pathogenmediated responses in woody plants, the lignification process is
regulated at the transcriptional level by TFs, pimahscriptionally by alternative splicing and Ron
coding RNAs (ncRNAs), and pestanslationally by proteuprotein interactions and chemical

modifications(Wang et al., 2018a; Sulis and Wang, 2020; Zharad €2020)

Regulation oflignin biosynthesis

Although the lignin biosynthesis metabolic pathway is extensively studied, many aspects
of its regulation remain unresolve@hang et al., 2020)In recent years, new molecular
mechanisms have been identifeeslkey regulators of the lignification process in plants.

The monolignol genes involved in wood formation are mainly expressed in xylem tissues
(Shi et al., 2010; Shi et al.,, 201@J tree species. The xylespecific expression of lignin
biosynthetic gereis associated with the presence of¢h elements in the promoter of most of
these genes. Mutations of the-elements can disrupt the xylespecific expression of these
genes, indicating that the Ach elements coordinate the spataiporal expresion oflignin
biosynthetic genem the lignifying tissues(Zhong and Ye, 2009 SCW formation isontrolled

by a transcriptionalregulatory network of TFs(Li et al., 2014). SeveralR2ZR3MYBs and



NAM/ATAF/CUC (NACs), wood associated NAC domain (WNDs), amibod Bellike
homeodomain proteifWBLH) TFs that regulate lignin biosynthesis have been identifi€ihns
EucalyptusandPopulusspecies. Some of these TFs are either directly or indirectly involved with
the tlansactivation or transrepression of lignin biosynthetic genes, inclidihdPatzlaff et al.,
2003b; Patzlaff et al., 2003a; Legay et al., 2010; Tian et al., 2013; Li et al., 2015; Yang et al., 2017;
Gui et al., 2019)C4H (Legay et al., 2010; Tian et a013; Li et al., 2015; Yang et al., 2017; Gui
et al., 2019)4CL (Goicoechea et al., 2005; Zhong et al., 2009; Tian et al., 2013; Li et al., 2014a;
Wang et al., 2014b; Li et al., 2015; Gui et al., 20CBH (Patzlaff et al., 2003b; Goicoechea et
al., 2005; Legay et al., 2010; Tian et al., 2013; Li et al., 2014a; Wang et al., 2014b; Li et al., 2015;
Yang et al., 2017; Gui et al., 2019)CT (Goicoechea et al., 2005; Wang et al., 2014b; Li et al.,
2015; Yang et al., 2017; Chen et al., 2019 0AOMT(Patzaff et al., 2003b; Goicoechea et al.,
2005; Zhong et al., 2009; Legay et al., 2010; McCarthy et al., 2010; Wang et al., 2014b; Li et al.,
2015; Yang et al., 2017; Gui et al., 2018AId5H (Goicoechea et al., 2005; Legay et al., 2010;
Tian etal., 2013; #ng et al., 2017; Chen et al., 2019; Gui et al., 2@AD (Patzlaff et al., 2003b;
Goicoechea et al., 2005; Legay et al., 2010; Tian et al., 2013; Li et al., 2014a; Wang et al., 2014b;
Li et al., 2015; Chen et al., 2019QCR(Patzlaff et al., 2003b; Gobechea et al., 2005; Legay et
al., 2010; Tian et al., 2013; Li et al., 2014a; Li et al., 2015; Chen et al.,,ZU3B)Chen et al.,
2019) andAIdOMT (Patzlaff et al., 2003b; Goicoechea et al., 2005; Tian et al., 2013; Li et al.,
2014a; Li et al., 2015¢u et al., 2017; Chen et al., 2019; Gui et al., 2019)

In addition to regulations at the transcription level, gomtscriptional regulation
significantly impacts lignin biosynthesis. Alternative splicing and ncRNAs of key regulators and
enzymeencoding gnes have been suggested as critical for lignin biosyntfiéisang et al.,

2020) In P. trichocarpa D40% of xylem-specificgenesare alternatively spliceZhang et al.,



2020) For example, the retention of th¥ titron of PtrWND1BPtrSND1by alternative splicing
compromised the DNA binding affinity of the TF and its transactivation ac{itgt al., 2012;
Zhang et al., 2020)Theloss of DNA binding and transactivation activitigfsthis TF impacts the
expression of lignifrelated geneand wood formatiofZhao et al., 2014; Zhang et al., 202i0)
addition, several microRNAs (miRNAs) anohlg noncoding RNAs (IncRNAsyere identified

as regulators of genes involved in lignin biosynthesis, such as laccases and monoligndlugenes
et al, 2013; Chen et al., 2015; Zhang et al., 20ZIH)en et al. (2015) identified a network of
interactionsamong IncRNAs, miRNAsand mRNAs suggesting that ncRNAs have a functional
role in wood formatiorfChen et al., 2015)

At the posttranslational level,proteinprotein interactions have been successfully
identified as important regulators in the lignin biosynthetic path(¥wang et al., 2018a)
Monolignol enzymes can either interact directly with each dhgr, Ptr4CL3Ptr4CL5, PtrC3H
PtrC4H, At4CL1AtC3H, At4CLL1AtC4H, and AtCCR3AtC4H interactions)Chen et al., 2011,
Chen et al., 2014; Gou et al., 2018; Wang et al., 20di8adirectly by common mediators.(.,
AtC3H-AtMSPBs, AtC4HAtMSPBs, ACAId5h-AtMSPBs interactions(Gou et al., 2018)In
addtion, monolignol biosynthetic enzymes can interact with proteins in other biological pathways
(e.g., OsCCRDsRacl, ZMCCoAOMT/ZmHCGEmMRp1 interactionsiKawasaki et al., 2006;
Wang et al., 2015; Wang and Balikurti, 2016) These interactions affette metabolic flux
through the monolignol pathwayeither changing the metabolic activity or improvitite
homeostatic propertied the pathwayWang et al., 2018a)n P. trichocarpa PtrC4H1, PtrC4H2,
and PtrC3H3 can form a mujtrotein complex that results in altered enzyme function and

regulation of 4and 3hydroxylation activities in monolignol biosynthe¢{Shen et al., 2011Yhe



interaction between Ptr4CL3 and Ptr4CL5 incesathe metabolic network's stability by 22%
(Chen et al., 2014; Naik et al., 2018; Wang et al., 2018a)

Another trending topic in lignin biosynthesis regulation is fi@stslational modifications
(PTMs). These modifications have a diversity of regulatiomyctions, and they are deeply
associated with transducing developmental and environmental signals to regulate lignin
biosynthesigSulis and Wang, 2020PTMs have been identified in several classes of proteins
involved in lignification, such as monolighmiosynthetic enzymes, TFs, and kinases proteins. The

newest discoveries and insights of PTMs in lignin biosynthesis are descriBbdpiter 2.

Genome eliting technologies taeenhancewood traits in trees

Lignin is a major barrierto theefficient extraction of cellulas fibers for pulp and paper
production.For the bioenergy industries, lignin is a barrier to saccharification for liquid biofuel
production(Li et al., 2003; Chen and Dixon, 200The carbohydratégnin complex formed in
the SCW and thestructural heterogeneity of the lignin polyntienits theaccess of enzymes and
microbes to the cellulose and hemicellulofasseparation of lignin fronthe polysaccharide
components of woofBaucher et al., 2003; Simmons et al., 20H0;and Ragauskas, 2012; Li et
al., 2014b; Straub et al., 202®arsh chemical treatments have been applied to woody feedstocks
to extractlignin prior to the valorization of the cell wall polysaccharig€hanoca et al., 2019)
but the process is energy intensive and requires toxic cher(iig&iss et al., 2015; Falade et al.,
2017)

Due to climate change, renewable and sustainable biomaterials are gaining attention to
replace petroleurbased fuels and produdtsang et al., 221; Poovaiah et al., 202However, to

meetthe world's demands for sustainable-based products and fueligjnocellulosic feedstocks



with novel traits, such anhancedavood propertiesvith reduced lignin content or change in lignin
composition, areeeded. Convention&leebreedings not a solution for tree improvement in the
face of climate changgue to the long generation cyclefofesttreesthat may take decadds
contrast, gname editing techniques, such @histered Regularinterspaced Bort Palindromic
Repeats (CRISPR), cagnificantlyaccelerate the genetic enhancing of ti@segmann et al.,
2019)

CRISPR has revolutionized the genetic improvement of organisms across the tree of life
(Lino et al., 2018) CRISPR is an adaptive immeisystem against invasive genetic elements in
prokaryotes such as viruses and plasr(fiddle and Barrangou, 2018)RISPR genomic locus is
organized as an array of repeated sequences interspaced by variable sequences called spacers. The
spacers are deridefrom invasive genetic elements and provide a genetic record of previous
infections, forming the basis of adaptive immunity from future infections by the same genetic
elementgShivram et al., 2021)

The CRISPR locus is flanked by coding sequences (CiD8) €ERISPRassociated (Cas)
nuclease proteingHorvath and Barrangou, 2010; Shivram et al., 202Zhe CRISPRCas
immunity in prokaryotes works in three main steps: Adaptation, biogenesis (expression), and
interference.In the adaption step, the Cas integg proteins incorporate the invasive genetic
elements as spacgequences into the CRISPR arraybiogenesis, after a second infection of the
invasive genetic elements, a long precursor transcript from the CRISPR array is cleaved within the
repeat sequees. The mature CRISPR RNA (crRNA) contains the spacer region and a patrtial
region of the repeat sequences. At the interference step, the mature crRNA and Cas protein are
complexed together in a ribonuoperotein complex (RNP), and the crRMNjAided RNP cmplex

recognizes a specific site in the invasive genetic elements by complementapaiviage The



basepairing between the invasive nucleic acids and the crRNA in the RNP complex triggers the
Cas nuclease activity in cutting the invasive genetic elesriard sequenegpecific manner via
recognizingthe protospaceadjacent motif (PAM)Shivram et al., 2021)

The mostcommonclassificationof CRISPRCas systems consider the repertoircCab
genes, the sequence similarity between Cas proteins, andntipesition and architecture of the
CRISPR locusBased on these criteria, CRISPR sysiean be classified into two main classes
(land II), which are further sutlassified irto 6 different types ¢1V), and 19 subtype@iohanraju
et al., 2016)Class| includestype I, lll, and IV, and class |l includestype Il, V, and VI.
Typel, I, andV systemsecognizeandcleaveDNA, type VI canedit RNA, andtype lll edits
both DNA and RNA (Liu et al., 2020) CRISPRCas class| systemsare consideredthe
evolutionaryancestralCRISPRsystemandarepresenin bacterisandarchaegMohanrajuetal.,
2016) Theclassl systemgypically containmultiple effectorCasproteinssubunitgfour to seven).
Someof the effectorsform crRNA-binding complexes(suchasthe Cascadecomplexin type |
systemsj}hat,with contributionsfrom additionalCasproteins mediatepre-crRNA processin@nd
interferencdo form aneffectorcomplexagainsinvasivegeneticelementg§Mohanrajuetal., 2016;
Makarovaet al., 2020) Classll systemscontaina single multidomainCaseffector protein and
aremostlyfoundin bacterialMohanrajuetal., 2016)

Themostwell-knownCaseffectoris Cas(Typell), whichis anRNA-dependentuclease
proteinwith two signaturedomains(HNH and RuvC) that are responsible for the cleavage of the
DNA strand complementary to the crRNA and the displacement strand, respgdtiobbnraju
et al., 2016; EMounadi et al., 2020)Several CRISPR type Il systems, such as CRISBS§9,
requre a transactivating CRISPR RNA (tracrRNA) in addition to the Cas9 effector protein and

crRNA. The tracRNA is composed of stdoops structures and complementary sequences to the
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crRNA repeat sequences (amtpeated sequences) crRNBhylinski et al., P14; Chyou and
Brown, 2019) The antirepeat sequences are essential for the formation of an RNA duplex
structure through complementary bgsering in between the tracrRNA and the crR{@hylinski
et al., 2014; Chyou and Brown, 2019yhile the stemoops favor the Cas9 binding to the
tracrRNA:crRNA dupleXChylinski et al., 2014)

The extensive molecular characterizationand relative simplicity of CRISPRCas9
comparedo othertypesmadeit an idealsystento bereprograme@sa genomeeditingtool. Jinek
etal. (2012)showedhatby engineeringhetracrRNAandcrRNA in asingleguideRNA (sgRNA),
the Cas9can be guidedto targetand cleaveany doublestrana&dd DNA (dsDNA) sequenceof
interest(Jineket al., 2012) CRISPRCas9 recognizes DNA sequences through RDMA base
pairing in any genomic sequence that contains an NRAGI, and generates blweind DNA
doublestranded breaks (DSBs) at the target siteshigher eukaryotesheé DSBs are mostly
repaired by norhomologous end joining (NHEJ), which introduces insertideletions
(INDELS) mutations that may result in les&function of the target gend&illes and Averof,
2014; Sander and Joung, 2014; Selle and Barrangou,.J@Gt§eted mutagenesssa key genome
editing application of CRISPRas and has been successfully demotestrin woody plants
including Populus(Fan et al., 2015; Zhou et al., 2015; Wan et al., 2017; Yang et al., 2017;
Elorriaga et al., 2018; Bruegmann et al., 2019; An £28R0; De Meester et al., 2020; Tsai et al.,
2020; Wang et al., 2020; Jang et al., 2021; Kerwin, 202&yea(Fan et al., 2020)Eucalyptus
(Dai et al., 2020; Elorriaga et al., 202R)nus(Poovaiah et al., 2021andParasponiaVan Zeijl
et al., 2018)

Only a few studies have employed CRISPR technology to edit lignin genes in forest trees

(Zhou et al., 2015; De Meester et al., 2020; Tsai et al., 2020; Jang et al.,IB02tEntyears,
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most studieghat target the perturbatioof monolignol biosynthgis have been predominantly
carried out using RNA interference (RNAi) artificial microRNA (amiRNA) Wang et al. (2018)
generated 2,000transgenid. trichocarpashowing varying degrees of gene dewegulationfor

21 monolignol biosynthetic gené¥/anget al., 2018h)Transgenic lines with severe changes in
lignin content(reductions up t&7%) and compositiorup to 36(0% increasen S/G ratio). The
lignin alterationgesulted in significanimprovements irpulp productivity (For more details, see
Chapter 4), saccharification efficiencyWang et al., 2018b)and biomass deconstruction for
conversion to biochemica($traub et al., 2019; Straub et al., 2028pwever, gene suppression

at the mRNA level (knockdowrgoes not confer permandossof-function of the target genes
(Boettcher and Michael, 2019n plants gene suppression relies the expressiorof RNAI or
amiRNA that, after processed by the plant cell machinery into siRNasgpair with target
MRNAs for degradation armaftenresults inunpredictable and unstable outcon{8enthitKumar

and Mysore, 2011; Bewg et al., 201Byr example, the degree of gene silencing may show drastic
variations among the transgenic lines, which makes necessary the screening and characterization
of a large numbreof transgenic lines to observe the desired (ganhthitKumar and Mysore, 2011;

Tsai and Xue, 2015Monolignol genes are typically expressed in excess to what is needed for
lignin biosynthesigShi et al., 2017; Zhang et al., 2028@hd the residualx@ression of the down
regulated gene(s) is often sufficientgostainlignin biosynthesisin addition, many oftargets

have been attributed to the RNAIi or amiRNA resulting in indirect effects. Computational analysis
predicted that 500% of Arabidopsisgene transcripts have potential -tdfget effects when
silenced. These cthrget effects were experimentally confirmed for up to 50% of théaofkt
predicted genefXu et al., 2006)On the other hand, CRISPRaspreciselyedits target genes at

the gmome level, and mutant lines can be generated with a completffasxction of the target
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gene(s).Therefore, CRISPR technology offers gezatdvantages and opens many opportunities

for the enhancement of wood traits.

Integration of multi -omicspredictive models and CRISPR tamprove wood traits

The perturbation of monolignol biosyntieegenes is often associated with adverse plant
growth and development. Thimwnregulationof several monolignol gene family members has
been associated wittwarfism or collapsed vessel elemenimiting the industrial applicationf
these genetic approachgseeChapter 3 for more details Combinatorial perturbations in the
expression ofmultiple genesare necessary to either alleviate adverse plant growth and
development or maximize the improvements in wood t(sang et al., 2018b)n P. trichocarpa
the monolignolpathway has at leag3 enzymeencodinggenes, offering 2.58 10?2 potential
combinations of gersethat could be targeted for concurrgrarturbation Thelarge number of
possibilities makes itmpossible to tesevery gene combinatioto find the bestperturbation
strategiegor improving wood quality while minimizing growth defects.

The complexity of monolignol biosynthesis limits convenal hypothesigiriven
approaches to quantitative prediction of how pathway gene perturbations affect wood and fiber
properties, biomass deconstruction, and plant growth. Approaches such as GWAS and QTL
analyses have been used to understand the genesatssavith phenotypic changes. However,
these analyses embrace only singlgers of biological information (e.g., genomics) and do not
considerthe complex layers of biological regulatiotieat mediatelignin biosynthesis, such as
transcriptional, postranscriptional, angbosttranslational modificationMatthews et al., 2020,
2021) To better understand the systelagel regulation of monolignol biosyntheses, multk

omics integrative model of the pathwayRn trichocarpawas constructed(Chen et al. 2014;
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Wang et al., 2014a; Chiang, 2016; Wang, 2017; Wang et al., 2018b; Wang et al., 2019; Matthews
et al.,, 2020, 2021)The model describes the quantitative relationships linking pathway gene
transcripts, proteins, metabolic fluxes, lignin, plant groW@h. ratio, andother wood properties.
The model was built usin@39 transcriptomes BgNA-seq 239 proteomes by.C-MS/MS, 220
wood chemistry datasets, and 236 enzymatic saccharification assays, measured from ~2,000
transgenic®. trichocarpawith abroad rang of variation of levels of expression in 21 monolignol
genes. Purified recombinant proteins from 21 monolignol genes were used to determine 207
reaction and inhibition enzyme kinetic parametemsstimatehe effects of protein abundances on
metalmlic fluxesand metabolite concentrationsll the informationwas integratedising either
multilinear regression (Model Version {JVang et al., 2018bdr advanced machinearning
algorithms(Matthews et al., 2021The model describes and predicts lahanging any individual
pathway gene, or combination of these genes affects protein abundance, metabolic flux, and 25
lignin and wood properties, including lignin content and linkages, carbohydrate composition and
content, density, and growth.

The use ofmultiscalecomputational models to explore modifications to the lignin
pathwaycanresult in favorable ligninfiber,and bioenergy traits while avoiding farorable

phenotypic properties such as biomass pengdMesthews et al., 2021)
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Abstract

Posttranslational modification of proteins exerts essential roles in many biological processes in
plants. Thefunction of these chemical modifications has been extensively characterized in many
physiological processes, but how these maodifications regulate lignin biosynthesis for wood
formation remained largely unknown. Over the past decadeitnaostational modication of
several proteins has been associated with lignification. Phosphorylation, ubiquitination,
glycosylation, and itrosylation of transcription factors, monolignol enzymes, and peroxidases
were shown to have primordial roles in the regulatidigofn biosynthesis. The main discoveries

of posttranslational modifications in lignin biosynthesis are discussed in this review.

Keywords: lignin, lignification, proteins, PTMs, SCW, trees, wood formation
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Introduction

Wood is a biological composite @@ valuable source of feedstock for construction timber,
pulp and paper, and biofugd/ang et al., 2018b)Wood is composed of secondary xylem tissue
formed by secondary cell walls (SC\W¥romm, 2013)The secondary xylem consists of two types
of cells:fibers, which provide mechanical support, and tracheary elements composed of vessels
(not found in gymnosperm wood) and tracheids (found in both angiosperm and gymnosperm) for
water and solutes transpdRemura and Fukuda, 2003CW is mainly composed o€llulose,
hemicelluloses, and lignin, in different ratios of these constityenet al., 2011; Ye and Zhong,
2015)

Lignin is a phenolic polymer formed by phenylpropanoid monomeric unitsuaryl
alcohol (Hunit), coniferyl alcohol (@unit), and shapyl alcohol (Sunit), also known as
monolignols. The biosynthesis of lignin occurs in several consecutive reactions involving up to 11
different enzyme families and 24 metaboli(f@éang et al., 2019)The pathway is complex and
regulated by a network slubstrates and inhibitors in the conversion of phenylalanine or tyrosine
to monolignolgWang et al., 2014a)fhe monolignols are then transported to the lignifying zone
and oxidized by peroxidases and laccases to phenoxy radicatsal., 2014) Many dforts have
been made to elucidate the regulation of the lignin biosynthetic pathway. Transcription factors
(TFs) associated with lignification have been identifiedHmus (Patzlaff et al., 2003b; Patzlaff
et al., 20033)EucalyptugGoicoechea et al2005; Legay et al., 2010andPopulus(Karpinska
et al., 2004; Zhong et al., 2009; Ohtani et al., 2011; Li et al., 2012; Tian et al., 2013; Wang et al.,
2014b; Li et al., 2015; Yang et al., 2017; Chen et al., 2019; Gui et al., 2019; Zheng et al., 2019)
tree species. These TFs impart transactivation and transrepression of monolignol genes and other

TFs in complex hierarchical transcriptional regulatory networks. Some TFs associated with
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monolignol biosynthesis form proteprotein (TFTF) interactions thanay affect TRarget DNA
binding (Chen et al., 2019)Lignification is also regulated at the enzyme level. Monolignol
biosynthetic enzymes can directly interact with each other (e.g., P¥RG€4GL5, PtrC3H
PtrC4H, At4CL1AtC3H, At4CL1-AtC4H, and AtCCR3AtC4H interactionsjChen et al., 2011,
Chen et al., 2014a; Gou et al., 2018; Wang et al., 2@k8ajlirectly through common mediators
such as AtMSPBs (e.g., AtC3AtMSPBs, AtC4HAtMSPBs, AtF5HAtMSPBs interactions)
(Gou et al., 2018)n addition, monolignol biosynthetic enzymes can interact with proteins in other
biological pathways (e.g., OsCCRisRacl, ZmCCoAOMT/ZmHCGEmRp1 interactions)
(Kawasaki et al., 2006; Wang et al., 2015a; Wang and Balirti, 2016) These interactions ma
modulate enzyme stability, activity, and metabolic flux in lignin biosynthesis, increase the
biosynthesis of lignin in response to pathogen infection, and suppress plant hypersensitive
respons¢Kawasaki et al., 2006; Chen et al., 2011; Chen et al.,&2004ng et al., 2015a; Wang
and BalintKurti, 2016; Gou et al.,, 2018; Wang et al., 2018dpwever, the role of post
translational modifications (PTMs) in SCW fortiwe remains poorly understood.

PTMs are covalent processes that alter the propertiestefqady proteolytic cleavage or
addition of modifying groups to one or more amino a¢dMann and Jensen, 2003)ver 200
different types of PTMs have been identified, ranging from small chemical modifications (e.qg.,
phosphorylation and acetylation) tetaddition of complete proteins (e.g., ubiquitinatid@gltrao
et al., 2013; Spoel, 2018PTMs are essential for many proteins and can affect the localization,
stability, structure, activity, and molecular interactions of protéesisen, 2004; Wang at.,
2015b) In plants, PTMs are associated with plant growth and development, biotic and abiotic
stress response, and metaboli&atala et al., 2007; Mazzucotelli et al., 2008; Stulemeijer and

Joosten, 2008; Miura and Hasegawa, 2010; Friso and van @05) Phosphorylation of
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cellulose synthases and cellulose syntH&seproteins were identified to have essential roles in
regulating the activity and distribution of cellulose synthase complexes (CSCs) along microtubules
(Speicher et al., 2018The uliquity of PTMs and their diverse regulatory functions is indicative

of the complexity of secondary cell wall biosynthesis in general, and lignin biosynthesis in

particular(Table 1).

Table 1. PTMs of proteins involved in lignification

Detection of Effect of PTM Reference
Protein  Organism Types of PTM
PTM
P.vulgaris
PAL2 Phosphorylation
(French bean) In vitro Unknown (Allwood et al., 1999)
Phosphorylation
P. trichocarpa In vitro of PAL2 (Allwood et al., 1999;
PAL2 Phosphorylation
x P. deltoides decreases Km Cheng et al., 2001)
and Vinax
Phosphorylation
s of AldOMT2
AldOMT2 P.trichocarpa Phosphorylation
In vitro reduce enzyme (Wang et al., 2015b)
activity
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Table 1 (continued)

Phosphorylation
of MYB4
reduces the
In vitro MYB4- (Morse et al., 2009)
MYB4 P.taeda Phosphorylation transactivation
activity over the
lignin target

genes

Phosphorylation
activates RAI1 (Kawasaki et al., 2006;
RAIL O. sativa Phosphorylation
In vitro and increases Kim et al., 2012;

the expression Akamatsu et al., 2013;

of PALL. Nasir et al., 2018)
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Table 1 (continued)

LTF1

PAL1-4

P. trichocarpa Phosphorylation

A. thaliana

Ubiquitination

In vivoandIn

vitro

In vivo

Phosphorylation
reduces the
LTF1 stability
via 26S
proteasome anc
reduces the
LTF1-
transrepression
activity over the
lignin target

genes

Ubiquitination
reduces the
protein stability
via 26S

proteasome

(Gui et al., 2019)

(Zhang et al., 2013)
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Table 1 (continued)

CCR O. sativa

MYB156 P. tomentosa

Interaction of
OsCCR with
Scp)sFBKl
Ubiquitination

Untested reduces the

OsCCR
stability via 26S

proteasome

Interaction of
MYB156 with
UBC34 reduces
theMYB156-
transactivation
over the lignin

Ubiquitination
Untested

genes possibly

decreasing the
MYB156

stability via 26S

proteasome

(Borah and Khurana,

2018)

(Zheng et al., 2019)
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Table 1 (continued)

Interaction of
MYB221 with
UBC34 reduces
theMYB221-
transactivation
over the lignin
MYB221  P.tomentosa Ubiquitination
Untested genes possibly  (Zheng et al., 2019)
decreasing the
MYB221
stability via 26S

proteasome

S-nitrosylation
of VND7
decreases the

VND7-
VND7 A. thaliana S-nitrosylation

In vitro transactvation  (Kawabe et al., 2018)
activity over the

SCW genes
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Table 1 (continued)

VND7 protein

accumulates

VND7 A. thaliana Ubiquitination Untested upon treatment  (Yamaguchi et al.,
with MG 2008)
transformed

tobacco

cells
PXP16  P.trichocarpa Glycosylation
In vivo Unknown (Christensen et al.,
1998)
Glycosylations
change the PRX
PRX Z. elegans Glycosylation In vitro catalytic (Gabaldon et al., 2005;
efficiencies. Gabaldén et al., 2006;

Gabaldédn et al., 2007)

Phosphorylation of monolignol biosynthetic enzymes

Lignin biosynthesis is typically perceived as a matrix of linear or branched enzymatic
reactions that successively modify the aromatic ring of the phenylpropane units and conversion of
the sidechain carboxyl to an alcohol moiety. The involvement of marpyees suggests that the
pathway is well coordinated to mediate precise control of the rate and ratios of monolignol
biosynthesis for polymerization. PTMs provide an efficient way to impart spatiotemporal

activation and inactivation of monolignol enzymeéidtes in plants. However, the identification
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of PTMs involved in lignin biosynthesis remains challenging. Some studies based on
phosphoproteomics could not reliably detect phosphopeptides for monolignol enzymes in wood
forming cells (Mauriat et al., 205). The difficulty of detecting protein phosphorylation is in part

due to the highly dynamic nature of the regulatory mechanism.

PAL phosphorylation

Phenylalanine ammonigase (PAL) is a family of enzymes that catalyzes the deamination
of phenylalanine to cinnamic acid, representing the first reaction step in the phenylpropanoid
pathway (Shi et al., 2013; Zhang and Liu, 2019PAL enzymes have been tersively
characterized for their protein structure, functionality, and primordial role in wood formation
(Ritter and Schulz, 2004; Shi et al., 2018pme evidence regarding the chemical modification of
PAL has been proposed. Bhaseolus vulgarigFrench Bean) suspensiecultured cells, a
phosphopeptide derived from PAL2 was dete¢fdtivood et al., 1999) The authors suggested
that the kinase responsible for the PAL2 phosphorylation belongs to the calrdautomain
protein kinase (CDPK) familgAllwood et al., 1999)Consistently, a recombinant PAL2 protein
from P. trichocarpa x P. deltoidesvas phosphorylated by CDPK derived from French bean
suspensions and Arabidop§fdiwood et al., 1999; Cheng et al., 2001) PAL of Phyllostachys
edulis in glico functional analysis indicated a likely presence of nine casein kinase
phosphorylation sites, eight protein kinase C phosphorylation sites, andgiyadsylation sites
(Gao et al., 2012)The high degree of PAL peptide sequence similarity across gpecies and
their conserved phosphorylation by CDPK may suggest a common phosphoregulatory mechanism
for PAL in phenylpropanoid biosynthegqisllwood et al., 1999; Cheng et al., 2001; Zhang and

Liu, 2015)
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The functional role of pogtanslational phodprylation in PAL remains to be clarified.
Allwood et al. (1999) showed that one hour aftefrimubation of PAL2 and CDPK, the Km and
VmaxOf PAL2 is slightly reduced. On the other hand, longeincabation of up to 4 h reduced
the protein stability oftte phosphorylated isoform of PAL2 and result infal@ reduction in the
VmaxWhen compared to the nguhosphorylated isoforrfAllwood et al., 1999)The
phosphorylation of PAL2 likely limits the rate of phenylalanine conversion to cinnamic acid,
therebyinfluencing the metabolic flux for lignification.

The CDPK family of kinases has been associated with the regulation of biological
processes encompassing plant growth, development, and response to biotic and abiotic stresses
(Romeis et al., 2001; Schulzat, 2013) Pathogen infections induce the expression and activity
of PAL (Jones, 1984; Shoresh and Harman, 20@8jich in turn promotes immune response
mediated by salicylic acid production, enhanced physical barriers (lignin), and accumulation of
antimicrobial compounds (e.g., phytoalexin@pnes, 1984; Solecka, 1997; Chen et al., 2009;
AdamsPhillips et al.,, 2010; Hamann, 2012; Yan and Dong, 20B#ce PAL transcript
expression is upregulated under biotic stress, the CDB#iated phosphorylation &AL may
mark it for turnover, thus reducing PAL activiggllwood et al., 1999Y0 maintain homeostasis
(Figure 1a). Thehosphorylation of PAL has also been suggested to translocate the proteins to
membranes, which may contribute to metabolic channalitignin biosynthesigAllwood et al.,

1999; Rasmussen and Dixon, 1999)
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Figure 1. A putative model of kinases regulatingpnolignol enzymes activity. &inder potential stimulus such as
pathogen infections, the CDPK proteins phosphorylate PAL2, decreasingnth®f\the enzyme and reding
lignification in plants; b:Kinase(s) protein(s), after an endogenous or environmental stimulus, phosphorylates

AldOMT?2 at either of the two phosphorylation sites and negatively regulates the AIdJOMT?2 activity.

5-Hydroxyconiferaldehyde @nethyltransferase 2 (AldOMT2) catalyzes the -3/5
methylation of caffeoyl and 5hydroxyferuloytcontaining acid, aldehydes, and alcohols for
monolignol biosynthesidn P. trichocarpa PtrAlIdOMT2is the highest transcribed gene in the
monolignol biosynthetic pathway and the thinighest transcribed gene in stem differentiating
xylem (SDX). The protein abundancé BtrAlIdOMT2 is also the highest of all monolignol
enzymes, accounting for 5.9% of the SDX prote¢8tauford et al., 2012; Lin et al., 2018)iven
the abundance in transcripts and proteins of PtrAIdOMT2, regulation of its activity by
transcriptional contl is energyintensive. In contrast, regulation of PtrAldOMT2 activity by

protein phosphorylation removes the need to synthesize/degrade RNA and protein, thus providing
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a rapid and energetically efficient mode of regulation fen&hyltransferase activitftwWang et

al.,, 2015b) Phosphoproteomic analysis by mapgctrometry in SDX revealed two
phosphopeptides in PtrAlIdOMT?2 that contain either a phosphoserine at peptide fd3tion
position125. Concurrent phosphorylation of both Serinel123 and Seringd2mot detectenh

vivo. The phosphorylation of PtrAIdOMT2 is mediated by kinases in the SDX protein extract and
could be reversed by phosphatase treatr\&taing et al., 2015b)}Phosphorylation reduced the
enzymatic activity of recombinant PtrAIdOMT2 caatesrably, and this reduction in activity was

not due to protein degradatigivVang et al., 2015b)Moreover, sitedirected mutagenesis by
replacing either Serinel23 or Serinel25 with asparagine, a negatively charged amino acid that
mimics the properties ofphosphoserine, showed that Serinel23 is more critical for
phosphoregulation of enzyme activity. Serinel23 is conserved in 43 of 46 (93%) AlIdOMTs across
diverse plant speci€gv/ang et al., 2015b¥yuggesting a conserved evolutionary phosphoregulation

of the enzyme. The presence of two phosphoserine residues in PtrAlIdOMT2 and their distinct
enzymatic regulations provide a basis for further exploring mechanistic insights to
phosphoregulation in monolignol biosynthesis. Whether different kinases and sigraliingys
regulate the two phosphorylation sites or if the sites are functionally redundant, remains to be
determined(Wang et al., 2015b)Lignification is regulated by many environmental and
developmental stimuli that combinatorially modulate the rate eattbs of monolignol
biosynthesis. The understanding of how PTMs transduce the regulation to changes in metabolic
flux for monolignol biosynthesis would provide valuable knowledge of plant adaptation and cell

wall biosynthesis (Figure 1b).
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Phosphorylation of TFs inlignin biosynthesis

R2R3MYBs are TFs that contain a DNA binding domain at théeNninus, which is
composed of two imperfect heltarn-helix repeats of approximately 50 amino acids (R2 and R3)
(Jin and Martin, 1999; Patzlaff at., 2003b) Protein members from the R2RBYB family of
TFs are known to bind at AC rich eidements present in the promoters of many genes in the lignin
biosynthetic pathwaflois et al., 1989; Joos and Hahlbrock, 1992; Leyva et al., 1992; Hauffe et
al., 1993; Hatton et al., 1995; Logemann et al., 1995:-Bastbng et al., 1997; Seguin et al., 1997,
Lacombe et al., 2000; Lauvergeat et al., 2002; Patzlaff et al., 2088be R2R3aVYBs have
been identified and characterized as key regulators of plawaklbiosynthesigPatzlaff et al.,
2003b) PtMYB4 is an ortholog of AtMYB56 and AtMYB8@atzlaff et al., 2003b; Yang et al.,
2016; Gui et al., 2019which function as second layer transactivators of SCW biosynthesis in
Arabidopsis(Yang et al., 2016)The overexpression &#tMYB4in tobacco induced monolignol
biosynthesis and promoted lignin accumulation in-hgmnified cell types, suggesting that this TF
regulates positively the lignin biosynthesis genes during the wood formation p{@e&daff et
al., 2003b)

Using a cDNA library fromPinus taedaSDX, Morse et al. (2009) screened MAPKs
(PtMAPK6 and PtMAPK13) potentially involved in wood formatidn. vitro phosphorylation
assays demonstrated that PtMAPKG6 could phosphorylate PtMYB1 and PtMY B4egnalasors
of lignin biosynthesis in SDX. Replacement of Lysine68 for arginine abolished the kinase activity
of PtMAPK®6, demonstrating that the lysine is essential for mediating target phosphorylation.
Serine236 was identified to be the phosphorylatianisiPtMYB4. Replacement of Serine236 for

a glutamate residue (mimicking constitutive phosphorylation of PtMYB4) did not interfere with
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the affinity for DNA binding but significantly reduced the transactivation of the targeflyemse
et al., 2009)

MAPKSs are components of signal transduction networks that trigger a variety of biological
processes in plan(dluhse et al., 2000MAPKG6 is associated with response to pathogen infection,
ethylene response, and cell wall biosynthesis and remod@limiyeasso and Ellis, 2010; Seifert
and Blaukopf, 2010; Bacete et al., 2018&)ll these processes affect secondary cell wall
biosynthesis for wood formatiogAdamsPhillips et al., 2010; Fromm, 2013; Li et al., 2015; Ye
and Zhong, 2015)n Oriza sativa OsMAPK3 anl OsMAPKG®6 are involved in the phosphorylation
of OsRAI1 through a complex signaling cascade upon chitin elicitation. The activation of OsRAI1
by phosphorylation induces the transcript expression of detsssiated genes including PAL1
(Kawasaki et al.2006; Kim et al., 2012; Akamatsu et al., 2013; Nasir et al., 200%). taeda
PtMAPK®6is expressed in cell differentiation stages 1, 2 (division and expansion), and 3, 4 (SCW
synthesis) of SDX, but its kinase activity for PtMYB4 phosphorylation waslynabserved in
the initial stages of 1 and 2. The phosphorylated isoform of PtMAPK®6, representing the active
form of the enzyme, was only found in stages 1 aifl@se et al., 2009)PtMAPK6 may be
autophosphorylated or activated by other kinaseliated phosphorylation during early
xylogenesis. The activated PtMAPK6 then phosphorylates PtMYB4, reducing the TF
transregulation of cell wall biosynthetic gen@sgure 2a).PtMAPKG6 activity during early
xylogenesis may function to suppress the expressionMY B4 -regulated genes from resulting
in premature deposition of lignin in dividing and expanding cells. The absence of PtMAPKG6
activity in the late stages of differentiating xylem allows PtMYB4 to transactivate lignin

biosynthetic genes in these célNorse et al., 2009)
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Figure 2. A putative model of MAPK®6 regulating the actiian of lignin biosynthesis. dn the early xylogenesis
stage irP. taeda MAPKG6 proteins are autophosphorylated or activated by githasemediated phosphorylation.
MAPKG6 becomes activated and phosphorylates the TF MYB4. Phosphorylation inactivates MYB4, resulting in the
repression of lignin genes. In the late xylogenesis stage, MAPKG®6 is no longer active, and MYB4 ingluces th
expressia of lignin genes bin P. trichocarpa LTF1 is a repressor of lignin genes under normal conditions. After
environmental stimuli such as wounding, MAPK®6 can interact and phosphorylate LTF1. Phosphorylation
destabilizes LTF1 in the cells and promotes itgrddation via 26S proteasome and attenuating the repression of
lignin genes mediated by LRF1.Aputative model of MYB156 and MYB221 regulating the activation of lignin
biosynthesis irfP. tomentosaMYB156 and MYB221 are repressors TFs of lignin gend3CB4 ubiquitin
conjugating enzyme interacts with MYB156 and MYB221 and alters the subcellular localization of the TFs from the
nucleus to the ER. The expression of the lignin genes are attenuated either by the TFs trapping into ER or
translocation of the MB156 and MYB221 either traps or degradation via ubiquitin and 26S proteasome pathway.

The dotted arrows indicated hypothesized events not confirmed experimentally.
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LTF1 is the closest ortholog of AtMYB4 iR. deltoides x P. euramerican@ui et al.,
2019) ArabidopsisAtMY B4mutants showed increased expressio@i4ifland reduced expression
of CCOAOMT Overexpression gitMYB4in tobacco increased the expressio€GoAOMTand
reduced the expression 64H, 4CL, and CAD genes(Jin et al., 2000)In P. deltoides x P.
euramericana LTF1 is mainly expressed in the SDX as a transrepressor of monolignol
biosynthetic genes, includiffCL. LTF1 mutants in poplar showed elevated transcript expression
of lignin genes and increased lignin content. The overexpressibikdf in transgenic poplar
showed opposite effects, decreasing the expression of lignin genes and reducing the overall lignin
conten. LTF1 overexpression induced dwarfism imnth old poplar (grown in phytotron), but
the severity of dwarfism was reduced when the plants reached eight mon(iBsiaitial., 2019)
The protein abundance of LTF1 was decreased significantly -mor@hold plants.
Phosphoproteomic analysis identified two phosphopeptides corresponding to LTrbmit8old
plants. These phosphopeptides were not detected inrtt@nftrold LTF1-overexpressed plants.
Disruption of the phosphorylation sites in transgeniatsl&xhibited reduced plant height, stem
diameter, and internode length, and reduced lignin deposition in the fiber cells of these plants, and
xylem vessel collapg&ui et al., 2019)Recombinant LTF1 proteins were rapidly degraded when
co-incubated witflSDX extracts, and the addition of proteasome inhibitor-M2 reestablishes
the initial levels LTF1. On the other hand, even in the absence e132Gthe levels of LTF1
protein containing mutations in the phosphorylation sites remained stable afteuthegion with
the SDX extracts.

PdMAPKG inP. deltoides x P. euramericansia homolog of the Arabidopsis aRdtaeda
MAPKG®, identified by proteirprotein interactions to be associated with LTMbrse et al., 2009;

Gui et al., 2019)In vitro phosphoryation assays showed that PAMAPKG6 could phosphorylate
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LTF1 at the Threoninel46 and Threoninel78 positions, while mutagenesis of these
phosphorylation sites prevented LTF1 phosphorylation. A higher level of phosphorylated LTF1
and other PAMAPKG6 activated peins were detected inr@onth old greenhousgrown poplar,
compared to 2Znonth old plants grown in indoor growth chambers. Greenhgisen plants are

more susceptible to environmental signals like biotic and abiotic éBesst al., 2019)consistent

with the functions of MAPK®6 in pathogenic respoiidaedreasson and Ellis, 2010; Bacete et al.,
2018) In this context, after mechanical wounding, increased expression of lignin genes and
improved lignin deposition were detected in plants overexpre&dikf. However, these effects
were significantly lower in plants overexpressib@F1 without the phosphorylation sites.
Consistently, the expression of Arabidopsis orthokilylYB4 is repressed by environmental
stimuli, including UVB and wounding(Jin et al.,2000) These data suggest that LTF1 is a
repressor of lignin genes, reducing the lignin content in plant cells. Under environmental stimuli,
LTF1 is phosphorylated, decreasing its stability by degradation via 26S prote@Soiret al.,
2019)(Figure 2b).

The high peptide sequence identity of PAMAKP6 and PtMAKP6 (84%) and the similar
phosphoregulation of MYB TFs suggest an important role of MAPK in the regulation of lignin
biosynthesis in both angiosperm and gymnosperm species. Future studies focusingdon MY
phosphorylation by MAPK6 and their interaction with external stimuli would better inform the
phosphoregulation of lignin biosynthesis. For instance, is mechanical wounding the only stimulus
of LTF1 phosphorylation, or are other signals such as ethyéspmmnse, cell wall biosynthesis,
and cell remodeling also involved? PTMs are found in diverse classes of proteins, highlighting the
regulatory interplay among PTMs as a common strategy to regulate protein fu(¢ngs2005;

Nussinov et al., 2012; Lotbp et al., 2013; Pejaver et al., 201@}her types of PTMs could also
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be involved in the regulation of MYB TFs. Identifying the upstream regulators of MAPK6 and
other wood TFs phosphorylated by MAPKG6 are needed to determine the network of regulatory

interactions by kinases in the lignification of tree species.

Ubiquitination of PAL

Ubiquitination is a common regulatory mechanism in all eukaryotes that target proteins for
degradation via the 26S proteasome, thereby maintaining protein turnover in theTkells
ubiquitin attachment process involves three enzymes: the E1 ubiggiit#ating enzyme, the E2
ubiquitin-conjugating enzyme, and an E3 ubiquitin ligg§&&io and Yang, 2017)Proteins
containing a welconserved 4®0 amino acid Fbox domain in the Nerminal region are referred
to as Fbox proteins that are one part of the ubiquitin E3 ligase complsaxForoteins are
involved in many physiological processes in plants, such as flowering, pathogen defenses,
circadian cycle, and phytohormones sigmgliKuroda et al., 2002) PAL enzymes from
Arabidopsis (PAL1, PAL2, PAL3, and PAL4) have been shown to interact with Kelch domain
containing Fbox (KFB) proteins (KFBO1, KFB20, KFB39, and KFB5@®hang et al., 2013;
Zhang et al., 2015)T'he Fbox domain irKFBs that confers ubiquitin ligase activity is associated
with reducing PAL protein abundance by decreasing protein stafligng et al., 2013)Co
overexpression of PAL&FP and KFBs in Arabidopsis reduced the conversion efficiency of
phenylalanine to-cinnamic acid by up to 80%Zhang et al., 2013More recently, a protein called
Small and Glossy Leaves 1 (SAGL1) was identified to be involved in the PTM regulation PALL.
Phylogenetic analysis using 99 Arabidopsis KFB homologous proteins revealétiABal is
closely related to the PAtegulating KFBs (KFB01, KFB20, KFB39, and KFB50), but located in

a separate clade from these KKBs et al., 2019)SAGL1 can interact and reduce the stability of
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PAL1, leading to reduced PAL activity for monolignalosynthesis. Similar to other KFB
mediated PALs regulation, the level of PAL1 was fully restored after1d8 treatment for
proteasome inhibitioYu et al., 2019)

KFB and SAGL1 have similar regulatory roles in PAL protein stability. Incubation of
recombnant PAL in protein extracts ofWeek old Arabidopsis stems led to a significant reduction
in the abundance of PAL proteins. The addition of the-M2 proteasome inhibitor to the assay
could maintain PAL protein abundance by preventing ubiquitindiésad protein degradation
(Zhang et al., 2013Pouble and triple mutants in Arabidopsis for KleB01, KFB20, andKFB50
genes showed an increased amount of PAL proteins, and consequently, motteragedg lignin
in the plant cell walls. Overexpression KFBs genes, in contrast, caused a 2 to 70% lignin
reduction in the transgeni¢ghang et al., 20135AGL1mutants in Arabidopsis showed a strong
purple color in rosette leaves, leaf petioles, and inflorescence stems, typically found where high
amounts ofanthocyanin are accumulatéNakatsuka and Nishihara, 2010; Yu et al., 2019)
Quantification of lignin content in the mature stems of the mutants showddlé iBcrease in
lignin content compared to witype. TheSAGL1mutants also had a 60% increasedversion
rate of L-phenylalanine to transinnamate, compared to witgipe. PAL enzyme activity increased
in SAGL1mutants without changing the transcript levels of B#d genes(Yu et al., 2019)
Transgenic lines overexpressiB§GL1showed significanteductions in the conversion rate of L
phenylalanine to trarsinnamate and lignin content in the mature stems compared to thiypald
(Yu etal., 2019)

The reduced abundance of PAL proteins in Arabidopsis overexprd&SBgor SAGL1
was not due to driced transcript levels &fAL genes. In contrast, increased transcript abundance

of PALswere observed in the transgenic lines overexpres§i®s possibly to compensate for

49



the rapid turnover of PAL proteins in the célfhang et al., 2013)'he discrpancy betweeRAL
transcript and protein abundances in the transgenics is indicative oftaliksssetween
transcriptional regulation and PTM to maintain homeostasis for lignin biosynthesis. PAL mediates
the entry step in the phenylpropanoid pathway anekiensively regulated for metabolic control
(Zhang and Liu, 2015)n O. sativa an auxiaresponsive Kelcldomaincontaining Fbox protein
(OsFBK1) interacts with cinnamo@oA reductase (OsCCR) to mediate its protein degradation
via the proteasome pathy, thereby regulating lignin content in the cell wgBorah and
Khurana, 2018)This suggests that the ubiquitin E3 ligase complex proteins may interact with
other lignin biosynthetic enzymes. I trichocarpa 337 Fbox proteins were identified usiray
bioinformatics approacfSchumann et al., 201,13uggesting a possible role of these proteins in
the regulation of turnover rate in monolignol enzymes. The involvement of this class of protein in

regulating lignin biosynthesis and wood formation in 8pecies remains to be validated.

S-nitrosylation and ubiquitination of TFs

TFs containing the NAM/ATAF/CUC (NAC) domain are key regulators of plant
development, senescence, SCW formation, and biotic and abiotic stress re¢ptseest al.,
2005;Nakashima et al., 2007; Puranik et al., 2012; Chen et al., 203db¢ral members of the
NAC family of TFs have been identified and characterized in Arabidopsis, rice, soybean, wheat,
poplar, and citrus(Puranik et al., 2012)In O. sativa pathogen infad@on induces the
phosphorylation of OsNAC4, leading to its accumulation in the cell nucleus. OsNAC4 is involved
in the transregulation of 139 genes and hypersensitive cell (€atieda et al., 2009but its
association with SWC biosynthesis has not beported. SeveNACgenes are highly transcribed

during vessel cell differentiation in Arabidopg$isubo et al., 2005)VND7 has been extensively
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characterized as a transregulator of protoxylem vessel develofitabotet al., 2005; Yamaguchi

et al., 2010) Repression o ND7 andVNDG6 using plant repression domain (SRDX) resulted in
defects in Arabidopsis growth and vessel formation, mediated by repressed central metaxylem
vessel formation and central protoxylem vessel formd#amo et al., 2005)inducedexpression

of VND7 accelerated vessel cell differentiation in all cell types encompassing cotyledon, leaf,
hypocotyl, and root celléramaguchi et al., 2010; Kawabe et al., 2018)

The knockout ofS-nitrosoglutathione reductase (GSNORY in transgenic Araidopsis
expressingVND7 resulted in mutant seedlings lacking xylem vessel differentiation (mutant
Asuppressor of ectopic veWbD®Il seo)dYarhagudhidtaler ent i
2010; Kawabe et al., 2018ndeed, the inducibl¥ND7 expresion in theseivmutants did not
show any evidence of cell wall deposition. These mutant seedlings showed a dwarf phenotype,
suggesting that the SNORIgene may be involved in plant growth and development, in addition
to regulating VND7 for xylem trandifferentiation(Kawabe et al., 2018)VND7 directly or
indirectly regulates the expression of genes involved in SCW formation during xylem vessel
differentiation, encompassing the biosynthesis of cellulose, hemicellulose, and lignin, and
programed cell deaifyamaguchi et al., 2011The expression of these VNRIbwnstream genes
is induced byVND7 overexpression, and suppresseds&iv mutants, demonstrating that the
knockout of GSNORdisrupts VND7?mediated regulatioKawabe et al., 2018Biotin switch
asays showed that the VND7 wasn@rosylatedin vitro, and amino acid substitution of two
Cysteine264 and Cysteine320 abolished thaiti®sylation signals. The presence of S
nitrosoglutathione reduced VND7 activity in Arabidopsis protoplasts. VND7 aciwasyreduced
when either Cysteine264 or Cysteine320 were substituted for tryptophan, which mimics a

constitutive Snitrosylated isoform of VND7. Thus,-Strosylation plays an essential role in
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negatively regulating VND7 activity for vessel developmentwileer, replacing the Cysteine264
or Cysteine320 for a serine residue, which mimics asaitrosylated form of VND7, also caused
a reduction in the transactivation activity of VNIRawabe et al., 2018 Cysteine residues in
plant proteins are modified lmjfferent types of PTMs in addition tor8trosylation, including S
sulfenylation, Sglutathionylation, sulfinylation, sulfonylation, and the formation of tra
/intermolecular disulfide bridge@Vaszczak et al., 2015; Kawabe et al., 20I8)erefore, otar
PTMs may be regulating VND7 and causing the-Bamitrosylated isoform of VND7 to reduce
transactivation activity in protoplastiKawabe et al., 2018)

NAC-domain proteins have been demonstrated to interact with many cellular components
involved in different cellular process€g¥amaguchi et al., 2008making them a potential target
for protein modifications. For instance, the RING domain protein SINA of Arabidopsis 5
(SINATDS) interacts with NAC1 and promotes its degradation via the ubiquitin/26S poteas
pathway (Olsen et al., 2005)Similarly, VND7 is regulated by 26S proteasemediated
degradation(Yamaguchi et al., 2008)Protein extracts from transformed tobacco-BXells
expressing VND7 had low levels of detected VND7 protein after 24 h, while the addition of
proteasome inhibitor increased the abundance of VMamaguchi et al., 2008)

Although herbaceous plants such as Arabidopsis have a limited secondary growth
compared to tree species, some similarities may be found in the general organization of their tissues
(Chaffey et al.,, 2002; Demura and Fukuda, 2007; Zhong et al., .2B@peatd removal of
inflorescent stems in Arabidopsis can induce some secondary xylem production that has been used
in developmental studies of secondary gro¢@h et al., 2003)Searching for NAC TFs in the.
trichocarpagenome, Zhong et al. (2009) identifi@8 homologous genes of Arabidop$isID,

NST andSMBinvolved in secondary wall biosynthesis or xylem differentiation. These poplar
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genes were namdtrWNDsf or Aawsosocodc i at ed NAC do ma(@hongtetr anscr
al., 2009; Ohtani et al., 2011f the 16 genes, 12 showed a high level of transcript expression in
vessel and fiber cells of developing woody tissue. Moreover, they were localized in the nucleus of
plant cells and exhibited transactivation activities, consistent with their putativéofuas TFs

(Zhong et al., 2009)Expression oPtrWNDsin Arabidopsissndl(nst3 nstl double mutants

rescued the pendent inflorescence stem phenotype and restored stem strength and deposition of
secondary walls in interfascicular fibers. OverexpressioPtoNND2B and PtrWNDG6B (sub
members of th&MBandVND class of TF, respectively) in Arabidopsis increased the transcript
expression of cellulose synthas€@e$A4 CesA7 andCesA§, xylan biosynthetic gene§RA8

IRX8 andIRX9, and lignin biosynthetigenes 4CL1 and CCoAOMT) (Zhong et al., 2009;

Ohtani et al., 2011PtrWND2BandPtrWND6Balso transactivated woeaksociated TFs involved

in the biosynthesis of lignin, hemicelluloses, and cellu{@seng et al., 2009 0verexpression of
12PtVNSPtrWND in P. trichocarpac aus ed SCW f ormation surroundir
tissue, similarly to which was seen for the induced expressigNDf7in Arabidopsis and poplar
epidermal cell{Ohtani et al., 2011)Expression oVND7 in poplar induced thexpression of

many genes related to SCW formation, including enzgnmoding genes and TEShtani et al.,

2011) Taken together, NAC TFs in Arabidopsis &hdrichocarpaare functionally important for

SCW formation(Zhong et al., 2010; Ohtani et al., 201 Orthologous proteins are typically
conserved in their PTMs, and the level of conservation is higher in closely related species
(Remmerie et al., 2011; Venne et al., 20 Ms identified for Arabidopsis NAC TFs, such as
S-nitrosylation and ubiquitinaan, may also occur in PtrWNDs in ghregulation of wood

formation.
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In P. tomentosaPtoMYB156 and PtoMYB221 from the subgroup 4 of the RRRB
TF family work as transrepressors of lignin gerfgheng et al., 2019)Overexpression of
PtoMYB156dramatically retarded plant growth and reduced secondary xylem formation, while
thickening of SCWs in the vascular stem tissue was observBtoMYB156knockout plants
(Yang et al., 2017)The regulation of PtoMYB156 and PtoMYB221 is mediated by interagt
with an E2 ubiquitinconjugating enzyme 34 (PtoUBC34), which translocate the TFs to the ER
(Zheng et al., 2019)n mesophyll protoplasts &. tomentosaverexpressing’toMYB156and
PtoMYB221the TFs are localized in the cell nucleus and could sgpphe transcript expression
of target genes in the absence of PtoUBC34. When PtoUBC34igcessed in the same system,
PtoMYB156 and PtoMYB221 are translocated to the ER in a-depend way, and their
repression activity is reducg@heng et al., 208). Whether the reduced repression activity of
PtoMYB156 and PtoMYB221 is due to the trapping of these TFs in the ER or degradation via the
26S proteasome pathway remains unkn@kigure 2¢. Lignin biosynthesis responds to various
developmental and envinmental signals such as light, sugar content, circadian rhythms, plant
hormones, and wounding, where these signals are converted to a physiological process by
hierarchical transcriptional regulation of lignin pathway gef#keng et al., 2019)The
translaation to cellular compartments or possibly ubiquitination and degradation via the 26S
proteasome pathway may be a pivotal point in regulating the activity of these TFs. Future studies
will help to clarify the crossalking of lignin biosynthesis and othehysiological processes

(Zheng et al., 2019)
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Glycosylation in peroxidases

Class Il peroxidases are present as large multigenic families in all land @/aits et
al., 2010) Generally, this class of proteins is heomataining enzymes, which may diie a wide
range of substrates using hydrogen peroxide as a reduction agent. Peroxidases are associated with
multiple cellular processes, encompassing primary and secondary metabolism, hormone
catabolism, pathogen defense, phenol oxidation, 4mugsag of cell wallstructural proteins, and
polysaccharides, and lignin polymerizatig@hristensen et al., 1998As aforementioned,
peroxidases oxidize the monolignols in the plant cell walls to free radicals for conjugating to the
growing lignin polymer (Li et al., 2014) The oxidation reaction mediated by lignin peroxidases
is characterized by a thrstep cycle involving a twelectron enzyme oxidation: Felll +8; Y
Col + H20 (k1); followed bytwoonre | ect ron reductiong¢(k2éd@) Col +
Col I + RH tYk3)Fvehére Relll,€ol,Coll, and RH are the native enzyme, compound
I, compound Il, and the monolignol, respectiveBabaldon et al., 2006)

Most of the peroxidases are glycosylated, and the carbohydrate content may constitute up
to 25% of the proteifChristensen et al., 1998; Veitch, 200@)ycosylation sites are normally
found in the sequence motif agrser/thr (where x means any aminoda@sidue), and they occur
within surface turns or loop regions connecting heli¢ésitch, 2004) Six anionic stem
peroxidases (PXR@) were isolated from xylem tissues f trichocarpa and all were heavily
glycosylated, exhibiting Mjlucosamine and teputative glycosylation sites in their structures
(Christensen et al., 1998%imilarly, two isoforms of ZePrx, where one was fully glycosylated
(ZePrx 34.70) and another partially glycosylated (ZePrx 33.44) were identifgdnia elegans
suspensions ts (Gabalddn et al., 2005; Gabaldon et al., 2007E two isoforms of this protein

showed different biochemical properties. For instance, the k1 (Col formation constaith
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monitors the reactivity of the enzyme with®}) was higher in the ZePrx 3@'tompared to ZePrx

33.44 in the presence of eithecpumaryl alcohol or coniferyl alcohol substrates. On the other
hand, the opposite effects were observed when coniferaldehyde, sinapyl alcohol, and
sinapaldehyde were used as substrates. Moreover, théCk8 reduction constant which
monitors the ability of the oxidized form of the enzyme, Coll, to oxidize phenolics) was higher for
ZePrx 33.44 comparing to the ZePrx 34.70 in the presence of coniferyl alcohol. Again, the opposite
effects were observad the presence of sinapyl alcohol, where the reactivity was higher for the
ZePrx 34.70Gabaldon et al., 20067 he different reactivity rates suggest that glycans modulate
the catalytic activity of the peroxidas@abaldon et al., 2006%ince multipleglycosylation sites

are found in these enzymes, the different glycosylation patterns may determine the substrate
specificity for monolignol oxidation, leading to changes in the composition of the lignin.
Glycosylation may have a role beyond the regulatibperoxidase substrate specificity. Protein
folding and stabilization, and protegell wall interactions have also been predicted as putative
functions of this PTM in peroxidas€Schuller et al., 1996; Gabalddn et al., 2007; Cesarino et al.,

2012)

Final considerations

Despite the technical challenges in the detection and characterization ofiPis,
recent discoveries have provided insights into their importance in regulating lignin biosynthesis
and wood formation. The lignin biosynthetic pathwsagomplex and controlled by many external
and developmental stimuli. The complexity of the regulations suggests that TFs, monolignol
enzymes, and peroxidases could respond rapidly and specifically to different types of stimuli in

the modulation of ligninbiosynthesis. Phosphorylation (e.g., PAL2 and AIdOMT2) and
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ubiquitination (e.g., PALs and CCR) of monolignol enzymes decrease the enzymatic activity and
protein stability(Allwood et al., 1999; Zhang et al., 2013; Wang et al., 2015b; Borah and Khurana,
2018). More comprehensive identification of PTMs associated with lignin biosynthesis will further
improve our understanding of the spatiotemporal regulation of the pathway, and how such
regulations coordinately affect the properties of the cell walls. MAP&&atel MYB4 and LTF1
phosphorylatiorfMorse et al., 2009; Gui et al., 2018ve provided valuable mechanistic insights
on how PTM modulates the SCW but the complete signaling pathway and the interactions between
MAPKs and other MAPKcascade componentswain to be elucidated. Further studies focusing
on how developmental and environmental signals trigger the Méd®€ade to activate or repress
TFs regulating lignin biosynthesis would be valuable to determine the network of regulatory
interactions thatortrol phenotypic alterations.

Protein degradation via 26S proteasome (e.g., VND7, LTF1, and possibly MYB156 and
MYB221) plays an essential role in regulating TFs for lignin biosynti{&siwabe et al., 2018;
Gui et al., 2019; Zheng et al., 2018j)owever, here are knowledge gaps to be filled for a better
understand of how TF protein turnover is modulated by PTMs. Ubiquitination, which is related to
the 26S proteasome pathway, remains to be identified in LTF1, MYB156, and MYB221.
Moreover, the combinatoriaffects of multiple PTMs and their coordinated control of lignin
biosynthesis remain poorly understood. For example, the glycosylation of lignin peroxidases (e.g.,
ZePrx) controls the enzyme substrate specifigggbaldén et al., 2006and further studie may
elucidate how multiple glycosylations, and glycosylation together with other PTMs may
combinatorially affect lignin composition and structure. Moreover, the relationship between
VND7 S-nitrosylation and other types of cysteine modifications in taestegulation of SCW

genes is unknow(Kawabe et al., 2018Dne PTM can influence the modification of other types
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of PTMs, which can result in a broad variation of possible proteof@triso and van Wijk, 2015)
The combinatorial effect of multiple PTMmd crosgalk between PTMs in the same protein, or
on different proteins within complexes, is crucial to defining the interrelationships of iaultip
PTMs in lignin biosynthesis.

Much of the early work on plant PTMs have focused on model organisms such as
Arabidopsis. These PTM in woody species, particularly in the regulation of lignin biosynthesis has
remained largely unknown. Due to the large variation in lignin content, composition, and structure
between Arabidopsis and perennial woody species, thetexftesimilarity or difference in the
SCW-associated PTMs across species should be evaluated. Systersdpression analysis of
SCW protein abundances with PTM enzymes during SDX formation, or geswates protein
interactomics could reveal putative PTQulatory interactions controlling lignin biosynthesis.
The resulting interactions may guide future studies to verify whether these PTMsrouittw
and in vivo and how they regulate lignin biosynthesis and wood formation. Comprehensive
identification of PTMs in trees will be crucial to understanding the transduction of complex

regulatory information that mediates wood formation.

58



Author contributions

DS and JW conceptualized and literary reviewed and wrote the manuscript.

Funding
This work was suppted by the United States Department of Agriculture (Grant# -B8529)

and the NC State UnmvatnoeFusdi(Grant# OB=IMAe | | or 6s | nn

59



References
AdamsPhillips, L., Briggs, A.G., and Bent, A.F. (2010) Disruption of poly (ABBbsyl) ation
mechanisms alters responses of Arabidopsis to biotic sBiesd.physiologyl52 267-280.
Akamatsu, A., Wong, H.L., Fujiwara, M., Okuda, J., Nishide, K., Uno, K. et al. (2013) An
OsCEBIP/OsCERKIDsRacGEF¥sRacl module is an essential early component of €hitin
induced rice immunityCell host & microbel3: 465476.
Allwood, E.G., Davies, D.R., Gerrish, C., Ellis, B.E., and Bolwell, G.P. (1999) Phosphorylation
of phenylalanine ammonigase: evidence for a novel protein kinase and identification of the
phosphorylated residuEebsletters457: 47-52.
Andreasson, E.al Ellis, B. (2010) Convergence and specificity in the Arabidopsis MAPK nexus.
Trends in plant sciencks: 106-113.
Bacete, L., M®lida, H., Miedes, E., and Mol i n:
wall changes trigger disease resistanspoasesTheplant journal 93: 614-636.
Bell-Lelong, D.A., Cusumano, J.C., Meyer, K., and Chapple, C. (1997) Cinndnhgtdroxylase
expression in Arabidopsis (regulation in response to development and the envirofiaent).
physiologyl13 729738.
Beltra o , P., Bor k, P. ., Krogan, N. J. , and van Noo
of protein post t rMolacsldraystems biddody 7tdlo di f i cati ons.
Borah, P., and Khurana, J.P. (2018) The OsFBK1 ES3 ligase subunit affects anthrentand
secondary cell wall thickenings by mediating turnover of a cinnai@oyl reductasePlant

physiologyl76 21482165.

60



Catala, R., Ouyang, J., Abreu, I.A., Hu, Y., Seo, H., Zhang, X., and Chi4, (2007) The
Arabidopsis E3 SUMO ligase SIZ1 regulapant growth and drought responséke plant cell

19: 29522966.

Cesarino, I., Araujo, P., Mayer, J.L.S., Leme, A.F.P., and Mazzafera, P. (2012) Enzymatic activity
and proteomic profile of class Il peroxidases during sugarcane stem develoftaenit.
physiology andbiochemistrys5; 66-76.

Chaffey, N., Cholewa, E., Regan, S., and Sundberg, B. (2002) Secondary xylem development in
Arabidopsis: a model for wood formatiddhysiologia plantarunil14: 594-600.

Chen, H-C., Li, Q., Shuford, C.M., Liu, J., Muddiam, D.C., Sederoff, R.R., and Chiang, V.L.
(2011) Membrane protein complexes catalyze bo#ind 3hydroxylation of cinnamic acid
derivatives in monolignol biosynthesiBroceedings of th@ational academy ofsciences108
2125321258.

Chen, H., Wang, J.PLiu, H., Li, H., Lin, Y-C.J., Shi, R. et al. (2019) Hierarchical transcription
factor and chromatin binding network for wood formatiofPapulus trichocarpaTheplant cell

31 602626.

Chen, H.C., Song, J., Wang, J.P., Lin, Y.C., Ducoste, J., Shi@aw, et al. (2014a) Systems
biology of lignin biosynthesis iRopulus trichocarpaHeteromeric 4.oumaric acid: coenzyme A
ligase protein complex formation, regulation, and numerical modétagt cell 26: 876-893.

Chen, X., Wang, Y., Lv, B,, Li, J., lay L., Lu, S. et al. (2014b) The NAC family transcription
factor OsNAP confers abiotic stress response through the ABA patRiaayandcell physiology

55 604-619.

Chen, Z., Zheng, Z., Huang, J., Lai, Z., and Fan, B. (2009) Biosynthesis of salicylic acid in plants.

Plant signaling & behaviod: 493496.

61



Cheng, SH., Sheen, J., Gerrish, C., and Bolwell, G.P. (2001) Molecular identification of
phenyl al ani aseas asubstate iofa spegffic constitutively active Arabidopsis CDPK
expressed in maize protoplagt&BS letter©$03 185-188.

Christensen, J.H., Bauw, G., Gjesing Welinder, K., Van Montagu, M., and Boerjan, W. (1998)
Purification and characterizatiaof peroxidases correlated with lignification in poplar xylem.
Plant physiologyi18 125135.

Demura, T., and Fukuda, H. (2007) Transcriptional regulation in wood formatiemds in plant
sciencel2 64-70.

Friso, G., and van Wijk, K.J. (2015) Pdstnshtional protein modifications in plant metabolism.
Plant physiologyi69 14691487.

Fromm, J. (2013) Xylem development in trees: from cambial divisions to mature wood cells. In
Cellular aspects of wood formatio8pringer, pp. 39.

Gabaldon, C., Lope3erano, M., Pedrefio, M.A., and Barcel6, A.R. (2005) Cloning and
molecular characterization of the basic peroxidase isoenzymeZnome elegansan enzyme
involved in lignin biosynthesiflant physiology139 11381154,

Gabaldodn, C., GomeRos, L.V., Nufiezlores, M.J.L., Esteba@arrasco, A., and Barceld, A.R.
(2007) Postranslational modifications of the basic peroxidase isoenzyme Zioma elegans

Plant molecular biology5: 43-61.

Gabaldon, C., LopeBerrano, M., Pomar, F., Merino, F., Cuello, kdiefio, M., and Barceld,
A.R. (2006) Characterization of the last step of lignin biosynthenima elegansuspension

cell culturesFEBS letter$80 43114316.

62



Gao, Z., Wang, X., Peng, Z., Zheng, B., and Liu, Q. (2012) Characterization and primary
functional analysis of phenylalanine ammelyase gene fronfPhyllostachys edulisPlant cell
reports31: 13451356.

Goicoechea, M., Lacombe, E., Legay, S., Mihaljevic, S., Rech, P., Jauneau, A. et al. (2005)
EgMYB2, a new transcriptional activator froBuclyptusxylem, regulates secondary cell wall
formation and lignin biosynthesisheplant journal 43: 553567.

Gou, M., Ran, X., Martin, D.W., and Liu, Q. (2018) The scaffold proteins of lignin biosynthetic
cytochrome P450 enzymdsatureplants4: 299-310.

Gui, J., Luo, L., Zhong, Y., Sun, J., Umezawa, T., and Li, L. (2019) Phosphorylation of LTF1, an
MYB transcriptionfactor inPopulus acts as asensoryswitch regulatinglignin biosynthesis in
woodcells. Molecularplant 12 13251337.

Guo, T., and Yang, X. (2017) Ubiquitination and its function in defense path&ayspean

journal ofbiomedicalresearci3: 1-4.

Hamann, T. (2012) Plant cell wall integrity maintenance as an essential component of biotic stress
response mechanisntgontiers in plant scienc8: 77.

Hatton, D., Sablowski, R., Yung, M.H., Smith, C., Schuch, W., and Bevan, M. (1995) Two classes
of cis sequences contribute to tissue specific«
Theplantjournal 7: 859-876.

Hauffe, K.D., Lee, S.P., Subramaniam, R., and Douglas, C.J. (1993) Combinatorial interactions
bet ween positive and negative cis acting elem
transgenic tobacc@heplant journal 4: 235253.

Jensen, O.N.2004) Modificationspecific proteomics: characterization of ptsinslational

modifications by mass spectrometBurrent opinion in chemical biology: 33-41.

63



Jin, H., and Matrtin, C. (1999) Multifunctionality and diversity within the plant My&e famiy.

Plant molecular biology#l: 577-585.

Jin, H., Cominelli, E., Bailey, P., Parr, A., Mehrtens, F., Jones, J. et al. (2000) Transcriptional
repression by AtMYB4 controls productThen of
EMBO journall9: 61506161.

Jones, D.H. (1984) Phenylalanine ammdgase: regulation of its induction, and its role in plant
developmentPhytochemistr23: 13491359.

Joos, H.J., and Hahl brock, K. ( B@andntubétdsem y | al
L.). Genomic compleity, structural comparison of two selected genes and modes of expression.
Europeanjournal ofbiochemistry204: 621-629.

Kaneda, T., Taga, Y., Takai, R., lwano, M., Matsui, H., Takayama, S. et al. (2009) The
transcription factor OSNAC4 is a key positivegulator of plant hypersensitive cell deatlne

EMBO journal28: 926:936.

Karpinska, B., Karlsson, M., Srivastava, M., Stenberg, A., Schrader, J., Sterky, F. et al. (2004)
MYB transcription factors are differentially expressed and regulated during segaadaular

tissue development in hybrid asp&ant molecular biologyp6: 255270.

Kawabe, H., Ohtani, M., Kurata, T., Sakamoto, T., and Demura, T. (2018) Pratgnosylation
regulates xylem vessel cell differentiation in ArabidopBlant andcell physiology59: 17-29.
Kawasaki, T., Koita, H., Nakatsubo, T., Hasegawa, K., Wakabayashi, K., Takahashi, H. et al.
(2006) CinnamoylCoA reductase, a key enzyme in lignin biosynthesis, is an effector of small
GTPase Rac in defense signaling in rieeoceedings of thenational academy ofciencesl03

230-235.

64



Kim, S-H., Oikawa, T., Kyozuka, J., Wong, H.L., Umemura, K., Kiklaboshi, M. et al. (2012)

The bHLH Rac Immunityl (RAI1) is activated by OsRacl via OsMAPK3 and OsMAPKG® in rice
immunity. Plant andcell physiology53: 740-754.

Kubo, M., Udagawa, M., Nishikubo, N., Horiguchi, G., Yamaguchi, M., Ito, J. et al. (2005)
Transcription switches for protoxylem and metaxylem vessel form&@iemes & developmem®:
18551860.

Kuroda, H., Takahashi, N., Shimad#d,, Seki, M., Shinozaki, K., and Matsui, M. (2002)
Classification and expression analysis of Arabidopdi®¥containing protein genePRlant and

cell physiology43: 10731085.

Lacombe, E. , Van Doorssel aer e, J . nati, B.¢2000) a n , v
Characterization of cis el ements required fo
Reductase gene and for prot&NA complex formationTheplantjournal 23: 663676.

Lauvergeat, V., Rech, P., Jauneau, A., Guez, C., Cditegenot, B.and GrimaPettenati, J.
(2002) The vascular expression pattern directed byEihealyptus gunniicinnamyl alcohol
dehydrogenase EQCAD2 promoter is conserved among woody and herbaceous planP&p&cies.
molecular biologyb0: 497-509.

Legay, S., SivadgnP., Blervacq, A.S., Pavy, N., Baghdady, A., Tremblay, L. et al. (2010)
EgMYB1, an R2R3 MYB transcription factor from eucalyptus negatively regulates secondary cell
wall formation in Arabidopsis and popl&tew phytologisi88 774786.

Leyva, A., Liang, X., PintorToro, J.A., Dixon, R.A., and Lamb, C.J. (199¢)s-element
combinations determine phenylalanine ammdya@se gene tissugpecific expression patterns.

Theplant cell 4: 263271.

65



Li, C., Wang, X., Ran, L., Tian, Q., Fan, D., and Luo, K. (2016)M¥B92 is atranscriptional
activator of thelignin biosynthetic pathway during secondarycell wall formation inPopulus
tomentosaPlant andcell physiology56: 24362446.

Li, Q., Song, J., Peng, S., Wang, J.P., QuZG Sederoff, R.R., and Chiang, V.L. (2014) Plant
biotechnology for lignocellulosic biofuel productidPlant biotechnologyournal 12: 11741192.

Li, Q., Lin, Y.C., Sun, Y.H., Song, J., Chen, H., Zhang, XeHal. (2012) Splice variant of the
SND1 transcription factor is a dominant negative of SND1 members and their regulation in
Populus trichocarpaProceedings of theational academy ofciences, USA09 1469914704.

Li, Q., Min, D., Wang, J.PY., Peszlenl., Horvath, L., Horvath, B. et al. (2011) Dowegulation

of glycosyltransferase 8D genesRopulus trichocarpaaused reduced mechanical strength and
xylan content in woodTreephysiology31: 226-236.

Lin, Y.C., Li, W., Sun, Y.H., Kumari, S., Wei, HLi, Q. et al. (2013) SND1 Transcriptidactor
directed quantitative functional hierarchical genetic regulatory network in wood formation in
Populus trichocarpaTheplant cell 25: 43244341.

Logemann, E., Parniske, M., and Hahlbrock, K. (1995) Modesxpfession and common
structural features of the complete phenylalanine amrgasge gene family in parsley.
Proceedings of theational academy osciences92: 59055909.

Lois, R., Dietrich, A., Hahlbrock, K., and Schulz, W. (1989) A phenylalanine anamorti y as e gen
from parsl ey: structur e, regul ation and ident
elementsThe EMBO journaB: 16411648.

Lothrop, A.P., Torres, M.P., and Fuchs, S.M. (2013) Decipheringtpostlational modification

codesFEBS letter$87: 12471257.

66



Mann, M., and Jensen, O.N. (2003) Proteomic analysis oftpaostlational modificationdNature
biotechnology21: 255261.

Mathé, C., Barre, A., Jourda, C., and Dunand, C. (2010) Evolution and expression of class llI
peroxidags.Archives obiochemistry andiophysics500 58-65.

Mauriat, M.I., Lep® J-C., Claverol, S.p., Bartholo&J.r.m., Negroni, L., Richet, N. et al. (2015)
Quantitative proteomic and phosphoproteomic approaches for deciphering the signaling pathway
for tension wood formation in poplalournal of proteomeesearchl4: 31883203.

Mazzucotelli, E., Mastrangelo, A.M., Crosatti, C., Guerra, D., Stanca, A.M., and Cattivelli, L.
(2008) Abiotic stress response in plants: when -pasiscriptional and pogtanslational
regulations control transcriptioRlantsciencel74: 420-431.

Miura, K., and Hasegawa, P.M. (2010) Sumoylation and other ubidiiigirposttranslational
modifications in plantsTrends in cell biologp0: 223232.

Mor s e, A. M., Whetten, R. W. , Dubos, c., and
modi fication of an R2R3 MYB transcription fac:
Newphytologist183 100:1013.

Nakashima, K., Tran, L.S.P., Van Nguyen, D., Fujita, M., Maruyama, K., Todaka, D. et al. (2007)
Functional an al ynsarigiondattor ®@sNAGS @hvotved pneabidtia amd biotic
Sstress responsi v eThgpamjeurnalslpela30si on i n ri ce.
Nakatsuka, T., and Nishihara, M. (2010) UDIBcose: 3deoxyanthocyanidin -®-
glucosyltransferase froBinningia cardinalisPlanta232 383-392.

Nasir, F., Tian, L., Chang, C., Li, X., Gao, Y., Tran;S.P., and Tian, C. (2018) Current

understanding of patteitniggered immunity and hormosraediated defense in ric®(yza sativa

67



in response tdVlagnaporthe oryzaenfection. In Seminars in cell & developmental biology
Elsevier, pp. 98.05.

Nuhse, T.S., Peck, S.C., Hirt, H., and Boller, T. (2000) Microbial elicitors induce activation and
dual phosphorylation of th&rabidopsis thalianaMAPK 6. Journal ofbiological chemistry275
75217526.

Nussinov, R., Tsai, €l., Xin, F., and Radivojac, P. (2012) Allosteric pwanslational
modification codesTrends in biochemical scienc®8: 447-455.

Oh, S., Park, S., and Han,-K. (2003) Transcriptional regulation of secondary growth in
Arabidopsis thalianalournal of experimental botarbd: 27092722.

Ohtani, M., Nishikubo, N., Xu, B., Yamaguchi, M., Mitsuda, N., Goué, N. et al. (2011) A NAC
domain protein family contributing to the regulation of wood formation in poplae plant
journal 67: 499512.

Olsen, A.N., Ernst, H.A., Leggio, L.L., and Skriver, K. (2005) NAC transcription factors:
structurally distinct, functionally divers&rends in plant scienckd: 79-87.

Patzlaff, A., Newman, L.J., Dubos, C., Whetten, R.W., Smith, C., Mclnnis, S. et al. (2003a)
Characterisation of Pt MYB1, an R2R8YB from pine xylem.Plant molecular biologp3: 597

608.

Patzlaff, A., Mclnnis, S., Courtenay, A., Surman, C., Newman, L@ithS C. et al. (2003b)
Characterisation of a pine MYB that regulates lignificatibmeplant journal 36: 743-754.

Pejaver, V., Hsu, W.L., Xin, F., Dunker, A.K., Uversky, V.N., and Radivojac, P. (2014) The
structural and functional signatures of protdine at under go mul ti pl e even

modification.Proteinscience23: 1077#1093.

68



Puranik, S., Sahu, P.P., Srivastava, P.S., and Prasad, M. (2012) NAC proteins: regulation and role
in stress toleranc@rends in plant scienckr: 369-381.

Rasnussen, S., and Dixon, R.A. (1999) Transgemegliated and eliciteinduced perturbation of
metabolic channeling at the entry point into the phenylpropanoid patfiweglant cell 11: 1537%

1551.

Remmerie, N., De Vijlder, T., Laukens, K., Dang, T.H., Lemié&t., Mertens, I. et al. (2011) Next
generation functional proteomics in nortodel plants: a survey on techniques and applications for
the analysis of protein complexes and goshslational modification®2hytochemistry2: 1192

1218.

Ritter, H., and Saulz, G.E. (2004) Structural basis for the entrance into the phenylpropanoid
metabolism catalyzed by phenylalanine ammdyase.Theplant cell 16: 34263436.

Romei s, T., Ludwi g, A.A., Martin, R., and Jon
play an essential role in a plant defence respoffse EMBO journaR0: 55565567.

Schuller, D.J., Ban, N., van Huystee, R.B., McCPHERSON, A., and Poulos, T.L. (1996) The crystal
structure of peanut peroxida&iructured: 311-321.

Schulz, P., Herde, M.,na Romeis, T. (2013) Calciwgiependent protein kinases: hubs in plant
stress signaling and developmdpiant physiology 63 523-530.

Schumann, N., NavarfQuezada, A., Ullrich, K., Kuhl, C., and Quint, M. (2011) Molecular
evolution and selection pattera$ plant Fbox proteins with @erminal kelch repeat$lant
physiologyl55 835-850.

Sequin, A., Laible, G., Leyva, A., Dixon, R.A., and Lamb, C.J. (1997) Characterization of a gene
encoding a DNAbinding protein that interacts in vitro with vascular@pe cis elements of the

phenylalanine ammonilgase promoterPlant molecular biologyg5: 281-291.

69



Seifert, G.J., and Blaukopf, C. (2010) Irritable walls: the plant extracellular matrix and signaling.
Plant physiologyi53 467-478.

Shi, R., Shuford, C.MWang, J.P., Sun, Y., Yang, Z., Chen, HC. et al. (2013) Regulation of
phenylalanine ammonilgase (PAL) gene family in wood forming tissueRipulus trichocarpa
Planta238 487-497.

Shoresh, M., and Harman, G.E. (2008) The molecular basis ofr&spoinses of maize seedlings

to Trichoderma harzianum T2Roculation of the rootA proteomic approactRlant physiology

147 21472163.

Shuford, C.M., Li, Q., Sun, Y.H., Chen, H.C., Wang, J., Shi, R. et al. (2012) Comprehensive
guantification of monoligal-pathway enzymes ifPopulus trichocarpaby protein cleavage
isotope dilution mass spectrometdpurnal ofproteomeresearchll: 33903404.

Solecka, D. (1997) Role of phenylpropanoid compounds in plant responses to different stress
factors.Actaphysiologiaeplantarum19: 257-268.

Speicher, T.L., Li, P.Z., and Wallace, I.S. (2018) Phosphoregulation of the plant cellulose synthase
complex and cellulose synthaliee proteins.Plants7: 52.

Spoel, S.H. (2018) Orchestrating the proteome with-passlational modifications. In: Oxford
Universitypress UK.

Stul emei jer, . J., and Joosten, M. H. (2008)
pathogen trigger ed dvelécalargaatpasholggyPab45560ng i n pl an
Tian, Q., Wang,X., Li, C., Lu, W., Yang, L., Jiang, Y., and Luo, K. (2013) Functional
characterization of the poplar R2RBYB transcription factor PtoMYB216 involved in the

regulation of lignin biosynthesis during wood formatiBhOSone8.

70



Veitch, N.C. (2004) Structurdeterminants of plant peroxidase functiBiytochemistryeviews

3: 3-18.

Venne, A.S., Kollipara, L., and Zahedi, R.P. (2014) The next level of complexity: crosstalk of
posttranslational modification®2roteomicsl4: 513524.

Wang, G-F., and BaliniKurti, P.J. (2016) Maize homologs of CCoOAOMT and HCT, two key
enzymes in lignin biosynthesis, form complexes with the NLR Rp1 protein to modulate the defense
responsePlant physiologyl71 21662177.

Wang, G-F., He, Y., Strauch, R., Olukolu, B., Nielsen,, Di, X., and BalintKurti, P. (2015a)
Maize homologs of HCT, a key enzyme in lignin biosynthesis, bind the NLR Rp1l proteins to
modulate the defense resporBnt physiologyl69 22302243.

Wang, J.P., Liu, B., Sun, Y., Chiang, V.L., and Sederoff, RR18a) Enzyme&nzyme
interactions iimonolignolbiosynthesisFrontiers in plant siense9: 1942.

Wang, J.P., Matthews, M.L., Naik, P.P., Williams, C.M., Ducoste, J.J., Sederoff, R.R., and Chiang,
V.L. (2019) Flux modeling for monolignol biosynthesfSurrent opinion in biotechnology56.
187-192.

Wang, J.P., Chuang, L., Loziuk, P.L., Chen, H., LirCY, Shi, R. et al. (2015b) Phosphorylation

is an on/off switch for Hhydroxyconiferaldehyde nethyltransferase activity in poplar
monolignol biosynthesigroceedings of theational academy ofciencesl12 84818486.

Wang, J.P., Naik, P.P., Chen-€., Shi, R., Lin, GY., Liu, J. et al. (2014a) Complepeoteomic

based enzyme reaction andinhibition kinetics reveal how monolignol biosynthetic enzyme

families affect metabolicflux andlignin in Populus trichocarpaTheplant cell 26: 894914.

71



Wang, J.P., Matthews, M.L., Williams, C.M., Shi, R., Yang, C., Tuniayakit, S. et al. (2018b)

Improving wood properties for wood utilization through muoltnics irtegration in lignin
biosynthesisNaturecommunication®: 1579.

Wang, S., Li, E., Porth, I., Chen;Q@., Mansfield, S.D., and Douglas, C.J. (2014b) Regulation of
secondary cell wall biosynthesis by poplar R2R3 MYB transcription factor PtrMYB152 in
Arabidopsis.Scientificreports4: 5054.

Waszczak, C., Akter, S., Jacques, S., Huang, J., Messens, J., and Van Breusegem, F. (2015)
Oxidative postranslational modifications of cysteine residues in plant signal transduction.
Journal of experimental botar§6. 2923-2934.

Yamaguchi, M., Kubo, M., Fukuda, H., and Demur
is involved in the differentiation of all types of xylem vessels in Arabidopsis roots and sHumsts.

plant journal 55: 652-664.

Yamaguchi, M., Mitsuda, N., ©t ani , M. , Ohme Takagi, M. , Kat o
VASCULAR RELATED NAC DOMAIN 7 directly regul a
genes for xylem vessel formatiofheplant journal 66: 579-590.

Yamaguchi, M., Goué, N., Igarashi, H., Ohtani, M., Nakano, Y., Mortimer, J.C. et al. (2010)
VASCULAR-RELATED NAC-DOMAIN6 and VASCULARRELATED NAC-DOMAIN7

effectively induce transdifferentiation into xylem vessel elements under control of an induction
systen. Plant physiologyl53 906:914.

Yan, S., and Dong, X. (2014) Perception of the plant immune signal salicyli€acrént opinion

in plant biology20: 64-68.

72



Yang, L., Zhao, X., Yang, F., Fan, D., Jiang, Y., and Luo, K. (2016) PtrWRKY19, a novel WRKY
transcription factor, contributes to the regulation of pith secondary wall formatiBopaolus
trichocarpa Scientific reports: 1-12.

Yang, L., Zhao, X., Ran, L., Li, C., Fan, D., and Luo, K. (2017) PtoMYB156 is involved in
negative regulation of phenylgsanoid metabolism and secondary cell wall biosynthesis during
wood formation in poplaiScientificreports7: 41209.

Yang, X-J. (2005) Multisite protein modification and intramolecular signalidgcogene24:
16531662.

Ye, Z-H., and Zhong, R. (2015) Mecular control of wood formation in treedournal of
experimental botang6: 41194131.

Yu, S-i., Kim, H., Yun, D:J., Suh, M.C., and Lee, 8. (2019) Postranslational and
transcriptional regulation of phenylpropanoid biosynthesis pathway by KglehtrEbox protein
SAGLL1.Plant molecular biolog®p9: 135148.

Zhang, X., and Liu, GJ. (2015) Multifaceted regulations of gateway enzyme phenylalanine
ammonialyase in the biosynthesis of phenylpropanoMslecularplant 8: 17-27.

Zhang, X., Gou, M., ah Liu, C-J. (2013) Arabidopsis Kelch repeatbBx proteins regulate
phenylpropanoid biosynthesis via controlling the turnover of phenylalanine amiyaséThe

plant cell 25: 49945010.

Zhang, X., Gou, M., Guo, C., Yang, H., and Liu;JC(2015) Dowrregulation of Kelch domain
containing Fbox protein in Arabidopsis enhances the production of (poly) phenols and tolerance

to ultraviolet radiationPlant physiologyl67: 337-350.

73



Zheng, L., Chen, Y., Ding, D., Zhou, Y., Ding, L., Weli, J., and Wang;2819) Endoplasmic
reticulumlocalized UBC34 interaction with lignin repressors MYB221 and MYB156 regulates
the transactivity of the transcription factorsdHapulus tomentos&8MC plant biologyl9: 1-17.
Zhong, R., Lee, C., and Ye,-H. (2009) Functionatharacterization opoplarwood-associated
NAC domaintranscriptionfactors.Plant physiologyl52 10441055.

Zhong, R., Lee, C., and Ye,-H. (2010) Evolutionary conservation of the transcriptional network

regulating secondary cell wall biosynthedisends in plant sciencks: 625632.

74



Chapter 3

Thermophilic Microbial Deconstruction andConversion ofNatural and Transgenic

Lignocellulose

Published irEnvironmental Microbiology Reports (20210.1111/1758229.12943

Ryan G. BingDaniel B.Sulis,Jack P. Wangylichael W. W. AdamsRobert M. Kelly

North Carolina State University, Raleigh, NC 27695

75



Abstract
The potential to convert renewable plant biomasses into fuels and chemicals by microbial
processes presents an attractive, less amwientally intense alternative to conventional routes
based on fossil fuels. This would best be done with microbes that natively deconstruct
lignocellulose and concomitantly form industrially relevant products, but these two physiological
and metabolic feates are rarely and simultaneously observed in nature. Genetic modification of
both plant feedstocks and microbes can be used to increase lignocellulose deconstruction
capability and generate industrially relevant products. Separate efforts on plantsraiesmare
ongoing, but these studies lack a focus on optimal, complementary combinations of these disparate
biological systems to obtain a convergent technology. Improving genetic tools for plants have
given rise to the generation of ldignin lines tha are more readily solubilized by
microorganisms. Most focus on the microbiological front has involved thermophilic bacteria from
the generaCaldicellulosiruptorand Clostridium given their capacity to degrade lignocellulose
and to form bieproducts throgh metabolic engineering strategies enabled by-ieweroving
molecular genetics tools. Bioengineering plant properties to better fit the deconstruction
capabilities of candidate consolidated bioprocessing microorganisms has potential to achieve the

efficient lignocellulose deconstruction needed for industrial relevance.
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Introduction

Lignocellulose, as the predominant form of biomass on the planet, has potential to alleviate
dependence on naenewables if it can be converted into industrial chemi@dsincil, 2011;
Caspeta et al ., 2\nlbr&ationOfdighecellulosd occark in two rdath 3t€p}:
deconstruction and conversion. Deconstruction aims to break down the polymeric components of
lignocellulose (cellulose, hemicellulose, anignin) into simpler molecules that can be
subsequently converted into products. Chemical and biological processes have been investigated
for both steps of valorizatof Ly nd et al ., 2005; Lange, 2007;
2020) Deconstructiorand conversion methods are often specific to a certaupddioner or
components of a bipolymer contained in the lignocellulose; as such deconstruction methods are
often combined and tailored to a specific biomass so(ré@i ovannoni e tetahp | . , 2 C
2020) Ideally, the valorization process should be as simple and concise as possible to maximize
the technical and eaomic outcomes of the process.

One typical process route consists of chemical or enzymatic pretreatment to fully or
partially decostruct the biepolymers, followed by a fermentation to generate industrial products,
such as ethanolHimmel, 2015; Liu et al., 2020)Some fermentative organisms (such as
Saccharomyces cerevisiae) utilize simple sugars, while others are lignocellu{slytit as
Clostridium thermocellumor Caldicellulosiruptor besc)i and degrade more complex bio
polymers(Liu et al., 2020) Minimization or elimination of biomass pretreatment procedures has
potential to make the valorization process more energy andmemaily favourable. Consolidated
bioprocessing (CBP) uses lignocellulolytic organisms to both deconstruct and convert
lignocellulosic biomass into products, with or without pretreatment of the biomass, in a single step

(Lynd et al., 2005) CBP pretreatmesttypically focus on reducing biomass recalcitrance by
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liberating cellulose and hemicellulose from lignin. CBP is currently limited by lignocellulolytic
microbes' efficiency of biomass deconstruction and productivity of commodity cherfligats
et al., 205; Olson et al., 2012; Himmel, 2015; Liu et al., 2020)

Careful choice and optimization of micrefeedstock pairs is critical for an efficient
deconstruction process. Here, micrdbedstock pairings and related CBP processes are
considered in the contegf their industrial potential. Industrially relevant feedstock and microbe
options are discussed, as well as micffameistock pairings, to highlight the need for optimization

of specific microbefeedstock pairs.

Plant biomass feedstocks with industriapotential

Secondgeneration biofuels

Advances in bioenergy feedstock development aim to significantly reduce greenhouse gas
emissions to combat climate change and provide sustainable energy and material resources
(Alzagameem et al., 2019; Singh et a019). Firstgeneration biofuels are produced using starch
and simplesugar based feedstocks and have been widely applied for bioethanol and biodiesel
production(Jiang et al., 2019; Mat Aron et al., 202Bowever, largescale application of first
generatn biofuels has been embroiled in global climate and energy debates in recent years
(IRENA, 2019). Global food security, food and feed prices, and considerable arable land use are
some of the sustainability concerns of figeneration biofuel§IRENA, 2019; Mat Aron et al.,

2020) These concerns have prompted the development of more advanced biofuels (IRENA, 2019).
Lignocellulosic feedstocks represent a promising alternative source of carbon biomass for biofuels

production. It can be attributed to theirstinable, scalable, and renewable production on less
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productive areas such as marginal lands that do not compete with agricultural food production
(Jiang et al., 2017; IRENA, 2019; Jiang et al., 2019)

Secondgeneration biofuels (including bioethanol abgbdiesels, but also likely to
diversify to include other fuels and nduel industrial chemicals, such as acetone, butanol,
succinate, and others) are produced from-eaible lignocellulosic biomass, such as affnest
residues, woody feedstocks, andustrial lignocellulosic wastg&ucharska et al., 2018; Raud et
al., 2019; Sharma and Saini, 202Dignocellulosic biomass is plant secondary cell walls (SCW)
composed primarily of cellulose (40%0%), hemicelluloses (25%0%), and lignin (25%30%)
(Shama and Saini, 2020T he ratio of these constituents varies across different plant species and
genotypes within each specig¥ierzbicki et al., 2019; Sharma and Saini, 20E))vironmental
conditions, biotic stresses, and different stages of growth and development also affect
lignocellulosic compositiofiSharma and Saini, 2020)

C4 plants, such adiscanthusand switchgrasdP@anicum virgatur) have been extensively
studied aspotential feedstocks for bioenergy production. Other energy crops, including reed
canary grassRhalaris arundinacep giant reed Arundo donak and alfalfa fedicago sativa
(Chandel and Singh, 201 BIso have been studied for their bioenergy potenititdrests in these
energy crops arise from their higinoductivity across diverse environmental conditions and low
water, nutrient, and fertilizer requireme(@handel and Singh, 201However, their application
as feed for livestock makes them an tnaative option for biofuel productiai€handel and Singh,
2011; Mitchell et al., 2016)Woody crops (e.dP?opulus Salix, Eucalyptusand their hybrids) are
becoming an attractive source of bioenergy feeds(W¢ki et al., 2019) The broad genetic
variation of these species and the wadltablished breeding programs and transformation methods

have permitted the exploration of genetic approaches to cell wall modification for enhancing
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lignocellulosic biomass deconstructi@hanoca et al., 2019Voody bionass makes up 57% of
all carbon biomass on eartBar-On et al., 2018)The abundance of woody biomass availability,
combined with fasgrowth, makes shorbtation forest trees, such Bepulus Salix Eucalyptus,
and their hybrids, promising feedstock sms to meet the world's demands for sustainable
bioenergy(Bryant et al., 2020)

As mentioned above, the conversion of lignocellulosic feedstock into fuels and products
requires the deconstruction of cellulose and hemicelluloses into monosacchariddednaglia
microorganisms, chemical treatments, enzymatic processes, or combinations (Herewfd
Ragauskas, 2012; Kucharska et al., 20I18)e monosaccharides are then converted through
fermentation to fuels and products (e.g., bioethanol, biobutanahcatoine]Qureshi et al., 2010;

Hu and Ragauskas, 2012; Kucharska et al., 201®) carbohydratignin complex formed in the
SCW limits access of enzymes and microbes to the cellulose and hemicelluloses, making
lignocelluloses recalcitrant to most micraband enzymatic degradatiqiiu and Ragauskas,
2012; Li et al., 2014, Straub et al., 2020&)e antimicrobial properties of lignin and ligrderived
compoundgKalinoski and Shi, 2019nd the structural heterogeneity of the lignin polymer also
challerge the efficient deconstruction of lignocellulog8gmmons et al., 2010Therefore, much
effort has been made to overcome the recalcitrant barrier of lignocellulosic biomassifasdib
fuels and chemical production. Feedstock pretreatment can tecilg#ignification or disruption

of lignin-cellulose linkages to improve the accessibility of enzymes andweédlldigestive
microbes to cellulose and hemicellulog8syant et al., 2020; Straub et al., 2020@pmmon
biomass pretreatments encompass @aysnethods (e.g., pyrolysis and mechanical partide
reduction), chemical methods (e.g., acid, alkaline, ionic liquids, and ozonolysis), and physical

chemical methods (e.g., steam, carbon dioxide, and ammonia fibre expl(asiemrdl., 2014)

80



Pretratment is often one of the most expensive steps in biofuel production because of the
costly chemicals, enzymes, and energy required for delignificéddman, 2007; Engler and
Jakob, 2013; Sykes et al., 2019n addition, lignin degradation products atexic to
microorganisms and interact irreversibly with cellulosgrading enzymes, limiting their activity
(Parisutham et al., 2014Pentose (xylose and arabinose) and hexose (glucose, galactose, and
mannose) degradation products, such as furfural adbkymethylfurfural (HMF), commonly
originate from pretreatments and inhibit fermentation, reducing the biofuel production efficiency
(Wyman, 2007; Parisutham et al., 2014; Sykes et al., 20h&yefore, lowrecalcitrant feedstocks
that require minimal ano pretreatment are of significant interest to the biofuel industry. Feedstock
recalcitrance can be reduced by modifying the composition of lignocellulosic biomass using
genetic approaches such as conventional dyomsding(Clifton-Brown et al., 2019)genetic
engineering(Wang et al., 2018)and screening for natural genetic varia(falph, 1997;
Vanholme et al., 2013)These studies have predominantly focused on the lignin biosynthetic
pathway(Engler and Jakob, 201Bgcause the content and compositof lignin in SCW is one
of the main determinants of feedstock recalcitrance to microbial and enzymatic deconstruction

(Van Acker et al., 2014; Straub et al., 2020a)

Genetic improvement of lignocellulosic feedstock by modulating lignin biosynthesis

Lignin is a phenolic polymer formed by phenylpropanoid monomeric unitsuaryl
alcohol (Hunit), coniferyl alcohol (@unit), and sinapyl alcohol (8nit), also known as
monolignols(Wang et al., 2018)Lignin provides essential roles in water transpar¢chanical
support, pathogen resistance, and abiotic stress resjiansg et al., 2014; Cesarino, 201%he

biosynthesis of lignin occurs in several consecutive reactions involving at least 11 different

81



enzyme families and 24 metabolitéSulis and Wag, 2020) The pathway is complex and
regulated by a network of substrates and inhibitors that convert phenylalanine or tyrosine to
monolignols through a metabolic gi(di et al., 2014; Wang et al., 2014; Sulis and Wang, 2020)
The monolignols are then trsported to the lignifying zone and oxidized by peroxidases and
laccases to phenoxy radicals for polymerizafionet al., 2014; Sulis and Wang, 2020he 11
enzyme families involved in monolignol biosynthesis are phenylalanine amiyas& (PAL),
cinnamate4-hydroxylase (C4H), 4€oumarate:CoA ligase (4CL),-pydroxycinnamoyCoA:
shikimate phydroxycinnamoyltransferase (HCT);cpumarate dydroxylase (C3H), caffeoyl
shikimate esterase (CSE), caffe@dA O-methyltransferase (CCoAOMT), cinnameybA
reductase (CCR), coniferaldehyde-hydroxylase (CAId5H), Shydroxyconiferaldehyde O
methyltransferase (AIdOMT), and cinnamyl alcohol dehydrogenase (QAB) al., 2014; Wang

et al., 2019h)

Modifying the monolignol biosynthetic pathway can significantlyemalignin content,
subunit composition, and the degree of ester linkages between lignin and carboli@tetesnd
Dixon, 2007; Grabber et al., 2009; Li et al., 2Q1Rgrturbing the expression of monolignol
biosynthetic genes to alter lignin content aodhposition, has been demonstrated by transgenesis
to modify lignocellulosic biomass deconstruction, saccharification, and fermentation efficiencies
(Table 1) Engler and Jakob, 2013; Chanoca et al., 2@&yvnregulation oiCLin Populus nigra
L. x Populus maximowiczii A(Min et al., 2013)and Populus trichocarpaMin et al., 2012)
reduced lignin content by 52% and increased the saccharification efficiency in greenhouse and
field-grown transgenics by 330% for unpretreated bion(ks et al., 2012; Min eal., 2013,

Xiang et al., 2015)Similar results were observed Bmus radiate(Wagner et al., 2009nd

Pinus taedgEdmunds et al., 2017The downregulation reduced the overall lignin content in the
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transgenics and improved sugar release up to 28a¥Ba0% for unpretreated and pretreated
samples, respectively, compared to wild tyjdéagner et al., 2009; Edmunds et al., 201)
switchgrass andWliscanthus sinensighe downregulation oAIdOMT reduced the total lignin
content up to 15% and 63%, resjreely (Fu et al., 2011b; Yoo et al., 2018reenhousgrown
switchgrass transgenics exhibited increased saccharification efficiency up to 38% and 42% of
ethanol yield per unit of biomass improvemérti et al., 2011b)The fieldgrown transgenics
switchgrass also showed improved sugar release-38%) and ethanol yield (21%8%)
compared to wileype plantgBaxter et al., 2014)

Recently, promising results targeti@@CR C3H, andCAD genes were achieved in energy
crops and woody plants. Downregulatiai CCR improved saccharification efficiency in
transgenic alfalfa by 67% compared to wijghe plants for unpretreated sampléackson et al.,
2008) Downregulation ofCCRIn field-grown Populus tremula x Populus albacreased the
saccharification effi@ncy up to 139% and 95% for untreated and treated samples, while the
bioethanol production from the transgenics increased up to 18a®b Acker et al., 2014)in
energy crops like alfalf@ackson et al., 2008witchgrasgFu et al., 2011ajandBrachypalium
(Bouvier D'Yvoire et al., 2013CAD-deficient lines improved saccharification yield ranging from
5.5% to 89% compared to wild type. In maize,@#eD-deficient plants increased bioethanol yield
of 8% when expressed on a dry biomass W@&sisalé efal., 2012) In P. tremula x P. albathe
CAD1-deficient plants showed improvements in glucose released by up to 81% compared to wild
type (Van Acker et al., 2017Moreover, xylose release was also higher in the transgenics (153%
of wild type), regardlesef pretreatmentévVan Acker et al., 2017)Downregulation o£CAD and
C3H genes inP. trichocarpaincreased the biomass solubilization, via microbial digestio@.by

bescii from 20% (wildtype trees) up to 79% in transgenic trg@&iraub et al., 2019b)
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Cabohydrate solubilization was nearly 90% for transgenic lines compared to only 25% for wild

type poplanStraub et al., 2019b)

Current limitations and perspectives in genetic engineering of lignin biosynthesis for feedstocks

improvement

Perturbation of mnolignol biosynthetic genes frequently results in adverse plant growth
and development (Table 1). The downregulatiol€6R CAD, C3H, C4H, andHCT has been
correlated with penalties in biomass accumulat©hen and Dixon, 2007; Jackson et al., 2008;
Mansfield et al., 2012; Van Acker et al., 2014; Sykes et al., 2015; Straub et al., , 2080
limits the transgenics' commercial applicatiganda et al., 2020)The negative impacts on
growth could be mitigated by altering lignin composition insteadediicing lignin content.
Increasing the ratio of-30 G-subunits (S:G ratio) has been associated with longer linear lignin
chains and greater access to surface cellulosic content by mlmwahd enzymatic complexes
(Dumitrache et al., 2016Wwhich faciltates the deconstruction of lignocellulosic biomass.In
tremula x P. albaand switchgrass, the overexpressiofafd5H2significantly increased the S:G
ratio with no reported biomass penalt{&ewart et al., 2009; Wu et al., 2019) wild-type P.
trichocarpanatural variants, the glucose and xylose release and ethanol yield were strongly
correlated positively with high S:G rat{8tuder et al., 2011; Yoo et al., 2018dpwever, some
studies have also reported no relationship between S:G ratio gad releasdStraub et al.,
2020a) Therefore, sugar release may depend on pretreatment conditions and feedstock types
(Pazhany and Henry, 201®lternative approaches for lignin modification have been carried out
by incorporating novel monolignol subusin lignin to reduce the rigidity of chemical bonds. The

expression oferuloyFCoA monolignol transferasg=MT) from Angelica sinensign P. alba x
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Populus grandidentataesulted in the accumulation of ester bonds in the lignin structure by
incorporation of coniferyferulate (Wilkerson et al., 2014)An increase of 200% in glucose
release was observed in the transgenics compared toyya@Wilkerson et al., 2014 Expression

of atyrosinerich peptide(TYR formed freeradical coupling with monolignol precursors and
resulted in lignin structures highly susceptible to protease cleavage that enhanced cellulase and
hemicellulase hydrolysis of polysacchariddsang et al, 2008) The lignin content and
morphology were unaffected in the transgenics but increased the release of sugars (byatP%

et al., 2008)

Table 1. Genetic improvement of lignocellulosic feedstocks by modulating lignin biosynthesis.

Target Species RNAi or CRISPR  Main results achieved Greenhouse or Phenotypic  Reference
genes field-grown observations

transgenics

4CL P. nigralL. x RNAI Lignin content reduced by 52% Greenhouse Not reported  (Min et
P. downregulation al., 2013)
maximowiczii Total sugar saccharification efficienc
A increased by 245% without treatmen
4CL P. trichocarpa RNAI Lignin content reduced by 30% Greenhouse Not reported  (Min et
downregulation al., 2012)

Total sugasaccharification incresed

by 60% without pretreatment

4CL P. trichocarpa RNAI Lignin content reduced by 45% Greenhouse Not reported  (Xiang et
downregulation al., 2015)
4CL P. trichocarpa RNAI Lignin content reduced by 33% Field Not reported  (Xiang et
downregulation al., 2015)

Total sugar saccharification efficienc
increagd by 330% without

pretreatment
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Table 1 (continued)

4CL P. tremula x CRISPR Lignin content reduced by 23% Greenhouse Not reported  (Zhou et
P. alba knockout al., 2015)
4CL P. radiate RNAI Lignin content reduced by 36% Greenhouse Not reported  (Wagner et
downregulation al., 2009)
4CL P. taeda RNAI Lignin content reduced by 27% Greenhouse Not reported (Edmunds
downregulation et al., 2017)
Glucose saccharification efficiency
increagd by 280% without
pretreatment
4CL P. virgatum CRISPR Lignin content reduced by 30% Greenhouse Not reported (Park et al.,
knockout 2017)
Glucose and xylose saccharification
efficiency increased b$1% and 32%
without pretreatment
4CL P. trichocarpa RNAI Lignin content reduced by 51% Greenhouse Not reported (Wang et
downregulation al., 2018)

Glucose and xylose saccharification
efficiency increased by 300% and

554% without pretreatment
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Table 1 (continued)

AldOMT

P.virgatum

RNAI

downregulation

Lignin content reduced by 15%

Total sugar saccharification efficienc
and ethanol yield increased b§%

and 42% without pretreatment

Greenhouse

Tiller fresh
weight
ranging from

+18% t0-6%

Tiller dry
weight
ranging from

+11% to-2%

Tiller height
ranging from

+4% to-4%

Stem fresh
weight
ranging from
+25% to-

14%

Stem dry
weight
ranging from

+14% to-9%

Stem height
ranging from

+4% t0-4%

(Fuetal.,

2011b)
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Table 1 (continued)

AldOMT P. virgatum RNAI Lignin content reduced by 14% Field
downregulation
Total sugar saccharification efficienc
and ethanol yield increased B%%

and 28% after pretreatment

AldOMT M. sinensis RNAI Lignin content reduced by 63% Greenhouse

downregulation

Tiller height
ranging from

+7% t0-15%

Plant
diameter
ranging from

+16% to-8%

Dry weight
rangingfrom
+22% to-
50%

Plant height
ranging from
-26% to-

43%

Leaf length
ranging from
-29% to-

49%

Fresh weight
ranging from
-73% to-

89%

Dry weight
ranging from
-60% to-

84%

(Baxter et

al., 2014)

(Yoo et al.,

2018b)
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Table 1 (continued)

CCR M. sativa RNAI

downregulation

CCR P. tremula x RNAI
P. alba downregulation
CCR P. trichocarpa RNAI

downregulation

CAD M. sativa RNAI

downregulation

Lignin content reduced by 30% Greenhouse

Total sugar saccharification efficienc
increased by 67% without

pretreatment

Total sugar saccharification efficienc Field
and ethanol yield increased by 139%

and 161% without pretreatment

Lignin content reduced by 35% Greenhouse

Glucose and xylose saccharification

efficiency increased by 193% and

1161% without pretreatment

Lignin content reduced by 12% Greenhouse

Total sugar saccharification efficienc
increased by 26% without

pretreatment

Fresh weight
ranging from
-10% to-

0%

Dry weight
ranging from

+5% t0-70%

Average
biomass
ranging from
-16% to-
24%

Plant height
ranging from

-1% to-75%

Stem volume
ranging from
-11% to-
96%

Fresh weight
ranging from
+10% to-

55%

Dry weight
ranging from
+15% to-

55%

(Jackson et

al., 2008)

(Van Acker

etal., 2014)

(Wang et

al., 2018)

(Jackson et

al., 2008)
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Table 1 (continued)

CAD P. virgatum RNAI
downregulation

CAD B. distachyon RNAI
downregulation

CAD P. tremulax RNAI
P. alba downregulation

CAD P. trichocarpa RNAI

downregulation

Lignin content reduced by 22% Greenhouse
Total sugar saccharification efficienc'
increased by 89% without
pretreatment

Lignin content reduced by 26% Greenhouse
Total sugar saccharification
efficiency increased by 46% with
pretreatment

Lignin content reduced by 13% Greenhouse
Glucose and xylose saccharification

improved increased 1% and 153%

with pretreatment

Lignin content reduced by 32% Greenhouse
Wood biomass solubilization through
C. besciincreased from 20% (witd

type) up to 78% in transgenics

Total carbohydrate solubilization

throughC. besciincreased from 25%

(wild-type) up to 90% in transgenics

Ethanol yield increased by 587%

Not reported (Fuetal.,
2011a)

No biomass  (Bouvier

penalties D'Yvoire et

were al., 2013)

observed

Plant height  (Van Acker

ranging from et al, 2017)

+1% to-11%

Fresh weight

ranging from

+14% t0-6%

Plant height  (Straub et

reduced by  al., 2019b;

53% Straub et
al., 2020a)

Stem volume
reduced by

74%
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Table 1 (continued)

C3H P. trichocarpa RNAI Lignin content reduced by 54% Greenhouse Plant height  (Straub et
downregulation ranging from al., 2019b;
Wood biomass solubilization through -9% to-38%  Straub et
C. besciincreased from 20% (wiid al., 2020a)
type) up to 79% in transgenics Stem volume
ranging from
Total carbohydrate solubilization -5% to-50%
throughC. besciifrom 25% (wild
type) up to 87% in transgenics
Ethanolyield increased by 662%
C3Hand P. trichocarpa RNAI Glucose and xylose saccharification Greenhouse Plant height (Wang et
C4H downregulation efficiency incrased by 189% and ranging from al., 2018)
561% without pretreatment -8% t0-36%
Stem volume
ranging from
-14% to-
48%
PAL P. trichocarpa RNAI Lignin content reduced by 57% Greenhouse Penaltiesin  (Wang et
downregulation height al., 2018)

Glucose and xylossaccharification
efficiency increased by 165% and

285% without pretreatment

ranging from

+6% t0-15%

Stem volume
ranging from
-14% to-

36%
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Table 1 (continued)

HCT P. trichocarpa RNAI Lignin content reduced by 31% Greenhouse Plant height  (Wang et
downregulation ranging from al., 2018)
Glucose and xylose saccharification -41% to-
efficiency increased by 186 and 72%

315% without pretreatment
Stem volume
ranging from
-49% to-

92%

Growth defects mediated by lignin perturbation have been associated with collapsed vessel
elementgWang et al., 201&nd reduced water conductivifiyluro-Villanueva et al., 2019 Celt
type specific perturbation of lignin genes in fibre cells while keeping the vessel cells intact has
proven successful in reducing recalcitrance without compromising growth and development. In
Arabidopsis, a vesssbecific expression o€CR in mutant plants harbouringCCR lossof-
function restored biomass yie{De Meester et al., 2018The hyper and hypaccumulation of
intermediate metabolites are also potential causes for transgenic growth defects. Hyper
accumulation of these metabolites (e.g., cinnamic acid, flavonoids, ferulic acid) may block
hormone signalling and antagonize réaebxygen species needed for cell divisi@vuro-
Villanueva et al., 2019Hypo-accumulation of phenylpropanoids with intrinsic groyettomoting
activity or compounds that indirectly affect plants' growth and development may also explain the
altered trangenic phenotype@Muro-Villanueva et al., 2019)The mechanistic insights into how
the perturbation of monolignol genes influences plant growth and adaptation remain to be
elucidated. To better understand how genetic changes may impact feedstock systenes

approach to integrating omics data (e.g., genomics, transcriptomics, proteomics, and
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metabolomics) from natural variants or engineered plants may be needed to facilitate
understanding of genes, proteins, and metabolites associated with phenagtmnsgaThus, the
ideal genotypes may be dgised for feedstock improvement.

Given the clear interplay between biomass recalcitrance and productivity (Jackson et al.,
2008), genetic engineering of lignocellulosic feedstocks should be carefully designaidrice
recalcitrance level with biomass retention. To identify the most influential wood traits associated
with saccharification efficiency and biomass retention, Escamez et al. analysed 65 characteristics
related to wood chemistry, anatomy and strugtiniomass production, and sugar release in 40
genetically engineered hybrid aspfiscamez et al.,, 2017YJsing multivariate analyses and
mathematical modelling, the authors identified traits strongly associated with total wood sugar
(TWS) yield, taking mto consideration biomass production and sugar rel@asmmez et al.,
2017) The biomass traits positively correlated with TWS include height, diameter, wood density,
cell wall thickness, modulus of elasticity, and galacturonic acid cofisoamez etla 2017)

In P. trichocarpa a multtomics integrative model of the lignin biosynthesis was developed
to understand how changes in the expression of individual lignin pathway genes or combination
of these genes affect 25 lignin and wood trglfang et al 2018) The model was built using 239
transcriptomic (RNAseq) and proteomic (L&IS/MS) libraries, 207 reaction and inhibition
enzyme kinetic parameters, 220 wood chemistry datasets, 76 lignin compositions and structures
data using 2D HSQC NMR, 236 enzgtit saccharification assays, and measurements of growth
(221), modulus of elasticity measurements (416), and density (213) from ~2000 engieered
trichocarpa trees perturbed for 21 monolignol gen@&/ang et al., 2018)The lignin and
carbohydrate contés of the transgenics ranged beyond the natural phenotypic variation found in

wild-type treegWang et al., 2018)in wild-type trees, the average of the C:L ratio, an important
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indicator of the potential maximum cellulosic yield for biofuels, and ligointent were 3% and

22% respectivelyfWang et al., 2018)n contrast, the C:L ratio and lignin content in the transgenics
ranged from 2% to 9% and 9% to 25% respecti(@lgng et al., 2018Bignificant improvements

in saccharification efficiency were alstown in the transgenid3. trichocarpa The released
glucose and xylose were increased up to 351% and 828% for unpretreated transgenic samples
compared to wildype treegWang et al., 2018)The information was integrated using advanced
machinelearningalgorithms to create a comprehensive systems model that predicts lignin content
and linkages, carbohydrate composition and content, density, and growth from engineered tree
variants(Wang et al., 2018; Matthews, 2019; Matthews et al., 20@)chine learimg-based
predictions of multigenic engineering strategies may advance feedstock design with superior

deconstruction characteristics compared to traditional sopghe approaches.

CRISPRCas genome editing fieedstocks

Feedstock improvement by lignin g perturbation has been predominantly carried out
using RNA interference (RNAI) and artificial microRNA (amiRNA). These approaches mediate
gene suppression at the mRNA level (knockdown) and do not confer permanent silencing of target
genes at the DNA levgknockout) (Boettcher and Michael, 2015). Altering gene transcript
abundances leave much to be desired due to the unpredictable specificity and degree of
modification (Tsai and Xue, 2015). The redloration of xylem, typically found when CAD,
AIdOMT, or CCR genes are downregulated, is often not uniform throughout the xylem tissue
(Chanoca et al., 2019). The inconsistent downregulation of these genes by RNAi or amiRNA is a
major problem because lignin genes are typically expressed in excess of whaiiredréay

normal wood formation (Shi et al., 2017; Zhang et al., 2020). The residual expression ef down
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regulated genes, resulting from the instability of transcriptional suppression, may be sufficient to
retain the recalcitramcof lignocellulosic feedsti.

Recently developed genome editing technologies offer enormous potential for advancing
the genetic improvement of feedstoqi®ark et al., 2017; Pazhany and Henry, 20E3)iting
genomic DNA to induce lossf-function mutation enables precise heritalsigrovement of
phenotypic traits, providing a powerful tool for the rapid production of superior ({Gkss and
Averof, 2014; Sander and Joung, 2014; Bewg et al., 20CBISPR (Clustered Regularly
Interspaced Short Palindromic Repe#igs (CRISPRasseiated protein) recognizes DNA
sequences through RNBNA base pairing. CRISPRas generates doukdtranded DNA breaks
repaired by nofhomologous end joining (NHEJ) to induce mutations that would result in
permanent lossf-function of the target gendSander and Joung, 2014; Selle and Barrangou,
2015) Targeted mutagenesis is a key genome editing application of CRI&®PRand has been
successfully demonstrated to be a gamenger for feedstock improvemgitan et al., 2015;
Zhou et al., 2015; Park et. aR017; Wan et al., 2017; Yang et al., 2017; Van Zeijl et al., 2018)
Use in transgenic poplar to knockd@L consistently reduced lignin content by 23%. The absence
of observed oftarget cleavage and homogeneity of wood discoloration, typically fouAGL-
deficient treeqZhou et al., 2015)are clear examples of how genoesditing technologies are
superior to gene downregulation approaches. In switchgrass, CRIS®HRCL-knockout lines
showed improved glucose release by up to 11% and xylose releaged32% compared to wild
type (Park et al., 2017)On the other hand, no differences in glucose and xylose released were
found comparing wild type and RNAICL lines(Park et al., 2017)ndicating that CRISPfCas9
knockout lines are superior to the RiNknockdown lines for lignocellulosic fuel potenti@gPark

et al., 2017)
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CRISPRbased genome editing coupled with macHe®ning design of multigenic
strategies in energy and woody crops could be revolutionary for feedstocks improvement. Editing
gene combinations could induce precise modulation of metabolic flux for ligmeyriihesis that
attenuates the adverse growth effects of sigglee knockdowns. Using the machiearning
model for lignin biosynthesis, the impact of single versus multigene perturbation in lignin
biosynthesis was simulatéd/ang et al., 2018)Ihe reslis suggested that changing the expression
of an entire gene family is greater than the effects of changing the expression of individual genes
within a family, and that individual family members may be functionally redundant to maintain
wild-type lignin levels and wood formatiofiWWang et al., 2018)Specific combinatorial effects of
changing the expression of multiple genes may be necessary for trait modifications to alleviate
negative effects on plant growth and adaptatiang et al., 2018 Hence, dueatthe complexity
of SCW and patrticularly lignin biosynthesis, integrated systems approach usingmigkidata,
genomeediting, and advanced machilgarning algorithms may help generate superior

feedstocks that balance the recalcitrance reduction vathassretention (Figure 1).
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Figure 1. Schematic representation of the bioenergy feedstocks evolution. Compareewoathnstarch
based and newoody lignocellulosiebased feedstocks, forest trees store sigmifiy higher amounts of carbon,
reaching 57% of all carbon biomass on earth. The abundance of woody biomass availability maketasbort
forest trees an extraordinary feedstock source to meet the world's demands for sustainable bioenergy (a). The
integration of omics (e.g., genomics, transcriptomics, proteomics, and metabolomics) to advanced lesctiimge
algorithms (b) is a powerful approach to design strategic genotypes of interest when combined withegitimogne
technologies such as CRISERRC&9 (c). Superior trees with enhanced wood traits, growth, and feedstocks

deconstruction are essential for the esfétctive production of renewable fuels and chemicals (d).
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Cellulolytic and hemicellulolytic microorganisms with industrial potential

Lignocellulolytic microorganisms can be found across all domains of life: Bacteria,
Archaea, and Eukarya, although the majority of research has focused on anaerobic bacteria and
aerobic fungi(Montenecourt and Eveleigh, 1977; Hammel et al., 1997; Graham, €204l ;
BlumerSchuette et al.,, 2014; Gloster, 202Qrganisms employ a diverse set of enzymes to
synergistically breakdown the biopolymers contained in lignocellulose. These include enzymes to
breakdown cellulose, hemicelluloses, lignin, as well as ninastituents of lignocellulose like
pectin(Bayer et al., 2008; Cann et al., 2020; Giovannoni et al., 2020; Gloster, 20gth is
highly recalcitrant to degradation due to its heterogeneity and high energy requirements to break
lignin polymeric bondsAs such, ligninases are less common than cellulases and hemicellulases,
mostly found in aerobic fungi, but bacterial and limited anaerobic (low level lignin degradation in
the facultative anaerolienterobacter lignolyticsexamples have been repor{gthmmel et al.,
1997; DeAngelis et al., 2013; Guaelifontero and Sankar, 2018; Giovannoni et al., 20@0)y
a handful of lignocellulolytic microbes have been studied in depth for fermentative applications
like CBP, while many more have been investigated as sources for enzymes (cellulase, amylases,
hemicellulases, pectinases, ef{¢tl)mmel, 2015; Lynd etla 2016; Lee et al., 2020Anaerobic
bacteria have dominated CBP because they offer a suitable fermentative platform to produce
alcohols and organic acids that have industrial value. While aerobic fungi have received significant
attention for their abity to secrete high levels of cellulases and hemicellulases that can be
subsequently used for industrial enzymatic treatments, aerobes are less suited for CBP due
difficulties directing carbon away from G@nd biomass prhction to industrial products.

Microbial degradation of the cellulose and hemicellulose components of lignocellulosic

biomass has the potential to qagrformin vitro enzyme treatment. This was shown with the most
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thermophilic celluloselegrading organisms know@, bescij wherein vivoenzyme combinations
never exceeded 25% ai vivo cellulose hydrolysis, indicating maximal degradation potential
whenC. besciicoordinates the synergy of its enzyni@snway et al., 2018CBP has focused on
fermentative microbes that can deconstructcdmdohydrate fraction of lignocellulose, with less
focus on lignin deconstruction due to the associated difficulties. However, some organisms are
being studied for their ability to process lignin derivatives, sudPsasidomonas putid&lmore
et al., 202

Among the hemicellulolytic and cellulolytic microbeS|ostridium thermocellun{Topt
= 6 0QAI®}ci(Topt= 7 8aldCThermoanaerobacterium saccharolytiofiispi= 6 0 AC) hav e
been the most investigated for industrial fermentative potéhtiatl etal., 2016; Lee et al., 2020)
Interestingly, these microbes are all moderatg:(F 4®C) or extreme thermophiles o6T
> 7 O(Fxelxy et al., 1988; Lee et al., 1993; Yang et al., 2018 limited focus on mesophiles
is likely due to the unavailditly of facile genetic systems (especially for fermentative anaerobes)
and the potential industrial processing advantages of thermofBiileserSchuette et al., 2014)
Other lignocellulolytic organisms, including mesophiles, that have been investigekediei the
anaerobic bacteriaClostridium cellulolyticum Clostridium cellulovorans Clostridium
clariflavum, Caldanaerobius polysaccharolyticus Thermoanaerobacterium
thermosaccharolyticunand otherCaldicellulosiruptor species, as well as the aerobic dus
Trichoderma reesdiTable 2)(Desvaux, 2005; Artzi et al., 2014; Zurawski et al., 2015; Wen et
al., 2019; Cann et al., 2020; He et al., 2020) characterized members of the Archaea reach the
(hemi)cellulolytic levels of the bacteria and fungi mengéidnCurrent focus is on engineering
natively lignocellulolytic microbes to produce industrial chemicals, rather than engineering model

microbes (such dsscherichia colandSaccharomyces cerevis)ae be lignocellulolytic. This is
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because typical produsynthesis pathways require less genes than lignocellulose degradation
pathways, making it difficult to match the native lignocellulolytic potential of the aforementioned
microbes(Zverlov et al., 2005; BlumeBchuette et al., 2014; Lynd et al., 2016; keal., 2018)

Some work has been done to insert genes encoding cellulases and hemicellulases- into non
lignocellulolytic microbes, such &. cerevisiagethat already produce high levels of commodity
chemicals, but lignocellulosic substrate range remaanow and productivity of products from
cellulose remains lo\Fujita et al., 2002; Yanase et al., 2010; Lynd et al., 2@&Yyelopment of
lignocellulolytic strains to produce industrially relevant quantities of products from lignocellulose
requires tra@ble genetic systems, which are not widely available for lignocellulolytic microbes
and are challenging to develo@. thermocellum T. saccharolyticum and C. bescii have
established genetic systems but differ in their abilities to degrade biomass and produce products

(Mai et al., 1997; Tyurin et al., 2004; Chung et al., 20&8)discussed below.

Table 2. (Hemi)cellulolytic microbes witlindustrial potential

Topt (o) Carbohydrate
Primary Native Deconstruction Plant Biomass Genetic
Microbe Description deconstruction References
PHopt products Substrates Growth Sugars System
method
Hemicellulolytic, (Cannetal,
6568 Cellobiose, glucose,
Caldanaerobius Gramypositive, non S-layer Ethanol, acetate, 2001; Han
Hemicelluloses, xylose, mannose,
polysaccharolyt spore forming, associated formate, lactate, No etal., 2012;
pectins galactose, arabinose
icus thermophilic, 7 enzymes Hz, CO, Cannetal,
fructose, rhamnose
anaerobic bacterium 2020)
(Hemi)cellulolytic, Cellodextrins,
Multi-catalytic
Grampositive, non xylodextrins, (Yang et
domain secreted Cellulose,
Caldicellulosir spore forming, Acetate, lactate, glucose, xylose, al., 2010;
78 free and Sayer hemicelluloses, Yes
uptor bescii extremely Hz, CO: arabinose, galactose Leeetal,
associated pectins, starches
thermophilic, fructose, mannose, 2020)
enzymes
anaerobic bacterium rhamnose
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Table 2 (continued)

(Sleat et al.,
Cellulolytic, Gram 37
Acetate, lactate, Cellulose, Cellodextrins, xylan, 1984; Wen
Clostridium positive, spore
Cellulosomes butyrate, formate, hemicelluloses, glucose, galactose, Yes etal., 2017;
cellulovorans forming, mesophilic,
7 ethanol, H, CO,, pectins fructose, mannose Wen et al.,
anaerobic bacterium
2019)
Cellodextrins, (Jennert et
(Hemi)cellulolytic, 34
xylodextrins, al., 2000;
Grampositive, Cellulose and
Clostridium Acetate, lactate, glucose, xylose, Guedon et
sporeforming, Cellulosomes hemicelluloses, Yes
cellulolyticum ethanol, H, CQ; weakly (fructose, al., 2002;
mesophilic, 72 pectins
- arabinose, galactose, Desvaux,
anaerobic bacterium
mannose) 2005)
(Shiratori et
55-60
al., 2006;
Cellulolytic, Gram
Shiratori et
positive, spore Acetate, lactate, Cellodextrins,
Clostridium Cellulose, al., 2009
forming, Cellulosomes formate, ethanol, (xylodextrins, No
clariflavum hemicelluloses Artziet al.,
thermophilic, 7.5 Hz, CO xylose)a
2014;
anaerobic bacterium
Izquierdo et
al., 2014)
(Freier et
Cellulolytic, Gram 60
al., 1988;
positive, spore Cellulose, Cellodextrins,
Clostridium Acetate, lactate, Demain et
forming, Cellulosomes hemicelluloses, (glucose, fructose, Yes
thermocellum ethanol, H, CO; al., 2005;
thermophilic, 7 pectins starches xylose)b
Tripathi et
anaerobic bacterium
al., 2010)
Hemicellulolytic, 60 (Lee et al.,
Thermoanaerob Xylan, cellobiose,
Grampositive, non Secreted and-S 1993; Shaw
acter 6 Acetate, lactate, Hemicelluloses, glucose, xylose,
spore forming, layer associated Yes et al., 2010;
saccharolyticu ethanol, H, CO; pectins, starches mannose, galactose,|
thermophilic, enzymes Currie et
m arabinose, fructose
anaerobic bacterium 46 al., 2014)
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Table 2 (continued)

(McClung,
60 1035;
Hemicellulolytic,
Thermoanaerob Acetate, lactate, Cellobiose, glucose, Collins et
Grampositive, spore Secreted and-S
acterium butyrate ethanol, Hemicelluloses, xylose, arabinose, al., 1994;
forming, layer associated Yes
thermosacchar n-butanol, H, starches galactose, fructose, Demain et
thermophilic, 7 enzymes
olyticum COo, mannose al., 2005;
anaerobic bacterium
Shaw et al.,
2010)
(Smts et
al., 1996;
Pakula et
Cellodextrins,
(Hemi)cellulolytic, al., 2005;
Cellulose, xylodextrins glucose,
Trichoderma filamentous, softot, CO;, enzymes, Martinez et
2530 Secreted enzyme: hemicelluloses, xylose, arabinose, Yes
reesei mesophilic, aerobic, biomass al., 2008;
pectins, starches galactose, fructose,
ascomycete fungus Hakkinen et
mannose, rhamnose
al., 2015;
He et al.,
2020)

Clostridium thermocellum

C. thermocellum (DSMZ 1237, recent reclassification tddungateiclostridium
thermocellun{invalidated)Zhang et al., 2018andAcetivibrio thermocellu§Tindall, 2019have
been proposed), is a cellulolytic, Grapusitive, obligate anaerobe with an optimal growth
temperature of 60°C and a native ability to produce ethanol, acetate, lactatadHCQ as
primary metabolic products, in addition to smaller quantities of isobutanol arcu@&Bdiol
(Freier et al., 1988X. thermocellunmatively degrades cellulose and hemicellulose, uses hexoses,
but is not capable of growing on pentogemain et al., 208). C. thermocellunutilizes large
protein complexes known as cellulosomes to degrade biomass; these cellulosomes contain several
catalytic domains as well as carbohydrate binding modutdmson et al., 1982; Gilbert, 2007)
Recent work has tried to emgierC. thermocellunto be able to caitilize pentoses and hexoses,

with some success in allowing the metabolism of xylose and Avicel (microcrystalline cellulose)
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(Xiong et al., 2018) Xyloseinduced degradation of xylooligosaccharides was demonstrated,;
however, breakdown and adilization of both cellulose and hemicellulose have not been
accomplished and is an active area of resg@aficimg et al., 2018)While C. thermocellunexcels

at cellulose metabolism, the inability to utilize both five and six@arkugars in lignocellulose
remains a barrier that must be overcomeGothermocellunio become an industrially relevant
organism. Metabolic engineering for production of industrial chemicals has largely been directed
at increasing and optimizing the ivat ethanol production dE. thermocellunfLynd et al., 2016;
Holwerda et al., 2020)This work is dominated by adaptive evolution strategies which have
resulted in the isolation of strains with specific mutations that allow for improved ethanol
productioncapability and tolerancéTian et al., 2016; Holwerda et al., 202@dditionally,
significant work has focused on elimination of rethanol fermentation products (acetate, lactate,
and hydrogen); this work has shown that deletion of acetate formatimes ges well as
hydrogenase genes results in growth defects that may be partially offset by adaptive laboratory
evolution on high loadings of cellulose to achieve ethanol titers up to 29Paphnek et al.,
2015; Holwerda et al., 202050me work has beedone to produce nemative products irC.
thermocellum such as +butanol, but so far has achieved only modest titers and productivities

( 357 -butanhol)(Tian et al., 2019)

Thermoanaerobacterium saccharolyticum

Thermoanaerobacterium saccharolytisus a hemicellulolytic, Grarpositive, obligate
anaerobe with an optimal growth temperature of 60°C. Interestifiglgaccharolyticuncan
effectively degrade xylan but is unable to break down cellulose; it can metabolize mang di

monosaccharides. Fermentation products include ethanol, acetate, lagtatel 60 (Lee et al.,
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1993) T. saccharolyticumhas garnered significant attem for production of ethanol from
hemicellulos€Lynd et al., 2016)In particular,T. saccharolyticurhas shown potential to produce
high | evels of ethanol (upwards of (Hefringgt | on
al., 2016) The largesuccess in engineeriAg saccharolyticunto provide high levels of ethanol

has demonstrated an approach to achieve high yield of volatiles in a lignocellulolytic thermophile,
and has inspired work with other thermophiles, I®ethermocellum(Argyros etal., 2011;
Holwerda et al., 2020Y. saccharolyticunethanol yield increases were achieved by knocking out
genes involved in generating or reincorporating major products (acetate, lactate, hydrogen),
followed by adaptive laboratory evolution on biomassrprove ethanol titersShaw et al., 2008;

Shaw et al., 2011; Shaw et al., 2015; Herring et al., 2@d@)sideration of industrial feasibility

has driven other research for optimization of microbial bioreactive systems for higher industrial
relevance. Br instance, urease expression allowed urea to be used instead of ammonium salts
(which are less expensive); this also allowed for higher ethanol titers without a need for pH control
(Shaw et al., 2012)Taken together, studies wifh. saccharolyticumhave not only greatly
improved the production of ethanol from hemicellulose but also has demonstrated a methodology

that can potentially be applied to other lignocellulolytic thermophilic bacteria.

Caldicellulosiruptor bescii

C. besciiis a hemicellulolytic ad cellulolytic, Grarmpositive, obligate anaerobe with an
optimal growth temperature of 78°C and natively forms acetate, lactateanti CQ as primary
metabolic productgYang et al., 2010)C. bescii utilizes a plethora of the mulomain
lignocellulolytic enzymes with catalytic and carbohydrate binding domains (secreted or bound to

the surfacgS)layer) that allow it to degrade a diverse set of carbohydrate polyiBknser
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Schuette et al., 2012; Brunecky et al., 2013; Zurawski et al., 2015; Conalay2ét16; Brunecky

et al., 2017; Conway et al., 2017; Conway et al., 2018; BkBohuette, 2020; Hamouda et al.,
2020) In contrast to cellulosome€,. bescii(hemi)cellulolytic enzymes are soluble and much
smaller and do not contain the modular comesickerin structure. In comparison with T
saccharolyticumandC. thermocellumC. besciihas the advantage of being able to degrade and
metabolize both the six and fagarbon sugars contained in cellulose and hemicellulose; .but
bescii does not possesthe native ethanol production capability of the other two microbes.
Metabolic engineering for production of commodity chemicals f@rbhesciihas largely targeted
volatile chemicals, with success in producing ethanol (up to 3.5 g/l) and acetone (&t O
(Williams-Rhaesa et al., 2018a; Straub et al., 202Btgtabolic engineering efforts have not yet
achieved comparabile titers to those reporte@fdhermocellunandT. saccharolyticumwith the
most success involving the elimination of lactate production and expressionimdtigmenzymes
leading to titers of industrially relevant products so far <§lgfiscomb et al., 2016; Williams
Rhaesa et al., 2018b; Straub et al., 2020t)s is in part due to the lack of native ethanol
production pathways that could be optimized;-native product titers iC. bescii(ethanol and
acetone) are comparable @ thermocellum(such as #butanol) (Tian et al., 2019)Also, the
genetic system faC. besciihas been steadily improved over the past decade but still needs further
refinement to accelerate strain development eff@tsung et al., 2012; Lipscomb et al., 2016;
Williams-Rhaesa et al., 2018b)s such, there exists significant potent@bpply the workflow
strategy fromT. saccharolyticuntknockout of offproducts, followed by continuous evolution) to
C. besciito improve productivity of commodity chemicals. To become industrially rele@nt,
besciimust increase its titers of norative products by an order of magnitude and eliminate off

product formation.
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Microbe-feedstock pairings

As biomass degradation enzymes vary significantly am@nhgthermocellum T.
saccharolyticumandC. bescij each microbe favours certain characteristiesbiomass substrate.
Additionally, the microbes differ in their response to pretreatments of biomass, thus there is a need
to identify favourable microb&edstock pairings andtmize pretreatments (if any).

Many biomass growth substrates for these dggas have been investigated, including
microcrystalline cellulose, poplar, aswvitchgrass (Figure 2As microcrystalline cellulose can
be degraded bg. thermocellunandC. bescij but not byT. saccharolyticummuch of the work
on CBP has focused on tliest two organisms. Comparative assessment.obesciiand C.
thermocellumis challenging due to few direct comparisons, commonly disparate processing
conditions of evaluated biomasses, and differing norms of reporting results. Notabl{zmost
thermocdlum biomass degradation studies include the autoclaving of biomass, which serves as
hydrothermal pretreatment, and results are often reported as glucan mass solubilization
(Dumitrache et al., 2016; Lynd et al., 2016; Paye et al., 2016; Balch et al. B20diT et al., 2020;
Beri et al., 2020)On the other hand;. besciiexperiments have been typically done without
autoclaving the biomass, but rather washing the biomass substrates with water at or below the
fermentation temperature to remove soluble ssjgasults are typically reported as total mass or
carbohydrate solubilizatiofBasen et al., 2014; Chung et al., 2014; Zurawski et al., 2015; Straub
et al., 2019a; Straub et al., 2019Bpth organisms have been tested with various pretreatments
and procesing steps (including alkaline, acid, hydrothermal, and mechanical), @uith
thermocellumhaving been more extensively evaluated with pretreatn{@atsen et al., 2014;
Kothari et al., 2018; Straub et al., 2019B)fferences in biomass preparation and timited

number of siddoy-side comparisons betweéh thermocellumand C. bescii(Yee et al., 2012,
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Paye et al., 2016nakes direct comparison between the species difficult. A common point for
comparison is solubilization of Avicel (microcrystalline aédlse), which is used extensively as a

positive control in studies with these bacteria. While both organisms can completely solubilize low
loadings (<10 g/l) of Avicel, reports so far show tBathermocellunperforms better under high
loadingswith 10096 ol ubi |l i zati on of wup to 50 dl/besci compa

(Basen et al., 2014; Holwerda et al., 2014)

a """ 4 4 Butanediol

HO' OH
1,3 Propanediol

2,3 Butanediol
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OH

‘—

Isopropanol

Figure 2. Microbefeedstock pairing for consolidated bioprocessing?raduction of industrially relevant chemicals

from plant biomass by CBP microbes has been demonstrated from native and engineered metabolic pathways
(chemicals in red), potential exists to engineer microbes to create other products (including chebiaeks. i:
Commonsubstrates for (hemi)cellulolytic microbes include microcrystalline cellulose (Avicel), pdptarulus
trichocarpa pictured), and switchgras®Pdénicum virgaturh c: Example 4day fermentation of poplar using

Caldicellulosiruptor bescii
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Both organisms have been extensively evaluated on both natural and transgenic
switchgrass at various mass loadings, pretreatments, and processes. Three direct comparisons of
C. thermocellumand C. besciiwere done with autoclaved switchgrass and on poitreated
switchgrass (transgenic and natufaige et al., 2012; Paye et al., 2016; Holwerda et al., 2019)

The acid pretreatment generated inhibitorsGothermocellunandC. besciiwhich could
be removed via a hot water wash @r thermocellunbut not C. bescij this result agrees with
another study on dilutacid pretreated switchgrass fermented v@thbescii(Yee et al., 2012;

Basen et al., 2014Fermentation of 5 g/l autoclaved switchgrass sho@ethermocellunto

solubilize higher amounts glucans and xylans (58% and 58% respectively) from the substrate

than C. bescii (24% and 30% respectively), although thermocellumis not capable of
metabolizing the released pentose sugars, udikbescii(Paye et al., 2016)A second direct

compariso on autoclaved switchgrass reached similar conclusions for three sets of transgenic and
norttransgenic control linefHolwerda et al., 2019)Comparison of these results with another

study evaluatingC. besciion unpretreated transgenic and natural swita$s shows some
differences in total carbohydrate solubilizati@durawski et al., 2017)possibly a result of the
differences in the use of autoclave pretreatment or inconsistent media composition between
studies, where Paye et al. and Holwerdaetal.usnodi fi ed DSM 516 sOhedi a w
Zurawski et al. use modified DSM 671 media with 1.0 g/ls0H Further optimization of th€.

bescii- switchgrass (transgenic and natural) pairings revealed benefits from hydrothermal or mild

alkali pretreatments, as did sequential fermentation and slow purging of a bioreactor that retained
biomass, reaching up to 70% carbohydrate solubilization (®ayging) and 80% conversion of

rel eased carbohydrates to fermentat (Zaawskpr oduc

et al., 2017; Straub et al., 2019&his indicates that an optimized pretreatment and processing
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condition for one microbé&edstock pair may not be well suited for another. These results show
the importance of determining the micred@ecific processing conditions for a given biom&ss.
thermocellum'sand C. bescii's disparate optimal switchgrass processing conditions make
comparison difficult. Where the dilute acid pretreatment would sugGeshermocellunas the
superior degrader, evaluation ©f besciiwith alkaline pretreatments and slowly purged reactor
systems, combined with its native ability to metabolize both fivesandarbon sugars, indicates
competitive or superior performance on switchgrass.

Poplar trees, natural and transgenic, have been paired wittCbdtiermocellunandC.
bescii whereP. trichocarpahad total mass solubilization of 1220% by C. thermocelim
(natural poplar variant) and 2026% byC. bescii(wildtype poplar)(Dumitrache et al., 2016;
Straub et al., 2019b; Straub et al., 20209te that these values are mass solubilizations, not
conversions, wher€. thermocelluncan solubilize some of thieemicellulose, but does not convert
the fivecarbon sugars. Investigations into transgenic lines have shown potential for feedstock
optimization, particularly inC. besciiwith total mass solubilizations upwards of 80% and
carbohydrate solubilization upwds of 90% with no pretreatmeniStraub et al., 2019b)This
same work also demonstrated the abilityCofbesciito degrade untreated poplar stem sections,
eliminating the need to have energy intensive milling, while retaining 70% of mass solubilization
(Straub et al., 2019bPDptimization of theC. bescii- transgenid?. trichocarpapair has shown
promising results in generating a poplar tree line with improved unpretreated solubilization results
while minimizing growth defect§Straub et al., 2020al. besciihas shown great potential to
eliminate the need for pretreatment when paired with transgenic poplar; elimination or
minimization of pretreatment in CBP could significantly reduce energy and economic costs

making the process more industrially reletvalwo main barriers exist to the industrialization of
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the C. bescii- transgenicP. trichocarpapair: reduction or elimination of growth defects in
desirable transgenic poplar (discussed previously), and conversion to products at industrial levels.
This work has highlighted the importance of-aptimizing microbefeedstock pairs to achieve
industrially relevant deconstruction efficiency, in contrast to independent improvement in
microbes or feedstocks. There is potential to extend this warthér micrdefeedstock pairs.

Most lignocellulolytic substrates contain more cellulose than hemicellulose (such as poplar
and switchgrass), Consequenfly,saccharolyticumwhich can only degrade the hemicellulose
component, has received less attention in monagylinstead work has focused on sequential
fermentation and coulturing (mostly in conjunction witke. thermocellumto ferment pentoses
released from hemicelluloggvang et al., 2019aAs such, most of the microtfeedstock pairs
discussed involveC. thermocellumor C. bescii However, due to optimal pH differences (T.
saccharolyticum pH 6 an@. thermocellunpH 7), a related specie$hermoanaerobacterium
thermosaccharolyticunrwith optimal pH of 7, has recently gained interest feceture withC.
thermocellum but has had less success in matching the high ethanol titErsatcharolyticum
(Wang et al., 2019a; Beri et al., 202®ecent work to degrade autoclaved corn fibre (a high
hemicellulose substrate) with a sequentiatuatiure ofC. thermoellum-T. saccharolyticunand
a coculture with T. thermosaccharolyticurshowed upwards of 96% mass solubilization of
carbohydrates but was limited by utilization of saccharides derived from glucuronoarabinoxylan
without addition of exogenous enzymi@eri et al., 2020) The same work also indicated the
capacity for glucuronoarabinoxylan degradation Baldanaerobius polysaccharolyticus
(hemicellulolytic, Topt= 68C,pHpt~ 7), whi ch was t oo tchitere mophi |
with C. thermocellunat 55°C(Beri et al., 2020; Cann et al., 2020p become an effective CBP

organism,C. thermocellum'pentose utilization limitations must be overcome. There are two
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routes to a solution: optimization of a-colture or strain development to establishutitization

of hexoses and pentoses. An industrially relevantutture would require identification of a
hemicellulolytic microbe with optimal pH ~7, broad substrate appetite, high productivity of
industrially relevant products, and ability to form aldé ceculture withC. thermocellumDue

to these challenges, metabolic engineerin@ othermocelluno coutilize pentose and hexose
sugar is likely a mar feasible task.

Fermentation process optimization has been shown to dramatically increaserdetionst
efficiency of biomass. One example is the slowly purged retained biomass bioreactor, mentioned
previously forC. besciion switchgrass, which maintained metabolic activity of the microbe
allowing for improved biomass solubilization as well as dmgplconversion of solubilized
carbohydrates to fermentation produ¢®raub et al., 2019afor C. thermocellumcontinuous
ball milling during fermentation (referred to as a cotreatment) has been shown to increase total
carbohydrate solubilization in stehgrass (46%87%), corn stover (66988%), and poplar (18%

88%). Interestingly, this process had no effect on solubilization Witkaccharolyticumand

inhibited the growth oZymomonas mobilandBacillus subtilis indicating that this process is not
suitable for some organisms but can yield improvements for o(Batsh et al., 2017; Balch et

al., 2020) Continuous ball milling has not been tested with bescii For CBP to become
industrially relevant, processptimizations need to be considered $pecific microbeeedstock

pairs. The energy and economics of these processes need to be considered; pretreatments and
cotreatments have potential to greatly increase the solubilization of available carbohydrates, but
they can be energy and economicallypexsive. The gain in carbohydrate solubilization and
subsequent conversion to a product must be larger than the energy aet@rncosts of the

treatments.
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Concluding remarks

Progress towards industrial scale conversion of lignocellulose to bioprodiegsorethe
efficient degradation and conversion of biomass into products in order to be energetically and
economically favourable. Use of consolidated bioprocessing has potential to reduce energy and
monetary costs by reducing process steps and pretrgatn@f the lignocellulolytic microbes
available, two paths are being explored in depth for industrial use. The first path is fermentation
with C. thermocellumThis option benefits from native ethanol production that has been optimized
to high titers butis limited by effective cautilization of all carbohydrates contained in
lignocellulose and low productivity of nemative products. The second path is fermentation with
C. bescii This option benefits from the native ability to release andtitize bothpentose and
hexoses contained in lignocellulose but is currently limited by the low productivity of commaodity
chemicals, which have to be engineered into the host. However, both paths are ultimately limited
by the inability of either microbes or indeed, any anaerobic microbe, to convert the lignin
component of the biomass to useful products, as 100% total mass solubilization of lignocellulose
cannot be achieved thiout deconstruction of lignin.

Both C. thermocellumand C. besciihave demonstrated grezdpability to achieve high
levels of biomass solubilization under various conditions, but the optimal conditions are microbe
feedstock specific. The next step to improve CBP biomass deconstruction is to reduce the energy
and economic costs of the deconstian process while retaining high levels of carbohydrate
solubilization. Complementary optimization of specific micrdbedstock pairs has potential to
reduce or eliminate the need for pend coetreatments. Development of transgenic feedstocks
tuned tathe unique deconstruction abilities of specific CBP microbes, while minimizing feedstock

growth defects, is needed for an industrially optimized micfebdstock CBP pair.

113



Additionally, significant advances are needed to bring-mative products to indurial
relevance. While the work if. saccharolyticunandC. thermocellunto optimize native ethanol
production has led to outstanding advances, ethanol alone cannot satisfy the bioproduct future.
Replacement of other petroleum derivatives and high erdagsity fuels will likely be needed.

For processes like consolidated bioprocessing to fit into the bioproduct future, capacity to generate

high productivity of nomative commodity chemicals in lignocellulolytic microbes is required.
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Abstract
The domestication of forest trees for more sustainable fiber bioeconomy has long been limited by
the complexity and plasticity of lignin, Biopolymer in wood that is resistant to chemical and
enzymatic degradation. Here, we show that multiplex CRi8&E&ng enables precise woody
feedstock design for combinatorial improvement of lignin and wood properties. By assessing every
possible multigeic editing combination for 21 genes in the pathway using a matdaneing
predictive model, we designed eight strategies that targeted the concurrent editing of up to six
genes and generated 158 edited poplar variants. Multiplex CRé8RRg reduced fedstock
recalcitrance and increased propensity for fiber production. The edited wood improved fiber yield
by 3% and alleviates a major processing bottleneck, leading to unprecedented operational

efficiencies and sustainable bioeconomic opportunities.

Key words: Trees, CRISPR, pulping, fibers, bioeconomy, macleaening.
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Introduction

Wood is themost abundant biomass on egar-On et al., 2018and the major source of
biogenic fiber for the bioeconomy. Wood is composed of celilbemicellulosesnd lignin(Li
et al., 2011; Ye and Zhong, 2013 part, the wood characteristics are determined by lignin
properties(del Rio et al., 2005; Wang et al., 2018he content and composition (ratio of each
subunit) of lignin are important parameters folping (fiber production) process in the pulp and
paper industrydel Rio et al., 2005; Magaton et al., 2009)e pulping process relies on separating
cellulosic fiber and removing lignin by using chemical treatments under high ratugeand
pressure catitions (del Rio et al., 2005)The lignin traits affect the consumption of chemicals,
delignification rates, and pulp yie{del Rio et al., 2005; Magaton et al., 2009)

Lignin is a phenolic polymer present in the secondary cell wall and is compoged of
hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, derived from the oxidative
polymerization of three monolignols-coumaryl, coniferyl, and sinapyl alcohols, respectively
(Wang et al., 2018; Dixon and Barros, 2Q1®)onolignol biosynthesis involveat least 11
different enzyme families: phenylalanine ammelyase (PAL), cinnamate-Bydroxylase (C4H),
4-coumarate CoAigase (4CL), shikimate hydroxycinnamoyl transferase (H@¥gpumaroyl
shikimate 3hydroxylase (C3H), caffeoyl shikimate esterase (GSE caffeoytlCoA-O-
methyltransferase = (CCoAOMT), coniferaldehyde -hyslroxylases  (CAId5H), 5
hydroxyconiferaldehyde nethyltransferase (AIdOMT), cinname@oA reductase (CCR), and
cinnamyl alcohol dehydrogenase (CA®™anholme et al., 2013; Wang et al., 3Q1

Clustered Regularinterspaced Short Palindromic Repeats (CRISP&®ed editing of
monolignol gene families can modify the properties of lignin and wood. In some plant species,

CRISPRbased genome editing has been used to target monolignol(@hoeset al., 2015; Park
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et al., 2017; Liang et al., 2019; Takeda et al., 2019; De Meester et al., 2020; Tsai et al., 2020; Jang
et al., 2021; Lee et al., 2021; Yu et al., 2021; Zhang et al., 20}t of these studies focused

on singlegene editing. Heever, the combinatorial targeting of multiple genes may be necessary
for trait modifications to alleviate negative plant growth and adapt@fiamg et al., 2018)

In this study, we evaluated the CRISB&sed editing of 69,123 unique sets of gene
combinaions informed by our machine learnibgsed predictive model to estimate the
corresponding changes in 25 lignin and wood traits. Eight genome editing strategies that target the
concurrent editing of three to six genes were selected to generate G&dg®RPopulus
trichocarpa One hundred and fiftgight CRISPR lines were generated that harbor a diverse range
of edits in the target genes. The CRISPR lines showed improvements in wood traits (reduced lignin
content, and improved S/G and C/L ratios) with minimal losses in gr&etiiurbation in lignin
biosynthesis is often associated with growth penalties, limiting the industrial applications of the
plants. Here, we showed that the strategic multigene targeting can alleviate the growth defects.
The changes in wood compositionukted in increased pulp yield. Our tech@conomic analysis
showed that modified wood could increase the pulp yield and operational capacity while reducing
production costs and harsh chemicals usage. This study opens up the possibility of using CRISPR
tecmology for concurrent strategic edits of lignin biosynthesis genes to create a sustainable

bioeconomy.

Material and methods

Identification of multigenic CRISPR targets for concurrent improvement of fiber traits

The optimal combination of gene targetsruultiplex genome editing iR. trichocarpato

improve fiber traits, defined as reduced lignin content, increased S/G ratio, increased carbohydrate
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to lignin (C:L) ratio, and good growth, was identified using our established predictive model for
lignin biosynthesigWang et al., 2018; Wang et al., 2019; Matthews et al., 2020, 2D tlp this,

we heuristically searched through every possible combination of multiplex genome editing
strategies targeting the concurrent fogfunction editing of up to six ges for the 21 pathway

genes. We also simulated the combinatorial effects of gene overexpression and genome editing by
combining up to three gene edits with the overexpression of one gene. In total, 69,123 unigue sets
of genome editing combinations werealiated using the predictive model to estimate the
corresponding changes in 25 lignin and wood trdtat4 not shown Thein silico genome
perturbations were performed by specifying the model input as the target gene transcript
abundances in the form pércentage expression of the wildtype level. The transcript abundances

of the 21 pathway genes were set to either 1%, the minimum transcript abundance used to train the
model, (i.e., edited for lossf-function), 100% (i.e., wildtype level), or 300% (i.everexpressed

for gainrof-function). The complete set of 69,123 pathway gene expression profiles were then
simulated using the predictive model to estimate changes in absolute protein abundances of the
pathway enzymes, rate of metabolic fluxes at stestate, and the 25 lignin and wood properties.

The outcome of the simulations is a comprehensive representation of the extent and direction to
which multiplex genome editing could alter phenotypic attributes beyond the range of values for
wildtype trees. Fnm the 69,123 editing strategies and their maxigirmed phenotypic traits, we

then selected a specific subset of strategies that showed simultaneous improvements in the fiber
traits. A weighted objective function was used to iteratively search througiosgible gene
combinations to select strategies that are estimated to yield physical attributes of lignin content

less than 85% of wildtype, S/G ratio higher than 100% of wildtype, C:L ratio higher than 200% of
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wildtype, and growth (tree height) higherath 75% of wildtype. Only 367 out of the 69,123

strategies mtched the objective function.

To reveal the most relevant genes associated with improvements in fiber traits, the
frequency of each 21 monolignol genes in the 367 subset of strategies wastezhlCLitee
frequency of concurrent edited genes were also calculated in the 367 subset of strategies. Every
combination of the most frequent genes was performed limiting the concurrent edits from three to
six target genes. In total, 768 combinations of taggmes was performed. We applied a small
scale sensitivity analysis using Latin Hypercube Sampling (LHS) to understand the extent to which
variation in lignin, wood properties, and growth can be apportioned to changes in the transcript
expression of untgeted genefMcKay et al., 1979)LHS was used for each selected strategy to
randomly sample 6 sets of untargeted monolignol transcript abundances within the range of
expression levels observedkn trichocarpa(GEO accession number: GSE78PB&/ang et al
2018) The simulation results from the sensitivity analyses were then normalized as relative
percentage of wildtype levels. The strategies were ranked according to optimal sensitivity analysis
results for lignin content (estimated yield less than 78%ildtype) and growth (height estimated
yield equals or higher than 98% of wildtype). Strategies with thedstishated results and with a
diversity in the number of concurrent edits were selected for multiplex genome editthg in
trichocarpa The estimged results were reconfirmed with a laigmale (global) sensitivity analysis
using LHS for each selected ategy to randomly sample 1,088ts of untargeted monolignol
transcript abundances within the range of expression levels obserfrdrinhocarpa(GEO

accession number: GSE78953
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Growth condition oP. trichocarpa

P. trichocarpagenotype Nisqualhl was used for all experiments. Trees were grown in %
Miracle-Gro Soil (Scotts Miraclé&ro products, Maysville, OH, USA) and %2 Metvix 200 (Sun
Gro, Bellevue, WA, USA) in a greenhouse with 16 h light/8 h dark cycles with supplement lighting
of ~300 HE m %S Yfor six monthg(Song et al., 2006)The heightanddiameter of each tree was

measured befaerharvest for characterization.

Designand validation of gRNAs

Three gRNAs for each target gene were designed using the CRISPOR software
(http://crispor.tefor.net/{Concordet and Haeussler, 201#)sed on th&. trichocarpagenome
Ver. 4.1 (JGI). The gRNAs with higbpecificity scores (Table)l t hat t arget t he
coding sequence were chosen for functional validation usiagro cleavage assayPattanayak
et al., 2013)Briefly, DNA template for each gRNA was generated using PCR containing 20 mM
of in vitro transcription gRNA primer, 20 mM BS6 primer, 1 uM T25_long primer, and 1 uM BS7
primer (Table 2). The DNA templates were then used to synthesize the gRNiAsviigo
transcription using a Hi ScribeE T7 Quibsk High
USA). For than vitro cleavage assays, 2 ug of purified recombinant SpCas9, 4 ug of gRNA, and
300 ng of l inearized target genes were incuba
DDT, 5 mM MgCb, 50 mM phosphate buffer at pH 7.5). DNA fragrteewere purified using the
DNA Clean & Concentrate25 (Zymo Research, USA) and analyzed using 1% agarose gel
electrophoresis. Reactions that lack the SpCas9, a gRNA, or has randespéniit) gRNA
were included as negative controls. The productsaf esaction were assessed by electrophoresis

on 1% agarose gel.
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Table 1. Designed gRNAs to target the lignin genes.

gRNA name Target gene(s) Target sequence #AM ( 5 6 | CDS position MIT CFD Selected to generate the CRISPR-
30) specificity specificity CRISPR-edited lines construct
score score
gRNA_P2(36) PtrPAL2 TTCTGTCAGGACTCATGCA 7-26 bp 62 98 n KP245
OHCKP,
OC5KP
gRNA_P2(37) PtrPAL2 ACCCCAATGACCCCTTGAA 50-69 bp 99 98
CTGG
gRNA_P2(38) PtrPAL2 CTGTCAGAGGAGGCTCGAG 229248 bp 65 99
TTGG
gRNA_P45(33) PtrPAL4and TTTTGTCAAGATTCACGCA 7-26 bp 49 98
PtrPALS ATGG
gRNA_P45(34) PtrPAL4and ACTAATGACCCTTTGAACT 52-71 bp 49 98 n KP245
PtrPALS GGGG OHCKP,
OC5KP
gRNA_P45(35) PtrPAL4and GCAATTGCTAGCCGTGACG 193212 33 97
PtrPAL5S TTGG
gRNA_CD1(30) PtrCAD1 CTGAAACAGAGTGGGCTA 529548 bp 98 99
AGAGG
gRNA_CD1(31) PtrCAD1 TGGCATGTCACACTATCCT 174193 bp 99 99
ATGG
gRNA_CD1(32) PtrCAD1 TTGTGGTGAGAATTCCTGA 434453 bp 97 99 n K3, K4,
TGGG K5, K6
gRNA_CD2(1) PtrCAD2 GTAGGAGACAAAGTAGGC 268287 bp 96 96
GTGGG
gRNA_CD2(2) PtrCAD2 GATAACATGCCGCTTGACG 460479 bp 100 100 n K
GTGG
gRNA_CD2(3) PtrCAD2 GATGAACCCGGCAAGCAT 541-560 bp 96 99
ATCGG
gRNA_C3H3(1) PtrC3H3 TTTGGGAGAGAAAAGCTCA 383402 bp 88 93
AGGG
gRNA_C3H3(3) PtrC3H3 GAGCCCACTCTGCAAAGCA 147-166 bp 100 100 n K3, K4,
CCGG K5, K6
gRNA_C3H3(5) PtrC3H3 CTACGCTTCAAGCTCCCAC 67-86 bp 99 99
CAGG
gRNA_C4H1(1) PtrC4H1 GGACAGGTATAGGACCTG 102121 bp 98 98 n K4, K5
GAGGG
gRNA_C4H1(2) PtrC4H1 GACATCTTCCTCCTTCGTAT 199218 bp 95 98
GGG
gRNA_C4H1(4) PtrC4H1 CCTCCTCAAAACAATCCCA 509-258 bp 80 99
TTGG
gRNA_ALDOMT2 PtrAIdOMT2 CAAATTCTTGACCAAGAAC 336-355 bp 93 96 n K3, K4,
) GAGG K5, K6
gRNA_ALDOMT2 PtrAIdOMT2 TAGCCAGGAGGCGCAAGA 237-256 bp 82 99
(3) TACGG
gRNA_ALDOMT2 PtrAIdOMT2 TCTTCATCTGATACCTGAG 3453 bp 98 929
4) TTGG
gRNA_CCOAOM PtrCCoAOMT1 ATGCATGAAGGAGCTCAG 132151 bp 98 929 n K5
T2 GGAGG
gRNA_CCOAOM PtrCCoAOMT1 CGGAGAGGAACAGCAAAG 12-31 bp 97 98
T1(3) CCAGG
gRNA_CCOAOM PtrCCoAOMT1 ATGGAGATCGGTGTTTACA 250269 bp 97 99
T1(4) CTGG
gRNA_CCOAOM PtrCCoAOMT2 AGGCTCTCTTGGGTACACA 110129 bp 93 100
T2(1) CTGG
gRNA_CCOAOM PtrCCoAOMT1 GCAAAGTGATGCTCTTTAC 72-91 bp 49 98
T2(2) and
PtrCCoAOMT2
gRNA_CCOAOM PtrCCoAOMT1 AAGAGAGCCTGAATGCAT 120-139 bp 50 98 n K6
T2(3) and GAAGG
PtrCCoAOMT2
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Table 2. Primer sequences and usage descriptions.

Primer name

o
~

Sequence (56 Y 3

Usage

ORNA_P2(36)IT

TAATACGACTCACTATAGTCTGTCAGGACTCATGCACGTTTAAGAGCT

ATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

ORNA_P2(37)IT

TAATACGACTCACTATAGACCCCAATGACCCCTTGAACGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

ORNA_P2(38)IT

TAATACGACTCACTATAGCTGTCAGAGGAGGCTCGAGTGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

ORNA_P45(33)T

TAATACGACTCACTATAGTTTTGTCAAGATTCACGCAAGTTTAAGAGC

TATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_P45(3M1T

TAATACGACTCACTATAGACTAATGACCCTTTGAACTGGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

ORNA_P45(35)T

TAATACGACTCACTATAGGCAATTGCTAGCCGTGACGTGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

oRNA_C3H3(D)IT

TAATACGACTCACTATAGTTTGGGAGAGAAAAGCTCAAGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_C3H3(3)IT

TAATACGACTCACTATAGGAGCCCACTCTGCAAAGCACGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_C3H3(5)IT

TAATACGACTCACTATAGCTACGCTTCAAGCTCCCACCGTTTAAGAGC

TATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

oRNA_CAHI(L)IT

TAATACGACTCACTATAGGGACAGGTATAGGACCTGGAGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

ORNA_CAHI(Q)IT

TAATACGACTCACTATAGGACATCTTCCTCCTTCGTATGTTTAAGAGC

TATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_C4HL(4)IT

TAATACGACTCACTATAGCCTCCTCAAAACAATCCCATGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_CD1(30)IT

TAATACGACTCACTATAGCTGAAACAGAGTGGGCTAAGGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_CD1(3L)IT

TAATACGACTCACTATAG

TGGCATGTCACACTATCCTAGTTTAAGAGCTATGCTGGAAACAGCAT

AGCAAGTTTAAATAAGG

In vitro transcription

gRNA_CD1(32)IT

TAATACGACTCACTATAG

TTGTGGTGAGAATTCCTGATGTTTAAGAGCTATGCTGGAAACAGCAT

AGCAAGTTTAAATAAGG

In vitro transcription

ORNA_CAD2(1}IT

TAATACGACTCACTATAGGTAGGAGACAAAGTAGGCGTGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

ORNA_CAD2(2)IT

TAATACGACTCACTATAGGATAACATGCCGCTTGACGGGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription
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Table 2 (continued)

9gRNA_CAD2(3}HIT

TAATACGACTCACTATAGGATGAACCCGGCAAGCATATGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

ORNA_AIdOMT2(2}IT

TAATACGACTCACTATAGCAAATTCTTGACCAAGAACGGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_AIdOMT2(3}IT

TAATACGACTCACTATAGTAGCCAGGAGGCGCAAGATAGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_AIdOMT2(4}IT

TAATACGACTCACTATAGTCTTCATCTGATACCTGAGTGTTTAAGAGC

TATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_CCOAOMTL(IT

TAATACGACTCACTATAGATGCATGAAGGAGCTCAGGGGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_CCOAOMTL(3)T

TAATAC GACTCACTATAGCGGAGAGGAACAGCAAAGCCGTTTAAGA

GCTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_CCOAOMTL(&)IT

TAATACGACTCACTATAGATGGAGATCGGTGTTTACACGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_CCOAOMT2(L)IT

TAATACGACTCACTATAGGCAAAGTGATGCTCTTTACCGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

9gRNA_CCOAOMT2()IT

TAATACGACTCACTATAGAGGCTCTCTTGGGTACACACGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

gRNA_CCOAOMT2(3)IT

TAATACGACTCACTATAGAAGAGAGCCTGAATGCATGAGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG

In vitro transcription

BS6 AAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACT In vitro transcription
AGCCTTATTTAAACTTGCTATGCTGTTTCCAGC

BS7 AAAAAAAGCACCGACTCGGTGC In vitro transcription

T25long GAAATTAATACGACTCACTATAG In vitro transcription

9gRNA_CD1(30)C1-F

GATTCTGAAACAGAGTGGGCTAAG

gRNA cloning into pEgP23dfp

CRISPRplasmid

gRNA_CD1(30)CLR

AAACCTTAGCCCACTCTGTTTCAG

gRNA cloning into pEgP23dfp

CRISPRplasmid

GAATCGAA

gRNA36F(P2)GG TTGGGTCTCGTGCAGTTCTGTCAGGACTCATGCACGTTTTAGAGCTAG| gRNA cloning into pMgP23gfp
AAATAGCA CRISPRplasmid
gRNA34R(P45GG TTGGGTCTCCAAACCAGTTCAAAGGGTCATTAGTCTGCACCAGCCGG| gRNA cloning into pMgP23-fp

CRISPRplasmid

FAA_tgRNA_C3H3(3)

TTGGGTCTCGTGCAGAGCCCACTCTGCAAAGCACGTTTTAGAGCTAG

AAATAGCA

gRNA cloning into pMgP23gfp

CRISPRplasmid

R4A_tgRNA_CADI(32)

TTGGGTCTCCTTCTCACCACAACTGCACCAGCCGGGAATCGAA

gRNA cloning into pMgP23gfp

CRISPRplasmid
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Table 2 (continued)

FAA_tgRNA_CAD1(3)2

TTGGGTCTCGAGAATTCCTGATGTTTTAGAGCTAGAAATAGCA

gRNA cloning into pMgP23gfp

CRISPRplasmid

R4A_tgRNA_CAD2(2)

TTGGGTCTCCCGGCATGTTATCTGCACCAGCCGGGAATCGAA

gRNA cloning into pMgP23gfp

CRISPRplasmid

FAA_tgRNA_CAD2(2)

TTGGGTCTCGGCCGCTTGACGGGTTTTAGAGCTAGAAATAGA

gRNA cloning into pMgP23gfp

CRISPRplasmid

R4A_tgRNA_CCOAOMT2(3)

TTGGGTCTCCTCAGGCTCTCTTCTGCACCAGCCGGGAATCGAA

gRNA cloning into pMgP23gfp

CRISPRplasmid

FAA_tgRNA_CCOAOMT2(3)

TTGGGTCTCGCTGAATGCATGAGTTTTAGAGCTAGAAATAGCA

gRNA cloning into pMgP23gfp

CRISPRplasmid

R4A_tgRNA_AIOMT2(2)

TTGGGTCTCCAAACCGTTCTTGGTCAAGAATTTGCTGCACCAGCCGGG

AATCGAA

gRNA cloning into pMgP23gfp

CRISPRplasmid

R4A_tgRNA_CCOAOMT1(2)

TTGGGTCTCCTCCTTCATGCATCTGCACCAGCCGGGAATCGAA

gRNA cloning into pMgP23gfp

CRISPRplasmid

FAA_tgRNA_CCoAOMT1(2)

TTGGGTCTCGAGGAGCTCAGGGGTTTTAGAGCTAGAAATAGCA

gRNA cloning into pMgP23gfp

CRISPRplasmid

R4A_tgRNA_C4H1(1)

TTGGGTCTCCCTATACCTGTCCTGCACCAGCCGGGAATCGAA

gRNA cloning into pMgP23gfp

CRISPRplasmid

FAA_tgRNA_C4H1_1

TTGGGTCTCGATAGGACCTGGAGTTTTAGAGCTAGAAATAGCA

gRNA cloning into pMgP23gfp

CRISPRplasmid

AtU6(666)F TCTTCAAAAGTCCCACATCG Transgeniescreening
Cas9(975R ATGTTGGCAAACTTGGC Transgeniescreening
PAL2-F1 TTTGGTGACCTGAAGATTCC Genotyping editing oPtrPAL2
PAL2-R1 TCCTCTGACAGCTCTACCTTG Genotyping editing oPtrPAL2
PAL4,5F4 CTCACACATCCGTTCTTCTC Genotyping editing oPtrPAL4and
PtrPALS
ExonlP45R2 CTAGCAATTGCAGTTACCTG Genotyping editing oPtrPAL4and
PtrPALS
C3H(50}F CAAAATCTACCAACGTCTACGCTTC Genotyping editing oPtrC3H3
C3H(209)R AGAGTTGAACCGAACCAAACTG Genotyping editing oPtrC3H3

OMT2-E1(101}F

CTCACCTCCCTACCAAAAACCC

Genotyping editing oPtrAldOMT2

OMT2-E1 (421)R

ACCAGCTTTCCATGAGGACCTT

Genotyping editing oPtrAldOMT2

C4H1-UR-F2 CCTCAAAAATCCCCACCTCTTTC Genotyping editing oPtrC4H1
C4H1(253)R CAGGAGAAGAGACGACAACAAGG Genotyping editing oPtrC4H1
CAD1_E4F GATGGGATGTCACCAGAACAAGC Genotyping editing oPtrCAD1

CADI-R1(1378)

CTAATCACAGTTACGTGGTGTC

Genotyping editing oPtrCAD1

CD2E3(150)F

TCCTGACATACGCCTCCATCTAC

Genotyping editing oPtrCAD2

CD2-E3(360)R

CCAACGATACCGATATGCTTGC

Genotyping editing oPtrCAD2
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Table 2 (continued)

MT1-E1(36)F AGGAAGGCACCAGGAAGTTG Genotyping editing of
PtrCCoAOMT1
MT1 In(80)}R CATCACACCATAAGCATTAATATCA Genotyping editing of
PtrCCoAOMT1
MT2-E1(3)F CGGAAGGCATCAAGAAGTTG Genotyping editing of
PtrCCoAOMT2
MT2-In(26)}-R TGCATGTGAGGATTCAACAAAC Genotyping editing of
PtrCCoAOMT2

Assembly of multiplex CRISPR plasmids

gRNAs (Table 1were inserted into the multiplex CRISPR vector pMgR2387gfp using
GoldenGate cloningUeta et al., 2017)PCR fragments containing the gRNA target sequences,
gRNA scaffold sequence, and tRNA fecessing sequence were amplified usinigers in
Table2 (Figurel). The amplified gRNA target sequences were assembled by Gahtercloning
(Engler et al., 2008nd inserted into pMgP23ZA-gfpin a single reaction using 20 units of Bsal
restriction enzyme and 40 units of T4 DNifase (New England Biola). The reactions were
incubated at 37C for 5 min and then cooled to 26 for 10 min. The temperature cycling was
repeated 10 times. Additional 10 units of Bsal was added to the reaction, and the samples were
incubated at 56C for 1 h, and 80C for 15min. The presence of the gRNA(S) sequence(s) in the
CRISPRplasmids was confirmed by Sangeguencing using primers specific for the vector

backbone and gRNA (Table 2).
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Step 1: PCR to amplify the products

Step 2: Golden gate cloning through Bsal

__, PCRproductn restriction enzyme and T4 DNA—Iigasg to join
PtrHCT6 or PtrCAId5H2 - the PCR prod_ucts, and insert them into the
e PCR productn+2 CRISPR-plasmid
[
™ T
4=~ PCR productn+3
Target sequence (20 bp)

= Tn specific primer containing the Bsal site

=P T™2 specific primer containing the Bsal site

= T3 gpecific primer containing the Bsal site
T™4 specific primer containing the Bsal site

Figure 1. CRISPRconstructs assembly. PCR products aorng the gRNA target sequences, gRNA scaffold
sequence, and ptBNA were assembled and inserted into the CRISPR vector pMgP23jTp in the Bsal RE site
by Goldengate method. For the CRISRRnNstructs with overexpression, the DNA cassettes(s) camgagither the

PtrHCT6 or PtrCAId5H2cds were ligate in the Apal RE site into the pMgR237gfp.

To product transgene constructs for target gene overexpression, two DNA cassettes were
synthesized (Genewiz, USA). The first casset€LP-PtrHCT6-NosT) contins the xylem
specific promoter of 4-coumaric acid:CoA ligase 3(Ptr4CL3P, accession number
Potri.001G036900)(Wang et al., 2018) CDS of 4-hydroxycinnamoyCoA:shikimic acid
hydroxycinnamoyl transferasgBtrHCT6, accession number Potri.001G042900), EndT The
second cassette contains the Gid%& modifiedconiferaldehydeés-hydroxylase ZPtrCAId5H2
accession code: Potri.007G016400). Restriction sites of Sbfl, BamHI, Apal, EcoRlI, Bglll, Xhol
were added t o 5 d&trdQLP, PBHCTG andPir@AkIEH2 mternat HeaRl and
HindlII restriction sites in the coding region BirHCT6 and PtrCAId5H2were substituted with
alternative nucleotides without changing the peptide coding sequence. To assemi@é&Rhe
PtrCAId5H2NosT, the PtrHCT6 CDS was replaced bitrCAId5H2 using the restriction sites
Bglll and Xhol. The DNA cassettedCLP-PtrHCT6NosTand4CLP-PtrCAId5H2NosT) were
then isolated from pUC57 plasmid using Apal and inserted into the pMegB287p CRISPR
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plasmid containing th@trPAL2 and PtrPAL45 gRNAs using T4 DNAligase (New England
Biolabs, USA) to generate the OHCTKP and OC5KP construigar@-l).

The xylemspecificPtr4CLP was functionally validateth vivousingP. trichocarpastem
differentiating xylem (SDX) protoplast&in et al., 2014) SDX protoplasts were transfected with
a pUC19 vector harboring thetr4dCLP driving a green fluorescent proteifgfp), and the
percentage of fluorescent SDX protoplasts was counted 12 Hraostection. Protoplasts
transfected with pUC1€aMV35Sgfp and ddH20 were used as positive and negative controls,
respectively. Fluorescence in SDX protoplasts was analyzed using an LSM 71€ctaseng
microscope (Zeiss, USA). Excitation and emissi@velengths were 488 nm and 492 to 543 nm,
respectively. The percentagegip positive protoplasts provides a relative estimation of promoter

activity in SDX.

Generation and genotyping of CRISIeRitedP. trichocarpa

P. trichocarpawas individually transformed with the CRISPR constructs following our
established protocols usifgrobacterium tumefacien(§ong et al., 2006At least 10 putative
transgenid®. trichocarpalines were produced for each CRISPR construct. To validatsgeae
integration, genomic DNA from young leafs of 158 CRISIFies was extracted using the Quick
DNAE Pl ant/ Seed Miniprep Kit ( Z%HuymeFidRigy®¥Aar ¢ h,
Polymerase (New England Biolabs, USA) and primers AtU6(6ahd Cas®@75)R (Table 2)
was performed for the putative transgenic plantlets along with a positive control (transformation
plasmid) and a negative control (genomic DNA of wildtygdrichocarpg. The amplicons were
then sequenced either by Sanger or elaplican sequencing to determine the frequency and type

of target gene edits. For the CRISkies genotyped by Sanger (58 lines encompassing the
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KP245, OHCTKP, OC5KP constructs), the amplified target genes were cloned into pMiniT 2.0
Vector using the NEBPCR Cbning Kit (New England Biolabs, USA), and-18 recombinant
colonies were sequenced (Genewiz, USA). Due to the low coverage of -Saggencing, the
editing events were subsequenthcanfirmed by RNAseq (described in the subsection below).
For the CRI®R-lines genotyped by deegmplicon sequencing (100 CRISHRes encompassing
the K3, K4, K5, and K6 constructs), the P@Riplified target genes were purified using the DNA
Clean & Concentrate25 (Zymo Research, USA) and sent for daepplicon sequencing
(Genewiz, USA). The sequence reads were mapped to the target genes, and the frequency of total
INDELS and lossof-function INDELS for each gene was calculated using theaDabyzer
software(Park et al., 2016http://www.rgenome.net/caanalyzey.

Based on the frequency of gene editing, 33 CRI8RE® were selected for the molecular
and phenotypic characterization. Up to four vegetatively propagated copies of each ARESPR
were grown in a greenhouf® 6 months. The stemifferentiating xylem (SDX) tissues and wood
samples of the 92 CRISP&lited and 9 wildtypes-Bonthsold greenhousgrown trees were
collected for RNA extraction and quantification of modulus of elasticity (MOE), wood density,
lignin and sugars content, and wood composition (sections below). The transgenic trees were in
three different batches (1, 2, and 3) each with wildtype controls for normalization of data collected

from each batch.

Gene expression analysis by full transcriptdMA-seq

SDX tissues from <4@nonthsold greenhousgrown trees were collected for RNA
extraction. SDX was scraped from the surface of the debarked stems usingggetazor blades

(Lin et al., 2014) The collected tissues were frozen and ground intodpow liquid nitrogen.
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Total RNA was extracted using the QURBINA Plant Kit (Zymo Research, USA) from one
biological replicate of each CRISHRe. Library construction and RN&eq were performed by
GENEWIZ (USA). RNA quality was evaluated by Bioanaly2400 (Agilent RNA 6000 Nano

Kit). The library construction was performed using TruSeq RNA sample preparation kit (lllumina,
USA), and sequencing was carried out on the lllumina HiSeq 2000 platform (lllumina, USA).
Sequence reads were trimmed to removeimiasequences and nucleotides with poor quality
using Trimmomatic v.0.3@Bolger et al., 2014)The trimmed reads were mapped to ke
trichocarpav4.1 reference genome available on Ehdrichocarpagenome Ver. 4.1 (JGI) using

the STAR aligner v.2.5.2(Dobin et al., 2013)Unique gene hit counts were calculated by using
featureCounts from the Subread package v.115ad et al., 2013; Liao et al., 2014; Liao et al.,
2019) Gene expression was expresasdranscript per million (TPMYhe percentagef iRNA-

seq reads edited féttrPAL2, PtrPAL4,and PtrPAL5 genes was calculated using the Geneious

Prime 2020.2.4 (https://www.geneious.com) software.

Off-target analysis d?. trichocarpaharboring multigenic editing dtrPAL2.4,50enes

CRISPOR software (http://crispor.tefor.net/) was used to estimate the most probably off
target genes for the two guides used to deitPAL2 (QRNA_P2(36)) andPtrPAL45
(gRNA_P45(34))(Concordet and Haeussler, 201@jable 3). The RNAseq reads from 10
CRISPRIines with a high percentage of editing for the tHP&d> AL genes were mapped against
the potential oftarget regions using Geneious Prime 2020.2.4 (https://www.geneious.com)
software. No editing events were identified in the regions analyzed fqotieatial offtarget

genes, suggesting that the editing of the target genes are highly speRiftaahocarpa
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Table 3. Off-targets analysis of candidate genes. The underlined bases represent the nddfeotidees between

the on and oftarget genes.

On-target CRISPR- Off-target candidate Off-target MIT Off - CFD Off- N° of total RNA- N° of off-target
gene line name and accession | candidate target score target score seq reads candidates mapped
code sequence mapping the off- reads with edits
(56Y3 target candidates
PtrPAL2 KP2451 AcylCoAsterol G TTGTGTC 19.72 0.129630 3 0
acyltransferase 1 AGGACTC
(Potri.001G260700) | ATGCAC
GAG
PtrPAL2 KP2454 AcylCoAssterol G TTGTGTC 19.72 0.129630 1 0
acyltransferase 1 AGGACTC
(Potri.001G260700) | ATGCAC
GAG
PtrPAL2 OC5KR5 AcylCoAssterol G TTGTGTC 19.72 0.129630 3 0
acyltransferase 1 AGGACTC
(Potri.001G260700) | ATGCAC
GAG
PtrPAL2 OC5KR15 AcytCoAsterol O TTGTGTC 19.72 0.129630 15 0
acyltransferase 1 AGGACTC
(Potri.001G260700) | ATGCAC
GAG
PtrPAL2 OC5KR20 AcylCoAssterol G TTGTGTC 19.72 0.129630 12 0
acyltransferase 1 AGGACTC
(Potri.001G260700) | ATGCAC
GAG
PtrPAL2 OC5KP24 AcylCoAssterol G TTGTGTC 19.72 0.129630 5 0
acyltransferase 1 AGGACTC
(Potri.001G260700) | ATGCAC
GAG
PtrPAL2 OC5KR33 AcylCoArsterol O TTGTGTC 19.72 0.129630 10 0
acyltransferase 1 AGGACTC
(Potri.001G260700) ATGCAC
GAG
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Table 3 (continued)

PtrPAL2 OC5KR38 AcylCoAssterol G TTGTGTC 19.72 0.129630 7
acyltransferase 1 AGGACTC
(Potri.001G260700) ATGCAC
GAG
PtrPAL2 OC5KPR-39 AcylCoAsterol G TTGTGTC 19.72 0.129630 6
acyltransferase 1 AGGACTC
(Potri.001G260700) ATGCAC
GAG
PtrPAL2 OHCTKP-11 AcylCoAssterol G TTGTGTC 19.72 0.129630 4
acyltransferase 1 AGGACTC
(Potri.001G260700) | ATGCAC
GAG
PtrPAL2 OHCTKP-16 AcylCoAssterol G TTGTGTC 19.72 0.129630 3
acyltransferase 1 AGGACTC
(Potri.001G260700) | ATGCAC
GAG
PtrPAL2 OHCTKP-26 AcytCoArsterol O TTGTGTC 19.72 0.129630 3
acyltransferase 1 AGGACTC
(Potri.001G260700) ATGCAC
GAG
PtrPAL4 KP2451 Phenylalanine CCCAATG 1.37 0.348013 276
and ammonialyase 2 ACCCCTT
PtrPAL5 (Potri.008G038200) GAACTG
GGG
PtrPAL4 KP2454 Phenylalanine CCCAATG 1.37 0.348013 383
and ammonialyase 2 ACCCCTT
PtrPALS (Potri.008G038200) GAACTG
GGG
PtrPAL4 OC5KR5 Phenylalanine CCCAATG 1.37 0.348013 354
and ammonialyase 2 ACCCCTT
PtrPAL5S (Potri.008G038200) GAACTG
GGG
PtrPAL4 OC5KPR15 Phenylalanine CCCAATG 1.37 0.348013 505
and ammonialyase 2 ACCCCTT
PtrPALS (Potri.008G038200) GAACTG
GGG
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Table 3 (continued)

PtrPAL4 OC5KR20 Phenylalanine CCCAATG 1.37 0.348013 508
and ammonialyase 2 ACCCCTT
PtrPALS (Potri.008G038200) | GAACTG
GGG
PtrPAL4 OC5KP24 Phenylalanine CCCAATG 1.37 0.348013 630
and ammonialyase 2 ACCCCTT
PtrPAL5S (Potri.008G038200) GAACTG
GGG
PtrPAL4 OC5KR33 Phenylalanine CCCAATG 1.37 0.348013 661
and ammonialyase 2 ACCCCTT
PtrPALS (Potri.008G038200) | GAACTG
GGG
PtrPAL4 OC5KR38 Phenylalanine CCCAATG 1.37 0.348013 467
and ammonialyase 2 ACCCCTT
PtrPAL5 (Potri.008G038200) | GAACTG
GGG
PtrPAL4 OC5KR-39 Phenylalanine CCCAATG 1.37 0.348013 475
and ammonialyase 2 ACCCCTT
PtrPALS (Potri.008G038200) | GAACTG
GGG
PtrPAL4 OHCTKP-11 Phenylalanine CCCAATG 1.37 0.348013 448
and ammonialyase 2 ACCCCTT
PtrPALS (Potri.008G038200) | GAACTG
GGG
PtrPAL4 OHCTKP-16 Phenylalanine CCCAATG 1.37 0.348013 125
and ammonialyase 2 ACCCCTT
PtrPALS (Potri.008G038200) | GAACTG
GGG
PtrPAL4 OHCTKP-26 Phenylalanine CCCAATG 1.37 0.348013 168
and ammonialyase 2 ACCCCTT
PtrPAL5S (Potri.008G038200) GAACTG
GGG
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Wood chemistry analysis @RISPRIlines and wildtype

After the SDX collection for RNA extraction, the remaining stem wood segments (devoid
of internodes bB) from the same CRISPkhes and wildtype trees were used for wood chemistry
analysis. The stem segments were extracted with 9Ca c et one f or 48 h, fo
additional extractions (each -fle@woodsampkesweg 100 ¢
then airdried for 72 h to remove the residual acetone. The dried stem segments were ground to a
fine powder using a Wiley rhiand sieved to 60 mesh, and vacuum dried oy®s Bntil constant
mass. Acidinsoluble lignin and acigdoluble lignin contents were measured following the Klason
proceduréDence, 1992)Sugars in the acidoluble lignin fractions were neutralized us@aCQ,
and filtered through a 0.2 Om PVDF membrane (
were analyzed by an Infinity 1200 HPLC (Agilent, USA) using the Sugar SP0810 column (Shodex,
USA). Pure compounds of glucose, galactose, xylose, mannoseabmbae (Sigma, USA) were
used as standards. The sum of | ignin and suga

for wildtype trees.

Quantification of lignin composition and interunit linkages

2D HSQC NMR was used to quantify the lignin composiiadinterunit linkages (Figure
2) according to the wholeell-wall method(Mansfield et al., 2012)The extractiveéfree wood was
ground to 4860 mesh as woodmeal using Willey mill and dried ow€sPThe woodmeal (~ 2 g)
was further milled at 600 rpming 17 ZrQ balls for 6 h using a Pulverisette 7 Planetary ball mill,
with mill time of 15 min and pause time of 30 min for each mill cycle. After ball milling, the

samples were stored under vacuum ow€ksprior to use.
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Figure 2. Lignin interunit linkages and aromatic units.

For 2D HSQC NMR, ~ 40 mg of each ball milled sample was directly introduced into a 5
mm NMR tube with addition of 500 pL of premixed DMS&1B/Pyridingd5 (4:1). The NMR tube
(with sample) was sonicated fot6lh in an ultrasonic bath until a homogenous gel was obtained.
The 2D HSQC spectra was recorded in a 700 MHz Bruker Avance NEO magnet equipped with a
5 mm TCI heliumcooled probe. The pulse program of hsqcetgpsisp.2 was usedjuoe the
spectra with 2,048 points in F2 and 512 points in F1 for acquisition times of 125 ms and 6.6 ms,
D1 delay of 1 s and 32 scans. The spectra were processed using Topspin 4.1.1. The S/G/H units
were quantified by integration of contours of SZ&2, and H2/6, and expressed onan S + G + H
= 100% basis. The relative abundance of interunit linkages were measured by integrating the
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(Mansfield et al., 204; Wang et al., 2018)

Quantification of wood physical traits

Modulus of elasticity (MOE)
Stem sections (20 cm) were cut from the base of each CRIBERand wildtype trees.
The samples were ailried and then placed in a humidity chamber at 65% relative humidity and
20°C. The stem sections were then tested at atspdepth ratio of 15 andnalyzed using a three
point static bending test using an MTS Insight universal mechanical tester to measure the MOE,

following our established proceduf¢asal et al., 2007)

Quantification of wood moisture content and specific gravity

Wood disks of 2.5m were cut from the middle of the stems to measure the wood moisture
content and specific gravity of each CRISR#R and wildtype trees. Samples were weighed
before and after drying in an oven overnight at 103 = 2°C. The specific gravity and dersity at t

given moisture content were calculated as previously described.

Statistical analysis

Analysis of variance (ANOVA) was used to test the effect of CRISfRiated genome
edits on the mechanical propertiesPoftrichocarpa The analysis was performed mgi SAS
software (SAS Institute Inc., 2013), and Dunn

mechanical properties of the CRISHResto those of the wildtype trees.
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Comparison of predicted and measured phenotypic traits

All 18 phenotypic tras measured from the CRISHiIRes were quantitatively compared to
the estimates from the global sensitivity analysis of each CREBREegy to validate the model
predictions. The CRISPR trees were produced and harvested in batches at different times, and

therefore, the measurements were normalized as a percentage of wildtype controls.

Micro kraft pulping

Micro kraft pulping was performed to evaluate the performance of modified trees in
accommodation of limited sample size. The bottom part of tree stsrowvanto ~ 1.5 cm length
and ~ 3 mm diameter sticks to facilitate better pulping chemical penetration. The micro pulping
experiments used a Parr Series 4700 general purpose pressure vessel with a volume of 45 ml. The
pressure vessel was heated in amabtum block. In a typical pulping experiment, 4135 g of
pre-cut wood stick (4 g of ovedried weight) was mixed with pulping liquor containing sodium
hydroxide and sodium sulfide at liquid to solid ratio of 4:1. The active alkali of 16% with sulfidity
of 25% was used. The kraft pulping was performed at 165 °C for 2 h with vigorously shaking of
the pressure vessel every 20 min. Upon completion of pulping, the pressure vessel was removed
from heat block and quenched with running tap water. Pulped woodligiategrated using a
laboratory blender and thoroughly washed with DI water in a vacuum glass frit filter. The washed
pulp was pressed to remove excess water and stored in polyethylene bags. The pulp yield was
gravimetrically measured. The Kappa numbes determined according to TAPPI Useful method

UM 246 (TAPPI, 1991)
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Techneeconomic analysis

The techneeconomic benefits of CRISPR modified trees were accessed by simulation of
an existing bleacheBucalyptuskraft pulp mill located in Brazil. Such mill model was selected
because Brazil is the leading producer of bleached hardwood kraft pulp and the Brazilian

Eucalyptuss desired for fiber properties and its cash cost advantage.

Properties of modified wood

Although a wide variety of wood properties, such as density, tree growth, mechanical
strength, wood composition (lignin/carbohydrate content), lignin S/G ratio, and lignin chemical
structures, can be modified, the wood composition and S/G ratio are beleveye most
potential considering both scientific easiness, technical desirability as well as the potential business
value. The wood composition used in this simulation was estimated according to our previous
study on transgenic polgwang et al., 2018as shown in Table 4. WildtypEucalyptuswas
assumed to have 28% lignin as the base case of analysis. Three levels of S/G ratio, 2.8 (base case),

6.0, and 9.0, were also included to evaluate the impacts of lignin S/G ratio.
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Table 4. Wood composition of transgenic poplar according to our previous study (Wang et al., 2018).

Ot he
Lignin Gluce Xyl a Extract Ash Tot
suga
28. 0% 41.5"11.6 5.7Y% 1. 7% 0.6100.
24. 0% 45.6' 14.1 5.0¢% 1. 7% 0.6100.
20. 0% 49.7'" 16.5 4.4Y9 1. 7% 0.6100.
16. 0% 53.8"18.9 3.7Y 1. 7% 0.6100.
12. 0% 57.9"21.3 3.1Y¢ 1. 7% 0.6100.
8. 0% 62.0' 23.8 2.5Y% 1. 7% 0.6100.

Pulping information

Both literature data and our miepulping study data (on transgenic poplar) were used to
extrapolate the correlations between pulp yield and lignin conterEdoalyptus The Kleppe

eqguation for hardwood¥leppe, 1970Wwas adopted as shown in Equation 1

Equation 1Total pulp yield = A + 0.0016 * Kappa™

Where the yield constant, A, is mainly affected by the quality of the wood (wood composition) as
well as the pulping conditions.

Another assumption for the impact of lignin is that the required eetikaline (AA) to
pulp to a given Kappa number (18) should decrease with the decreasing of lignin content in wood.
The impact of S/G ratio was assumed to be opposite, namely, less active alkaline will be needed

to pulp to a given Kappaumber (18) at a gher S/G ratio. Equatiohwas derived using published
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data and educated estimation to calculate require active alk@kmaide et al., 20Q9Nawawi et

al., 2017)

Equation 2AA% = (49.604 x Lignil¥e + 4.963) x (S/G§-2°

The mill model

The economic impacts of CRISHRodified wood were simulated using the Carolina Pulp
and Paper (CPP) mill model developed at North Carolina State Univ@thitlyps, 2019; Phillips
et al., 2020Yhe CPP mill model was developed and evolved over the Hasiat to teach students
in our Paper Science and Engineering program. The CPP mill model has also been taught to and
used by industrial companies in recent years. The CPP model has been validated by comparing the
simulation results with FisherSolve rdde mills data(Phillips et al., 2020)The mill model

includes all the details of a mill, all the way down to the level of safety glasses or lubrication oil.

The simplified block process diagram of a typical krafppuill is shown in Figurd.

164



Caustic . o | Effluent
Woodyard Plant Lime Kiln § -
s F

y

Digester Recovery Turbo
9 Boiler : . Generator
4 . . .
oles : Water Plant
Generator :

Finishing &
Shipping

w

Screening Bleaching

Papermill

Figure 3. Process diagram of a typical kraft pulp mill

The mill model was configured based on a bleadbgchlyptuskraft (BEK) mill located
in Brazil. The mill was assumed to be constructed in and operating since 2005, with ppkratio
output limited by the recovery boiler capacity. For this study, a plantation model was also
incorporated to mill model to estimate the wood cost. The tree plantation was modelled as a
separate enterprise that sells and delivers wood to the pulp rni# d@esired amount. The tree
growth rate was assumed to be mean annual incremental of 47 cubic meter per hectare per year
(Gomide et al., 2005 he tree density was assumed to be constant at 0.48 bone dry metric ton per
cubic meter(Gomide et al., 2005) The tree harvest rotation was assumed to be 7 years. The
CRISPR modified trees werssumed to be available in 2021.

The base case was assumed to use 28% lignin wood (wildtype) with the pulp production
of 1,124,745 metric tons annually. The produced mgpumed to be 50% sold to Chinese
customers and 50% sold to North American customers at the actual delivered price in USD up to
2019 and held constant thereafter. The mill was burning 3% biomass (based on wood chips to

digester) and natural gas as enesggplementary. Alternatively, the CRISHRbdified wood was
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used. For the low lignin wood, less black liquor solid will be burnt in the recovery boiler which
permits the mill to increase the pulp production. Thus, two production scenarios were estimated,
namely constant production and incremental production. The pulp manufacturing cost (direct and
indirect) and net present value were used to assess the overall financial performance. The direct
cost includes freight, fiber, chemicals, energy, and finishinggmnads, whereas the indirect cost
includes maintenance, labor, operating materials, other fixed costs, depreciation, and overheads.
The financial performance was estimated inygar timeframe with a tax rate of 15% and a 14%

hurdle rate.

Results

Screening CRISPRdited strategies for concurrent wood traits improvement

The complexity of monolignol biosynthesis limits conventional hypothdisien
approach to the quantitative prediction of how pathway gene perturbations affect wood fiber
propertiesand plant growth. To better understand the sysiened regulation of monolignol
biosynthesis, we recently assembled a predictive model of the path®atyichocarpabased on
experimentally determined enzyme kinetic parameters and quantitativeomids data measured
from ~2000 transgente. trichocarpa(Wang et al., 2019; Matthews et al., 2020, 20Zhe model
captures the quantitative relationships linking genomics, transcriptomics, fluxomics,
interactomics, and phenotypic traits using sparse mnaxi likelihood, mas$&alance kinetics, and
machinelearning algorithms. The model informs how changing the expression of any individual
pathway gene or combination of these genes affect protein abundance, metabolic flux and 25 wood
properties, including ¢inin and carbohydrates contents, mechanicahgtine density, and tree

growth.
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Here, we used the established predictive model for lignin biosynthesis to inform the
optimal combination of gene targets for multiplex genome editiiy trichocarpafor improving
fiber traits, defined as reduced lignin content, increased S/G ratio, increased carbohydrate to lignin
(C:L) ratio, and good growtfWwang et al., 2019; Matthews et al., 2020, 202D do this, we
heuristically searched through every possible contimnaf multiplex genome editing strategies
targeting the concurrent lesé-function editing of up to six genes for the 21 pathway genes. We
also simulated the combinatorial effects of gene overexpression and genome editing by combining
up to three genedds with the overexpression of one gene. In total, 69,123 unique sets of gene
strategies were evaluated for multiplex genome editing using the predictive model to estimate the

corresponding changes in 25 lignin and wooddrai

Of the 69,123 strategiesnly 367 matched the parameters set for low lignin content,
normal height, andmproved S/G and C/L ratios (Figud&). The most frequent lignin genes
associated with these fiber traits welPerC3H3 PtrCCoAOMT2 PtrAldOMTZ2 PtrPAL2,
PtrCCoAOMT3PtrCCoAOM 1, PtrC4H1, andPtrCAD2 (Figuredb). Concurrent editing of 3 to
6 genes were the most frent in the 367 strategies (Figd®, affirming the need for a multigenic
approach to editing. trichocarpawith improved growth and fiber traits. Then, 768 camations
of genome editing strategies with concurrent editing of 3 to 6 genes belonging to the subset of
selected genes were used for a sieedlle sensitivity analysis. In additionRerPAL2, PtrPAL4
andPtrPAL5 are the only xylenspecific genes belonginto PAL gene family(Shi et al., 2010)
Therefore PtrPAL4, andPtrPALS5were included in the set of selected genes. As&@AD2has
low expression in sterdifferentiating xylem (SDX) tissuéShi et al., 201Q)andPtrCAD1 was
included in the list of candidate genes to evaluate the impact ebfidsaction edits inPtrCAD

family. The sensitivity analysis for all 768 gene strategies determines how sensitive or resistive
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the trait improvements are to variation in the traipt@bundances ohé nontarget monolignol

genes.
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Figure 4. Screening of CRISPHRditing stategies with improved traits. ¥enn diagram representing all thkeategies.

Out of 69.123, 367 of tm met the parameters set bpFrequency of editing of each monolignol target gene in the

best 367 strategies identifiect Frequency number of monolignol targeted genes in the best 367 strategies identified.

Eighty-three strategies with estimated lignin yield less than 78% otypiédand growth

(height) estimated yield equals or higher than 98% of wildtype were identified. Six genome editing

strategies were selected based on the diversity number concurrent edits (from three to six),

presence of target gene overexpression, andslese fiber improvements (reduced lignin,

improved S/G ratio, iqmroved C/L ratio, good growth)
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The selected gene combinations that consistently lead to fiber trait improvements were:
KO of PtrPAL2 and PtrPAL4,5 (KP245); OE ofPtrHCTG6 coupled with KO ofPtrPAL2 and
PtrPAL4,5 (OHCTKP); KO of PtrC3H3, PtrAlIdOMT2, PtrCAD1(K3); KO of PtrC3HS3,
PtrC4H1, PtrAlIdOMT2, PtrCAD1 (K4); KO of PtrC3H3, PtrC4H1, PtrCCoAOMT1,
PtrAldOMT2, PtrCAD1(K5); KO of PtrC3H3, PtrCCoAOMT1, PtrCCoAOMT2, PtrCAD1,
PtrCAD2, PtrAIdOMT2(K6). To confirm the predicted fiber trait improvements, a global
sensitivity analysis of selected strategies was performed. For the multiplex editing strétegies
fiber trait improvements were consistent in between the ssoalé and global sensitiyianalysis.

As expected, singtgene edits did not improve phenotypic saibmpared to the wildtype (Figure
5&j). The multigenic strategies showed a predicted reduction in lignin content of up to 36%
comparedto wildtype (Figure 5a)S/G and C/L ratiosncreased by up to 148% and 115%,
respetively (Figure 5b and c)No change in growth (tree height) were observed between the
multigenic strategies and wildtype in the global sensjtiaitalysis (Figure 59.

PtrCAld5Hgene family is involved in the caarsion from guaiacyl lignin (&ubunits) to
syringyl lignin (Ssubunits) in angiospernfg/ang et al., 2012)The overexpression &tCAId5H
results in S/G ratio improvement in transgenics t(€ésang, 2006)In order to increase S/G ratio
in CRISPRIines with reduced lignin content, a strategy containing the overexpression of the
PtrCAId5H2 coupled with concurrent edits &trPAL2 and PtrPAL4,5(OC5PK) was included
Together, the seven multigenic strategies were selected for genome ediBngrichocapa

(Table 5).
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Figure 5. Global sensitivity analysis of wildtype, CRISPR singkene editing, and CRISPR multigeediting

strategiesargeting monolignol genes. a: lignin; b: S/G ratidCA ratio; d: Total carbohydrates; @lucose; f: Xylose;

g: Height; h: Diameter; i: Volume; Pensity.
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Table 5. Multigenic strategies were selected for genome editify trichocarpa

Strategy name Target genes
KP245 PtrPAL2, PtrPAL4,5(KO)
OHCTKP PtrPAL2 PtrPAL4,5(KO);
PtrHCT6 (OE)
OC5KP PtrPAL2 PtrPAL4,5(KO)
PtrCAId5H2(OE)
K3 PtrC3H3 PtrAldOMT2 PtrCAD1 (KO)
K4 PtrC3H3 PtrC4H1, PtrAlIdOMT2 PtrCAD1(KO)
K5 PtrC3H3 PtrC4H1, PtrCCoAOMT1 PtrAlIdOMT2 PtrCAD1(KO)
K6 PtrC3H3, PtrCCoAOMT1, PtrCCoAOMT?2, PtrCAD1, PtrCAD2, PtrAlIdOMKD)

Promoter and gRNA validations

To overexpres®trHCT6 and PtrCAId5H2 in the OHCTKP and OC5KP strategies, a
xylemspecificPtr4dCLP3(Ptr4CL3P (Wang et al., 2018)as used to drive the pression of the
transgenes. The promoter activityRir4CL3Pwas validatedn vivo by transfecting protoplasts
isolated from SDX oP. trichocarpawith a plasmid encoding pUCARtr4CL3R-GFP. After 16 h
posttransfection, 18% of the protoplasts exhibited green fluorescence, confirmifgrd@L 3P
is a functional promoter in stem xylem cellsRoftrichocarpa As a positive control, protoplasts
transfected witlCaMV35SGFP showed green fluesscence in 32% of the transfected cells. Non

transfected protoplasts (negative control) exatbno fluorescence signal (Figwe
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Non-transfected

GFP positive cells: 18% GFP positive cells: 32% GFP positive cells: 0%

Figure 6. Promoter activity validation in xylem cells frof. trichocarpa SDX protoplastssolated fromP.
trichocarpawere transfected with pUCI148CLP-gfpplasmid(a). Transfected protoplast cells with pUGCaMV35S
gfpwere used ggositive contro(b). Nontransfectedvere used asegativecontrol(c). The frequency of GFP positive

cells wee counted 12 h postansfection.

Eighteen gRNAs were designed to target the editing of monolignol genes using
Streptococcus pyogen€sis9 (SpyCas9). All the gRNAs showed high MIT and cutting frequency
determination (CFD) specificity scores for their resjve target genes, and were validated using
in vitro cleavage assays (Figui&i). Two gRNAs showed poomn vitro activity, namely
gRNA C3H3(1) (targetindPtrC3H3) and gRNA CCOAOMT2(1) (targetin@trCCoAOMT2
(Figure7g and i). Thus, the gRNA_ C3H3(1)thigRNA_CCOAOMT?2(1) were discarded. The
remaining 16 gRNAs showed specific and complete cleavage of their targeihgatre. We
selected gRNA_P2(36), gRNA_P45(34), gRNA_CD1(32), gRNA_C3H3(3),
gRNA_ALDOMT2(2), gRNA_CCOAOMT1(2), gRNA_CCOAOMT2(3) fogenerating the
multiplex CRISPR constructs, based on their lowtaffjet scores and position near to the start

codon (Table 1).
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a b C

PENTR-PIrPAL2  + + + + + + + PENTR-PrPAL  + + + + + + + PENTR-PIrAIdOMTT  + + + + + + +
BRNA_P2(36) + + gRNA _P45(33) + + gRNA_ALDOMT2(2) + +

ERNA_P2(37) + ERNA _P45(34) + BRNA _ALDOMT2(3) +
ERNA_P2(38) + 8RNA_P45(35) + gRNA_ALDOMT2(4) +
Scramble gRNA Scramble gRNA Scramble gRNA

SpCas9 +_ Ladder SpCas9 +  ladder  SpCas® +

d e f

PENTR-PLrCADL + o+ o+ o+ o+ o+ 4 PENTR-PUCAD2  + + o+ o+ o+ + o+ PENTR-PtrC4H1

gRNA_CD1(30} + + BRNA_CD2(1) + + ERNA_CaH1(1)

gRNA _CD1(31) + 8RNA _CD2(2) + ERNA _C4H1(2)

gRNA_CD1(32) + gRNA_CD2(3) + gRNA_C4H1(4)

Scramble gRNA Scramble gRNA Scramble gRNA +

SpCas9 + SpCasd + SpCas9 Ladder

3kb

1kb

0.5 kb 1kb
g h . i

- + o+ o+ o+ o+ o+ o+ PENTR-PtrCCoaOMTI  + + + o+ 4 + PENTR-PIICCOAOMT2 +  + + o+ o+ + o+
S.fﬂlk gﬁﬂf + + BRNA_CCOAOMT1(2) + + gRNA_CCOAOMT2(1) + +
GRNA_C3H3(3) + 2RNA_CCOAOMT1(3) + ERNA_CCOAOMT2(2) +
ZRNA_C3H3(5) + ZRNA_CCOAOMT1(4) + ERNA_CCOAOMT2(3) +
gcmmE!E ZRNA Seramble gRNA + Scramble gRNA
+ +  Lladder SpCas9 + + SpCasd + + 4+ Ladder

SpCas9

+
+ +
3 kb
1kb
0.5 kb

Figure 7. In vitro cleavage assay for a functional validation of SgRNABtdPAL?2 (a), PtrPAL45 (b), PtrAlIdOMT?2

+ F + + 4 Ladder
3kb
1kb
0.5kb

3 kb

(c), PtrCAD1(d), PtrCAD2 (e), PtrC4H1 (f), PtrC3H3(g), PtrCCoAOMT1(h), andPtrCCoAOMTland2 (i). The
red arrows show the cut fragments from the target genes. The blue arrows shows the uncut target genes. The complete

information abouthe gRNAs can be accessed in Table 1.

Genotyping of CRISPRditing trees

In total, 158 CRISPR lines were generat€lt of 58 CRISPRedited lines ofP.
trichocarpathat target the concurrent editingRtrPAL2andPtrPAL45 (KP245, OHCTKP, and
OC5KP constructs), 21 lines harbored complete édganction editing of both alleles for all three
genes. The remaining 37 lines showed partial or no mutation for at least tre target genes
(Figure 8a. For K3 and K4 strategiethat target the concurrent editing of 3 and 4 genes,

respectivelyP. trichocarpalines harboring biallelic editing of all target genes were obtained (K3

173



12, K328, and K47), and 30 partiallydited lines were recovered (Figusb and c). For K5 and

K6 drategies that target the concurrent editing of 5 and 6 genes, respectively, 67 lines were
produced. However, none of the lines exhibited completedbasction editing of all target
genes. Nonetheless, we were able to identify several lines that Badsbantial editing of most
target genes (e.g., K&L and K653) (FigureBd and e). The observed broad variation in the editing
profile of the target genes create novel genetic diversity in monolignol biosynthesis not present in
nature. Such genetic digity enables the exploration of how multigenic pathway perturbations
can combinatorially regulate the metabolismvimod formation and tree growth.

Across all RISPRIines, the frequency (Figure 8f), type and position (Figieé) of
CRISPR edits for edictarget gene were analyzed. The mean of CRIEHR in the target genes
across all lines ranged from 7Rt{CCoAOMT2 to 86% PtrPALA45) (Figure8f). Most CRISPR
edits consisted of small insertions or deletions ranging frebmB8to the PAM site. Howevge

larger deletions were also observed for s@RSPRIines (Figure 9h and i).

174



CRISPR-editing of lignin genes across multiplex CRISPR-lines
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Figure 8. Editing range in CRISPiRnes. AE: Heat map representing the editing percentage of monolignol genes
from all 153 CRISPRines targetig PtrPAL2 PtrPAL4, PtrPALS (a), PtrPAIdOMT2 PtrC3H3 PtrCAD1 (b),
PtrPAIdOMT2 PtrC3H3 PtrC4H1, PtrCAD1(c), PtrAldOMT2 PtrC3H3 PtrC4H1, PtrCAD1, PtrCCoAOMTXd),
PtrPAIdOMT?2 PtrC3H3, PtrC4H1, PtrCAD1,PtrCAD2, PtrCCoAOMT,IPtrCCoAOMT2(e). f Averageof editing

per target gene across CRISkes. The INDELS% refers to percentage of edits in all alleles.
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a PHC3H3 o b PtrCaH1 ot c PLrAIdOMT2
5'— GCCTGAGCCCACTCTGCAAAG- CACTHEN - 3 5'— ACGGGGACAGGTATAGGACCT- GGAEE - 3 — TITGCAAATTCTTGACCAAGA- ACGHBE - 3
- M T By
3 G
Allele 1 5"~ GCCTGAGCCCACTCTGCAAAGGCACTHEE — 3/ 5~ ACGGGGACAGGTATAGGACC- - GGAREE - 3' ~ TITGCAAATTCTTGACCAAGAAACGHEE - 3/
Allele 2 5'— GCCTGAGCCCACTCTGCAAAGTCACTEN - 3' 5'— ACGGGGACAGGTATAGGAC- - - GGAEE - 3’ 5~ TITGCAAATTCTTGACCAAG- - ACGHEE - 3
Allele 3 5~ GCCTGAGCCCACTCTGCA- - - - CACHEE - 3 5~ ACGGGGACAGGTATAGGACCTCGGAHEE - 3' 5'— TITGCAAATTCTTGACCAAGATACGIHEE - 3'
Allele 4 5'— GCCTGAGCCCACTCTGCA- - - - - AclEE - ¥ 5'— ACGGGGACAGGTATAGGAC- - - - - AFEE -3 5~ TTTGCAAATTCTTGACCAAG - - - - - - - -3
Allele 5 5'— GCCTGAGCCCACTCTGCAA- - - - ACTHEE - 3 5'— ACGGGGACAGGTATAGGACCT- TGANEE - 3/ 5'— TITGCAAATTCTTGACCAA - - - ACGHER- 3
Allele 6 5~ GCCTGAGCCCACTCTGCAAAG- -ACTEE - 3 5'— ACGGGGACAGGTATAGGACCTTGGAHEE - 3/ 5= TITGCAAATTCTTGACCAAGAGACG]EN - 3
d PtrCAD1 PAM e PtrCAD2 PAM f PtrCCoAOMT1 PAM
5'— AGGTTTGTGGTGAGAATTCCT- GATIHEN - 3/ 5'— CCCCGATAACATGCCGCTTGA- CGGiaE - 3/ 5'~ CTGAATGCATGAAGGAGCTCA- - GGGIHEN - 3'
g 1117 T
: A
Allele 15— AGGTTTGTGGTGAGAATTCCTTGATIEEN - 3/ 5— CCCCGATAACATGCCGCTTGAfCGG- -3 5'~ CTGAATGCATGAAGGAGCTCA- AGGGIHEE - 3’
Allele 25— AGGTTTGTGGTGAGAAT- - - - - GATHEE - 3 5~ CCCCGATAACATGCCGCTTGA- - GGJigH - 3 5'— CTGAATGCATGAAGGAGCTC - - - GGGINEN - 3'
Allele 35— AGGTTTGTGGTGAGAA- - - - - - GATIHESE - 3 5’ CCCCGATAACATGCCGCTTGAGCGGEE - 3 5'— CTGAATGCATGAAGGAG - = - - = - - GGHEE - 3
Allele 4 5'- AGGTTTGTGGTGAGAATTCC- - GATHEE - 3’ 5’ CCCCGATAACATGCCGCTTGAACGGEE - 3/ 5'— CTGAATGCATGAAGGAGCT - --- - - cHEE - >
Allele 5 5'— AGGTTTGTGGTGAGAATTCCT - - - TIHEE - 3’ 5~ CCCCGATAACATGCCGCTT - - - CGGIiaE - 3 5'~ CTGAATGCATGAAGGAGCTC - - - - GGG - 3
Allele 65— AGGTTTGTGGTGAGAAT- - - - -- - - B&E = 5~ CCCCGATAACATGCCGCTT - - - - GGIiaE - 3 5'— CTGAATGCATGAAGGAGCTCAAAGGGIEE — 3’
B PtrCCoAOMT1,2  Pam h PtrPAL2 PAM i PtrPAL4,5 pA
5'= CCAAGAGAGCCTGAATGCA- TGA-— 3 5 — GGAATTCTGTCAGGACTCATG- CAC-— 3 — AACACTAATGACCCTTTGAA- CTG c-3
~ (WAL T T
Af
Allele1 5'- CCAAGAGAGCCI'GAATGCAATGA-— 3 5 - GGAATTCTGTCAGGACTCATGACAC- -3 5" — AACACTAATGACCCTTTGA- - CTG-C 3
Allele 2 5'— CCAAGAGAGCCTGAATGC- - TGANEN - 3/ 5" — GGAATTCTGTCAGGACTCATGTCACTEE - 3' 5" — AACACTAATGACCCTTTGAA- - TGREBBC - 3’
Allele 3 5 CCAAGAGAGCCTGAATG- - -- - ANEE - > 5" — GGAATTCTGTCAGGACTCATGGCACHHEE - 3/ 5" — AACACTAATGACCCTT- - - - - CToEEEC -3’
Allele 4 5'— CCAAGAGAGCCTGAATGCA- - - - - -3 5" — GGAATTCTGTCAGGACTCATG - - - - - - I— 3 5= AACAGAATGACCCTTI’GAAACTG-C 3
Allele 5 5" — GGAATTCTGTCAGGA- - = = - - - cachisl - > 5 = AACACTA === o mm e e e o c-3
Allele 6 5" — GGAATTCTG - - === -= === -~ cacisl - » 5" — AACACTAATGACCCTTT - - - - CTGIHBEC - 3'

Figure 9. Most common mutations found in the target monolignol g&te33H3(a), PtrC4H1 (b), PtrAIdOMT2(c)

PtrCAD1(d), PtrCAD2 (e), PtrCCoAOMTL(f), PtrCCoAOMT1and?2 (g), PtrPAL2 (h), andPtrPAL4,5(i).

Phenotypic characterization of CRISIeRited lines

Wood composition
To analyze the impacts of CRISRRIting on lignin biosynthesis, we analyzed the wood
chemical composition of 33 CRISR&litedP. trichocarpalines and 9 wildtypes. Wildtype wood

contains on average 20.2% of lignin, 44.8% glucose, 11.7% xylose, 3.4% maands2.8%
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gal actose (% = g/ 100 g dry wood), wiTablega t ot a
The C/L ratio is an indicator of the potential maximum cellulosic yield for wood fibang et

al., 2018) The multiplex CRISPFeditedP. trichocarpashowed significant alterations in the wood
chemical composition compared to the wildtype. We observed a variation in the lignin ccettent th

range from 15% to 21.7% (Figui®a; Table 6).C/L ratio of the CRISPRines ranged from 2.8

to 4.8, glucoseraried from 40.3% to 55.3%, xylose from 8.7% to 15.3%, mannose from 2% to

4.9%, and galactose from 1.6% t@% (FigurelOb-g; Table §.

Table 6. Wood Composition of CRISRRnes and WildtypeP. trichocarpa Gal: Galactose. Glu: Glucose. Man:

Mannose. Xyl: Xylose. *Units: g/100g of dry extractifree wood. C/L = Carbohydrate to lignin Ratio.

Acid- Acid-
Bat Target Total insoluble | soluble | Gal | Glu | Man | Xyl | Total C/L
Line ID ch Gene(s) | Lignin* lignin* lignin* * * * * carb* Ratio
KP2451- PtrPAL2,
2 1 4,5 16.1 13.0 3.1 25 1432 34 | 105| 59.6 3.7
KP2452- PtrPAL2,
1 1 4,5 19.2 16.3 2.8 32 | 448| 43 | 132| 655 3.4
KP2453- PtrPAL2,
1 1 4,5 15.0 12.8 2.3 43 | 55.3| 40 | 89 | 725 4.8
KP2454- PtrPAL2,
1 1 4,5 17.0 13.8 3.2 21 | 436| 36 | 93 | 58.6 3.4
KP2455- PtrPAL2,
2 1 4,5 17.3 14.7 2.6 3.6 | 52.7| 47 |105| 714 4.1
KP2456- PtrPAL2,
1 1 4,5 17.0 13.9 3.2 37 | 479| 38 | 129| 68.3 4.2
KP2457- PtrPAL2,
1 1 4,5 17.4 14.6 2.8 3.8 | 484 | 47 |122]| 69.1 35
KP2458- PtrPAL2,
2 1 4,5 15.7 12.6 3.1 34 | 484 | 4.6 12.8| 69.2 4.4
KP2459- PtrPAL2,
1 1 4.5 17.2 14.3 3.0 3.1 |48.1| 4.3 13.0| 68.6 4.0
KP245 PtrPAL2,
101 1 4,5 16.1 13.0 3.1 40 | 544| 36 | 95| 715 4.4
KP245 PtrPAL2,
median 1 4,5 17.0 13.8 3.0 35 (483| 41 11.4| 68.8 4.1
WT4-1 1 N/A 19.6 16.6 3.0 29 | 46.0| 4.5 11.7]| 65.1 3.3
WT4-2 1 N/A 19.9 16.7 3.2 24 1408 33 | 91 | 556 2.8
WT4-3 1 N/A 19.3 16.2 3.1 45 | 498| 3.7 |11.7| 69.7 3.6
Average
WT4 1 N/A 19.6 16.5 3.1 33 | 456| 3.8 | 10.8| 63.5 3.2
PtrPAL2,
4,5;
OHCTKP PtrHCT6
-2-1 2 (OE) 20.4 17.5 2.9 29 | 445| 43 | 114| 63.0 3.1
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Table 6 (continued

PtrPAL2,
4.5;

OHCTKP PtrHCT6

-4-1 2 (OE) 19.8 16.7 3.1 3.0 | 455| 44 | 12.3| 65.1 3.7
PtrPAL2,
4.5;

OHCTKP PtrHCT6

-9-2 2 (OE) 18.4 15.3 3.2 22 | 403| 3.1 9.6 55.3 3.0
PtrPAL2,
4.5;

OHCTKP PtrHCT6

-10-1 2 (OE) 19.9 17.1 2.8 24 | 442 44 | 129| 63.9 3.2
PtrPAL2,
4.5;

OHCTKP PtrHCT6

-11-1 2 (OE) 19.7 17.0 2.7 26 | 443 49 | 13.1| 64.9 3.3
PtrPAL2,
4,5;

OHCTKP PtrHCT6

-14-1 2 (OE) 21.7 19.1 2.6 23 ]|1409| 41 | 13.0| 60.3 2.8
PtrPAL2,
4.5;

OHCTKP PtrHCT6

-16-1 2 (OE) 21.5 17.9 3.6 34 | 46.7| 46 | 14.0| 68.7 3.2
PtrPAL2,
4,5;

OHCTKP PtrHCT6

-18-1 2 (OE) 20.3 17.3 3.0 2.7 | 457 45 | 128 | 65.7 3.2
PtrPAL2,
4,5;

OHCTKP PtrHCT6

-19-1 2 (OE) 19.2 16.6 2.5 23 |1416| 43 | 11.3| 595 3.1
PtrPAL2,
4,5;

OHCTKP PtrHCT6

-20-1 2 (OE) 20.0 17.3 2.7 24 1415 40 | 119| 59.8 3.0
PtrPAL2,
4,5;

OHCTKP PtrHCT6

-26-1 2 (OE) 19.7 16.5 3.2 21 | 419| 45 8.7 57.2 2.9
PtrPAL2,
4.5;

OHCTK PtrHCT6

P median 2 (OE) 19.9 17.1 2.9 24 | 442 4.4 | 123| 63.0 3.1

WT5-1 2 N/A 20.9 17.7 3.2 19 | 422| 3.2 8.9 56.2 2.7

WT5-2 2 N/A 22.3 18.8 3.5 27 | 442 49 | 119| 63.7 2.9

WT5-3 2 N/A 23.1 19.3 3.8 27 | 446| 45 | 128 | 64.6 2.8

Average

WT5 2 N/A 22.1 18.6 3.5 24 | 437 4.2 | 11.2| 615 2.8
PtrPAL2,
4.5;

OC5KP PtrCAIld5

5-1 3 H2 (OE) 16.5 13.1 3.3 23 | 455| 25 | 134| 637 3.9
PtrPAL2,
4,5;

OC5KP PtrCAId5

9-1 3 H2 (OE) 18.9 16.0 3.0 22 |1 415| 22 | 129| 588 3.1
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Table 6 (continued

PtrPAL2,
4.5;

OC5KP PtrCAId5

131 3 H2 (OE) 18.0 14.7 3.3 231438 20 | 13.0| 61.1 3.4
PtrPAL2,
4.5;

OC5KP PtrCAId5

152 3 H2 (OE) 16.4 13.2 3.2 22 | 458| 25 | 135| 63.9 3.9
PtrPAL2,
4.5;

OC5KP PtrCAld5

191 3 H2 (OE) 19.2 15.8 3.4 23 | 445| 24 | 13.7| 62.9 3.3
PtrPAL2,
4.5;

OC5KP PtrCAld5

20-1 3 H2 (OE) 15.3 12.1 3.1 24 | 465| 28 | 140| 65.7 4.3
PtrPAL2,
4,5;

OC5KP PtrCAld5

24-1 3 H2 (OE) 15.9 125 3.3 19 | 459| 2.8 | 15.3| 65.9 4.2
PtrPAL2,
4.5;

OC5KP PtrCAld5

30-2 3 H2 (OE) 17.2 14.0 3.2 20 | 46.4| 24 | 13.3| 64.1 3.7
PtrPAL2,
4,5;

OC5KP PtrCAId5

332 3 H2 (OE) 15.5 12.5 3.1 20 | 47.0| 24 | 134| 64.9 4.2
PtrPAL2,
4,5;

OC5KP PtrCAld5

36-1 3 H2 (OE) 18.5 14.9 3.6 16 | 46.1| 3.0 | 13.4| 64.0 3.5
PtrPAL2,
4,5;

OC5KP PtrCAld5

381 3 H2 (OE) 15.7 12.4 3.3 16 | 479| 3.1 | 139| 66.5 4.2
PtrPAL2,
4,5;

OC5KP PtrCAId5

391 3 H2 (OE) 17.5 14.3 3.1 15 | 489| 2.6 | 13.0| 66.0 3.8
PtrPAL2,
4.5;

OC5KP PtrCAIld5

median 3 H2 (OE) 16.9 13.6 3.2 21 | 46.0| 25 | 134 | 64.1 3.8

WT6-1 3 N/A 19.5 16.6 2.9 24 | 43.1| 26 | 15.0| 63.0 3.2

WTG6-2 3 N/A 18.9 15.9 3.1 28 | 46.4| 20 |119| 63.1 3.3

WT6-3 3 N/A 18.6 15.6 3.0 24 | 46.3| 2.2 | 126| 635 3.4

Average

WT6 3 N/A 19.0 16.0 3.0 26 | 453| 23 | 13.1| 63.2 3.3

1,2,
Median and
of all WT 3 N/A 19.6 16.5 3.1 26 | 453| 3.8 |11.2| 63.2 3.2
1,2,
Average | and
of all WT 3 N/A 20.2 17.0 3.2 28 | 448| 3.4 | 11.7| 62.7 3.1
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The predicted model and measured results were compared for the CIRISPRrgeting
PtrPAL genes (Figurdl). Predictive model estimated a reduction in lignin content of 17%, and
19-21% increase in the C/L ratios for KiF2and OC5KP, respectively (Figutéa and
Consistent with the model, the biallelic CRISPR lines showed a lignin reductiorl@4 arml a

C/L increase of 125% (Figurella and bTable §.
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Figure 10. Phenotypic variation in CRISRIhes and wildtypdP. trichocarpatrees. a: lignin; b: C/L ratio; c: Total
carbohydrates; d: Glucose; e: Xylose; f: Mannose; g: Galactosesubuiits; i: Gsubunits; j: S/G ratio; k: H

subunits; . PBSubuni t s ; m: I ntlterumii t s Il i mkages BW;CUWn: p:ntlerrtuenriu
linkages SDU; g: Densi t yBluebars: CRIGMHRnes.Black bhesi Wjlditype. See : Di ame

Tables 69.

181



Phenotypic traits across CRISPR-lines and wildtype trees
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Figure 11. Comparison of measured and predicted results from CRIBBRand wildtypd®. trichocarpatrees. a:

lignin; b: C/L ratio; c: Total carbohydrates; d: Glucose; e: Xylose; f: S/G ratio; g: Density; h: Height; i: Diameter.
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Lignin composition and intenit linkages of CRISPR and wildtyge trichocarpa

Editing for lossof-function of monolignol genes may alter the rate and ratio of monolignol

biosynthesis that leads to changes in lignin composition and structure. To quantify how the

different multigenic strategies affected lignin composition in the @ditdrichocarpa 2D-NMR

analysis of 24 CRISPR and 7 wildtypestrichocarpawood samples was performed (Figui@s

and 13). Wildtype lignin is composed on average of 72.28alfinits, 26.5% Gubunits, 1.3%

H-subunits, and 3.6%-pydroxybenzoic acidonan S + G + H = 100% basis) (Table 7

In the CRISPReditedP. trichocarpalines, Ssubunits ranged from 67%.48.7%, and G

suburits ranged from 19:80.7% (FigurelOh and i;Table 3. The changes in subunit composition

led to an increase in S/G ratio frony Zwildtype) to 4 (Figurd.0j; Table 7.

Table 7. Lignin Composition and Linkages of CRISHIRes and WildtypeP. trichocarpa PB: phydroxybenzoic

acid; H: Hsubunits; G: Gsubunits; S: Subunits; %p er cent age

BU: phenyl-Epoum@l:a-hr) ¢ $iSdl:

v ol umea royfl

(sfli) r; o Xidgmaps.reen d( b

teotahael r

Lignin Composition Lignin Interunit Linkages

Line ID Batch Target Gene(s) S G H PB SIG AU | BU| cU| sDU| X109
AL q PUPAL2,4.5 72.2 260 | 18 | 69 | 28 | 863 | 28 | 89 19 | 111
] q PUPAL2,4.5 72.2 268 | 10 | 39 | 27 | 853 | 25 | 106 | 16 9.7
EREEA 1 PUPAL2,4.5 67.1 307 | 22 | 70 | 22 | 843 | 38| 104 | 15 | 104
AR 1 PUPAL2.45 735 246 | 19 | 66 | 30 | 864 | 26 | 91 19 | 118
R 1 PUPAL2,4.5 72.4 259 | 17 | 53 | 28 | 848 | 27 | 104 | 20 | 122
] 1 PUPAL2.45 718 261 | 21 | 58 | 28 | 857 | 31| 93 20 | 121
R 1 PUPAL2,4.5 72.4 261 | 15 | 39 | 28 | 840 | 30| 108 | 22 | 122
R 1 PUPAL2,4.5 71.9 261 | 20 | 71 | 28 | 865 | 26 | 90 19 | 120
] 1 PUPAL2.45 723 258 | 19 | 63 | 28 | 851 | 29 | 99 21 | 121
AR 1 PUPAL2,4.5 67.7 2908 | 24 | 49 | 23 | 844 | 36| 104 | 17 | 127
A e 1 PUPAL2.45 72.2 261 | 19 | 60 | 28 | 852 | 29 | 101 | 19 | 121
T 1 - 72.1 267 | 12 | 39 | 27 | 838 | 28| 115 | 19 | 101
T 1 _— 71.9 269 | 12 | 38 | 27 | 840 | 27 | 124 | 19 | 101
Average WT4 1 - 72.0 268 | 12 | 38 | 27 | 839 | 28 | 114 | 19 | 101
OHCTKRO.2 ) Ce e 69.1 200 | 19 | 55 | 24 | 859 | 33| 87 | 21 | 114
OHCTKP26.1 ) PPJLP(':“TL&AS% 74.0 235 | 25 | 50 | 31 | 8.7 | 24 | 87 21 | 104
OHCTKP median 5 P?LPc?TLg'(gg) 715 263 | 22 | 53 | 28 | 863 | 29 | 87 21 | 109
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Table 7 (continued)

WT5-1 2 N/A 725 26.4 11 4.6 2.7 84.2 | 3.0 10.8 1.9 10.1
WT5-2 2 N/A 734 25.8 0.8 5.9 2.8 85.2 | 29 10.1 1.8 12.6
WT5-3 2 N/A 72.0 26.3 1.7 2.8 2.7 83.9 | 3.0 11.0 21 9.5
Average WT5 2 N/A 72.6 26.2 1.2 4.4 2.8 84.7 | 29 10.5 1.9 114
PtrPAL2,4,5;
PtrCAId5H2 74.3 23.0 2.7 4.2 3.2 85.6 | 2.6 9.5 2.3 13.2
OC5KR5-1 3 (OE)
PtrPAL2,4,5;
PtrCAId5H2 70.1 28.2 1.7 3.0 25 843 | 3.2 10.2 2.3 10.4
OC5KR9-1 3] (OE)
PtrPAL2,4,5;
PtrCAId5H2 74.6 234 2.0 3.3 3.2 858 | 2.4 9.9 1.9 12.2
OC5KR131 3] (OE)
PtrPAL2,4,5;
PtrCAId5H2 73.8 24.2 2.0 4.1 3.1 88.1 | 24 7.8 18 13.4
OC5KR15-2 3] (OE)
PtrPAL2,4,5;
PtrCAId5H2 76.7 21.7 1.6 3.2 815 84.1 | 25 111 2.3 9.8
OC5KR19-1 3 (OE)
PtrPAL2,4,5;
PtrCAId5H2 72.9 24.8 2.3 5.3 2.9 86.6 | 2.4 9.3 1.6 8.7
OC5KR20-1 3 (OE)
PtrPAL2,4,5;
PtrCAId5H2 73.9 23.1 3.0 55 3.2 86.3 | 2.6 9.1 2.0 9.0
OC5KR24-1 3] (OE)
PtrPAL2,4,5;
PtrCAId5H2 72.5 25.0 25 4.7 2.9 847 | 2.8 10.2 2.3 11.0
OC5KR30-2 3] (OE)
PtrPAL2,4,5;
PtrCAId5H2 71.3 25.7 3.0 5.3 2.8 86.7 | 2.7 8.7 1.8 114
OC5KP-33-2 3 (OE)
PtrPAL2,4,5;
PtrCAId5H2 78.7 19.8 1.6 3.8 4.0 845 | 23 11.0 2.2 10.7
OC5KR36-1 3] (OE)
PtrPAL2,4,5;
PtrCAId5H2 69.6 28.2 2.2 7.5 25 849 | 33 9.8 2.0 10.8
OC5KR381 3] (OE)
PtrPAL2,4,5;
PtrCAId5H2 72.6 255 1.9 4.0 2.8 849 | 28 10.2 2.1 111
OC5KP-39-1 3 (OE)
PtrPAL2,4,5;
PtrCAId5H2 73.4 24.5 21 4.2 3.0 853 | 2.6 9.8 2.1 10.9
OC5KP median 3 (OE)
WT6-1 3 N/A 715 27.0 1.6 1.9 2.7 833 | 29 11.6 2.2 10.8
WT6-2 3 N/A 72.3 26.2 15 2.7 2.8 85.1 | 2.8 10.2 2.0 9.8
WT6-3 3 N/A 721 26.5 1.4 3.0 2.7 845 | 2.8 10.5 2.1 9.6
72.0 26.6 15 25 2.7 843 | 28 10.7 2.1 10.1
Average WT6 3 N/A
Median of all WT 1,2, and 3 N/A 72.0 26.6 1.2 3.8 2.7 843 | 28 10.7 1.9 10.1
Average of all WT 1.2, and 3 N/A 72.2 26.5 1.3 3.6 2.7 843 | 28 10.9 2.0 10.5
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Figure 12 Partial short rang&C-'H (HSQC) correlation spectra (side chain regions) of ball milled cell wall (color

coded according to Fige 2). a-x: CRISPRedited lines. wac Wildtype controls Abbreviations inside the box plot:

A, -afr y 1 @©Ot4r08,phey b coumd16@,n r(ebsh 690, hi r odibenomei 6bbl e at
signal intensity)}, cinnamyl alcohol engroups. Contours in this regioA BUCUSDUJo) wer e used to

measure the lignin interunit linkages distribution.

187



ac

KP245-1 o - KP245-2 C [KP245-3 T “KP245-4 o
-85 —cp o -c[” ] . 'BliA..c;;
o T . .Tﬁ
_Ac o iy JAa o ey - JAg »
= 3 > T s = ez —*&—
Ap(GH) ™ ABGH) .~ o » ARGH) w0 Ap( /)<
Bu g S=Apn(s) Co~  =-Ap(S) B g T=CApS) Bu g q.A[s( )
85 50 45 40 a8 L 55 50 a5 40 EL kL) s 50 s 40 a8 EL) 88 50 45 40 a8 )
KP245-5 - KP245-6 1 B[ KP245-7 —— h KP245-8 oo
B —cp e SBecp S5ecp
Iy Iy w Iy w S
Vs e Ywe B - | e -Sgm | e B
Apa/H) = ApGH & e e ApieH) e o ® - e < .
Bu o SemApis) Ba o S=Aps) Bu  cg S=Ans) Bu  camS=chgs)
KP245-9 oo KP245-10 — k _ OHCTKP-9 — | _ OHCTKP-26 -
-8y cp » L B ® By —Cp
> - ey ; ,
Ay o I Aa_ . IV ey Ag =
D ~a N s
ABGH) - e ABGH) < o 8 ABiGH)- . ® e = S ABGM S, e
Bu cq S=uAp(s) Bu  cqm S=oAp(s) Bu  cq S= Ap(s) Bu g =mAp(s)
OC5KP-5 - - OC5KP-9 — ° OC5KP-13 - p OC5KP-19 T
~ ’_‘-gli-.Cp * _:-,E_Ii -Cp _ _-?l‘ =Cp '-BI‘..Cg
Ao o % Ao n _Aa_o i o W Sy
T ARG - . " ANGH) ™ - » T ANGH) < - » C ARG . e
Bu cq “=wAp(s) Ba g S=uAp(s) Bu cq=mAp(s) Bu i aAps)
_ . t _
OC5KP-20 = - OC5KP-24 7 8 OC5KP-30 - - OC5KP-33 -
) =Bpucp |” = el Pecp 7 ~Bpecp ” - B cp
i - Iy © Iy © Iy
Po_o iy _Ag = == — - Ao o 2y n Ao o —
— == s "= -
L ARG/ e T, I N T N SN & AHGH) s @
B . CaS=mAp(s) Bex cq “Ap(s) Bu e S Af(S) Ba o "“-Al s)
a8 50 45 40 as 0w 58 0 a8 40 s 0 55 50 45 40 s 1 55 0 a8 40 s L
OC5KP-36 - OC5KP-38 ) ‘l X T OCBKP-39 — W WT4-1 -
- : 50 - .
. __.Eﬁ-c;; 85 _cp Bp —cp
Iy . by o © Iy
Ao o == — JAg o = ™ ™ JAa o = =
—— "z - T2 == "
S A‘ISLGiH'J.._',“- ABGH) e . ® e = < = ABGH) <& "w o
Be oo mApis) Be g T=Ap(s) “ Cu “=Aj(s) Bu e T=Aps)
a8 50 45 40 a8 £ 58 50 a8 a0 8 L] 58 50 a8 40 8 a0 L] 50 as 40 a5 a0
- WT4-2 - WT5-1 - aa [wTes- - ab wTe-2 o
= il E0-cp | -
[y = (A = - [
JAe o % Ao _ﬁ ™ _Ae_ o iy o Aa o g _
-_== T2 - =-== ===
AB(GH) ;5 e ABIGH) .~ e © - A;s(GfHJ- e © - ABGH) < e
Be  cqm “=Apis) S i ) Be  cam=mAps) Bu o Semhps)

&5 80 45 40 a5 a0

WwT6-3 -

=Bpcp [

e~ =
_Aa_o
-

- ABGH) e

Bu Ca *“"E.AIE(SJ

5% &0 45 40 35 M0

55 80 48

a0

as

a0

85 80 45 40 35 a0

85 &0 45 40 a5 0




The H-subunits and {mydroxybenzoic acid content were increased in the edited lines,
reaching 3% and 7.5% of the lignégamposition, respectively (Figui®k and I;Table 3. Changes
in the Hsubunits acid content were expected for the KP245 and OC5KP sigat€be median
predicted results estimated an increase eb® Hsubunits compared to wildtype tred3afa
not shown. According to the measured results in the edited lines)ldtinits increased by €8%
(Table j. As expected, no major changes wereeobsd in thdignin interunit linkages (Figure

10mp; Table 3.

189



Figure 13. Partial short rang®C-*H (HSQC) correlation spectra (aromatic region) of ball milled cell ealor
coded according to Figu®. a-x: CRISPR-edited lines. wac Wildtype controls Contours in this region were used

to measure the lignin composition, nam&l/H ratios, as well ap-hydroxybenzoateRB).
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Wood physical properties

The wood specific gravity and modulus of elasticity (MOE34CRISPR and 9 wildtype
trees were measured as described in the material and metlotida §FigurelOg and r). Specific
gravity is the ratio of the density of wood to the density of water. MOE represents the resistance
to deformity when stress is appmligo the wood. Specific gravity and MOE are important
parameters for evaluating wood mechanical and physical properties for solid wood and engineered
wood applicationgBowyer, 1997) All the CRISPRIines showed no significant chaag wood
specifiegravity and density (Figud®q; Table 8, as expected according to the global sensitivity
analysis (Fjurellg). Only KP2459 and OC5KR33 lines showed significant differences in MOE
compare to the wildtype controls (FigurEOr; Table §. The MOEmedianof the CRISPRedited
P. trichocarparanged from 8@88% d the wildtype controls (Table)8compared to the predicted

results of (5269%) Data not shown

Table 8. Wood density, Specific Gravity, and Modulus of Elasticity (MOE) of the CRISR® and WildtypeP.
trichocarpa *Specific Gravity: measured as the ratio of the density of wood relative to the density of water, which is
1.000 dcnt 3at 4.4°C; therefore, smific gravity is unitless. Specific gravity is the same as relative wood density,

which also is unitless.

Average Average
Target Density density | *Specific Specific MOE Average MOE

Line ID Batch gene(s) (g/cn) (g/cn) Gravity Gravity (Mpa) (Mpa)

PtrPAL2,
KP2451-1 1 45 0.34 0.31 5799.26

PtrPAL2,
KP2451-2 1 45 0.36 0.35 0.33 0.32 6624.79 6391.33

PtrPAL2,
KP2451-3 5 45 0.36 0.32 6749.96
cpasag | 1| Al 032 0.29 549558

PtrP,ALZ 0.30 0.27 5055.06
KP2452-2 1 45 0.28 0.25 4614.54
cpoasar | 1| DA 030 0.27 4505.53

PtrP’ALZ 0.28 0.26 4009.67
KP2454-2 1 45 0.27 0.24 3513.81
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Table 8 (continued)

PtrPAL2
EHEES 1 45 0.32 0.32 0.29 0.29 6500.34 6500.34
PtrPAL2
AR 1 45 0.33 0.33 0.30 0.30 5554.47 5554.47
PtrPAL2
EEA 1 45 0.33 0.33 0.29 0.29 5917.27 5917.27
pasar | 1| TR 030 0.27 3767.79
= 0.32 0.29 4570.91
EEES 1 45 0.34 0.31 5374.03
PtrPAL2
EEe 1 45 0.32 0.29 3224.44
PtrPAL2
ARG 1 45 0.31 0.31 0.28 0.28 3116.35 3581.14
PtrPAL2
e 1 45 0.31 0.28 4402.64
Median of PtrPAL2
e 1 45 0.32 0.32 0.29 0.29 5374.03 5304.76
WT4-1 1 N/A 0.32 0.29 5448.44
WT4-2 1 N/A 0.32 0.33 0.29 0.30 6232.52 5907.71
WT4-3 1 N/A 0.36 0.33 6042.18
PtrPAL2
4,5;
SHETR 2 By T 0.30 0.27 4895.89
2-1 (OE)
BRI 0.33 0.30 4863.62
,4,5;
ST 2 B 0.37 0.34 4831.35
2-3 (OE)
PtrPAL2
2 4.5, 0.29 0.26 5321.01
OHCTKP- PtrHCT6 : : :
4-1 (OE)
PtrPAL2
,4,5;
ST 2 B 0.31 0.30 0.28 0.27 5289.38 5074.86
4-2 (OE)
PtrPAL2
2 4.5, 0.29 0.27 4614.20
OHCTKP- PtrHCT6 : : :
4-3 (OE)
PtrPAL2
2 4.5, 0.26 0.24 4966.29
OHCTKP- PtrHCT6 : : :
9-1 (OE)
PtrPAL2
,4,5;
TR 2 B 0.32 0.32 0.29 0.29 4257.10 4535.47
9-2 (OE)
PtrPAL2
2 4.5, 0.28 0.26 4285.44
OHCTKP- PtrHCT6 : : :
9-3 (CE)
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Table 8 (continued)

PUPALZ
,4,5;
OHCTKR 2| | 040 0.36 4633.06
94 (OE)
PUPAL2
) 4.5: 5 0.24 4012.23
OHCTKP- PIrHCT6 : : :
101 (OE)
PUPALZ
2 4.5, 0.26 0.24 3703.47
OHCTKP- PIHCT6 : : :
102 (OE)
25 0.27 0.25 4139.03
,4,5;
OHCTKR 2| | 025 0.22 3726.75
103 (OE)
PUPALZ
2 4.5, 031 0.28 5113.66
OHCTKP- PIHCT6 : : :
104 (OE)
PUPALZ
2 4.5, 0.25 0.23 5649.49
OHCTKP- PIrHCT6 : : :
11-1 (OE)
PUPAL2
X 4.5; 7 0.26 4293.04
OHCTKP- PIHCT6 : : :
11-2 (OE)
PUPALZ
,4,5;
OHCTKR 2 | i | 02 0.30 0.24 027 | 483664  4503.19
11-3 (OE)
PUPALZ
2 4.5, 031 0.28 3756.80
OHCTKP- PIrHCT6 : : :
11-4 (OE)
PUPALZ
OHCTKP- PIrHCT6 : : :
11-5 (OE)
PUPALZ
2 4.5, 0.30 0.27 525157
OHCTKP- PIrHCT6 : : :
141 (OE)
PUPALZ
,4,5;
OHCTKP. 2 | o | 033 0.30 0.30 027 | 452713  4563.41
142 (OE)
PUPAL2
) 4.5: o 0.24 3911.53
OHCTKP- PIrHCT6 : : :
14-3 (OE)
PUPALZ
2 4.5, 0.28 0.26 3222.49
OHCTKP- PIrHCT6 : : '
16-1 (OE)
25 031 0.28 3804.41
4,5
OHCTKR 2 | i | 030 0.27 4396.97
162 (OE)
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Table 8 (continued)

PUPALZ
,4,5;
OHCTKR 2 | | 03 0.32 3793.79
163 (OE)
PUPAL2
2 4,5, 0.30 0.27 4971.62
OHCTKP- PIrHCT6 : : :
181 (OE)
e 0.30 0.27 4504.48
4.5;
OHCTKR 2 | e | 030 0.27 403734
182 (OE)
PUPAL2
2 4.5, 0.30 0.27 4561.42
OHCTKP- PIHCT6 : : :
191 (OE)
PUPALZ
,4,5;
OHCTKR 2 | g | o2 0.30 0.25 027 | 500349  4832.39
193 (OE)
PUPALZ
2 4.5, 0.31 0.28 4932.25
OHCTKP- PIHCT6 : : :
194 (OE)
PUPAL2
2 4.5, 0.25 0.23 4155.75
OHCTKP- PIHCT6 : : :
201 (OE)
PUPALZ
,4,5;
OHCTKR 2 | | 028 0.29 0.25 026 | 386217| 3794.48
202 (OE)
PUPALZ
2 4.5, 0.33 0.30 3365.53
OHCTKP- PHCT6 : : :
203 (OE)
PUPALZ
2 4.5, 0.29 0.26 6278.40
OHCTKP- PIrHCT6 : : :
261 (OE)
e 0.32 0.29 5139.46
4.5;
OHCTKR 2 | i | 03 0.32 4000.52
262 (OE)
PUPALZ
Median of ,4,5;
M 2 N 0.30 0.30 0.27 027 | 446205 453547
OHCTKP 6 (OE)
— N/A 0.28 0.26 4836.64
Wit N/A 0.30 0.30 0.27 027 |593663| 5178.82
T N/A 031 0.28 4763.19
PUPALZ
45
3 PtrCAIld 0.34 0.34 031 031 | 6311.85| 5808.69
OCB5KP5- 5H2
1 (OE)
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Table 8 (continued)

OC5KP-5-
2

PtrPAL2
4.5
PtrCAld
5H2
(GE)

0.33

0.30

5305.54

OC5KP-9-
1

PtrPAL2
4.5
PtrCAId
5H2
(GE)

0.34

0.34

0.31

0.31

5440.83

5440.83

OC5KP
131

PtrPAL2
,4,5;
PtrCAIld
5H2
(OE)

0.32

OC5KP
132

PtrPAL2
4,5;
PtrCAIld
5H2
(GE)

0.33

OC5KP
133

PtrPAL2
4.5
PtrCAld
5H2
(GE)

0.30

0.32

0.29

0.30

0.28

0.29

5714.15

5477.61

5510.93

5567.56

OC5KP
151

PtrPAL2
4,5
PtrCAld
5H2
(GE)

0.33

OC5KP
152

PtrPAL2
4,5
PtrCAld
5H2
(QE)

0.31

OC5KP
153

PtrPAL2
4.5
PtrCAld
5H2
(QE)

0.31

OC5KP
154

PtrPAL2
4,5;
PtrCAIld
5H2
(OE)

0.35

0.33

0.30

0.28

0.28

0.31

0.29

4550.28

4692.64

6545.44

6089.87

5469.56

OC5KP
191

PtrPAL2
4,5;
PtrCAld
5H2
(QE)

0.34

OC5KP
19-2

PtrPAL2
,4,5;
PtrCAIld
5H2
(OE)

0.34

0.34

0.31

0.31

0.31

5351.57

5790.42

5570.99

OC5KP
20-1

PtrPAL2
4,5;
PtrCAIld
5H2
(OE)

0.32

0.33

0.29

0.29

6824.49

5591.87
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Table 8 (continued)

OC5KP
20-2

PtrPAL2,
4.5;
PtrCAIld
5H2
(OE)

0.32

OC5KP
20-3

PtrPAL2,
4.5;
PtrCAId
5H2
(GE)

0.29

OC5KP
204

PtrPAL2,
4,5;
PtrCAIld
5H2
(OE)

0.38

0.28

0.26

0.34

5831.55

5529.57

4181.85

OC5KP
241

PtrPAL2,
4,5;
PtrCAIld
5H2
(OE)

0.31

OC5KP
24-2

PtrPAL2,
4.5;
PtrCAIld
5H2
(OE)

0.31

0.31

0.28

0.27

0.28

6887.25

4649.46

5768.36

OC5KP
30-1

PtrPAL2,
4,5;
PtrCAIld
5H2
(OE)

0.33

OC5KP
30-2

PtrPAL2,
4,5;
PtrCAIld
5H2
(GE)

0.30

OC5KP
30-3

PtrPAL2,
4.5;
PtrCAIld
5H2
(GE)

0.31

0.31

0.29

0.27

0.28

0.28

5832.84

5738.86

5052.99

5541.56

OC5KP
331

PtrPAL2,
4,5;
PtrCAIld
5H2
(OE)

0.34

OC5KP
332

PtrPAL2,
4,5;
PtrCAIld
5H2
(GE)

0.25

OC5KP
333

PtrPAL2,
4,5;
PtrCAIld
5H2
(OE)

0.30

OC5KP
334

PtrPAL2,
4,5;
PtrCAIld
5H2
(OE)

0.35

0.31

0.31

0.23

0.27

0.32

0.28

5041.65

4001.53

5244.08

4554.08

4624.34
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Table 8 (continued)

OC5KP
335

PtrPAL2,
4.5;
PtrCAIld
5H2
(OE)

0.29

0.26

4280.35

OC5KP
36-1

PtrPAL2,
4.5;
PtrCAId
5H2
(GE)

0.33

OC5KP
36-2

PtrPAL2,
4,5;
PtrCAIld
5H2
(OE)

0.30

OC5KP
36-3

PtrPAL2,
4,5;
PtrCAIld
5H2
(OE)

0.35

OC5KP
364

PtrPAL2,
4.5;
PtrCAIld
5H2
(OE)

0.37

0.34

0.30

0.28

0.32

0.34

0.31

6081.62

5580.82

6698.70

8838.10

6799.81

OC5KP
381

PtrPAL2,
4,5;
PtrCAIld
5H2
(OE)

0.31

OC5KP
382

PtrPAL2,
4,5;
PtrCAIld
5H2
(GE)

0.36

OC5KP
383

PtrPAL2,
4.5;
PtrCAIld
5H2
(GE)

0.29

0.32

0.29

0.33

0.26

0.29

6792.72

6527.27

4948.35

6089.45

OC5KP
391

PtrPAL2,
4,5;
PtrCAIld
5H2
(OE)

0.32

OC5KP
392

PtrPAL2,
4,5;
PtrCAIld
5H2
(GE)

0.34

0.33

0.29

0.31

0.30

4767.93

4723.59

4745.76

Median of
all OC5KP

PtrPAL2,
4,5;
PtrCAIld
5H2
(OE)

0.32

0.33

0.29

0.29

5510.93

5569.28

WT6-1

N/A

0.37

WT6-2

N/A

0.34

WT6-3

N/A

0.37

0.36

0.33

0.31

0.33

0.33

6790.64

6713.75

7287.97

6930.78
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Table 8 (continued)

Median of 1,2,
all WT and 3 N/A 0.32 0.33 0.29 0.30 5448.44 5907.71
Average of 1,2,
all WT ke N/A 0.32 0.33 0.29 0.30 5691.91 6005.77

Growth characteristics

Most CRISPReditedP. trichocarpashowed little to no change in growth characteristics
conmpared to wildtype controls (Figudds and) For the KP245 lines, a slight reduction in tree
height and stem diameter by ~11% comgacewildtype was observed (Figutéh;Table 9. The
extent of growth reduction was capturedtbg predictive model (Figure 1)LhPAccording to the
global sensitivity analysis, overexpressionPdfHCT6 should restore the change in tree growth
observed in the KRS lines (Figurellh and i). The OHCTKP CRISPlthes showed small
improvements irmeight(4%) anddiameter(1%) compared to KP245 (Figuld h and i;Table 9.
Overexpression dPtrCAId5H2in the OC5KP lines did not show drastic changes in growth traits
conmpared to wildtype. However, the growth traits were more similar to KP245 lines contpared
the wildtype (Figurellh and i;Table 9.

The only edited. trichocarpaline that showed drastically reduced growth was KP245
(58.5% of wildtype height). Thgrowth reduction is unlikely to be associated with the CRISPR
editing of the target geneBtfPAL2 andPtrPAL45), but rather due to the indirect effects of the
untargeted monolignol genes. The transcript expressiorPtd?PAL1 and PtrPAL3 were
significanty downregulated in KP243 (Table 9, which may have impacted the growth

characteristics of this line.
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Table 9. Growth measurements ofréonths old greenhouggown trees.

Line ID Batch Target genes Height (cm) Diameter (cm)
KP2451-1 1 PtrPAL2,4,5 223.0 13.1
KP2451-2 1 PtrPAL2,4,5 231.0 13.5
KP2451-3 1 PtrPAL2,4,5 203.0 11.1
KP2452-1 1 PtrPAL2,4,5 265.0 14.2
KP2452-2 1 PtrPAL2,4,5 228.0 15.0
KP2453-1 1 PtrPAL2,4,5 148.0 11.7
KP2454-1 1 PtrPAL2,4,5 228.0 14.2
KP2454-2 1 PtrPAL2,4,5 218.0 11.9
KP2455-1 1 PtrPAL2,4,5 181.0 9.7
KP2455-2 1 PtrPAL2,4,5 212.0 14.6
KP2456-1 1 PtrPAL2,4,5 222.0 13.8
KP2457-1 1 PtrPAL2,4,5 236.0 14.0
KP2458-1 1 PtrPAL2,4,5 230.0 12.9
KP2458-2 1 PtrPAL2,4,5 232.0 14.4
KP2459-1 1 PtrPAL2,4,5 238.0 14.1
KP2459-2 1 PtrPAL2,4,5 229.0 13.4
KP2459-3 1 PtrPAL2,4,5 222.0 13.4

KP24510-1 1 PtrPAL2,4,5 200.0 12.0
KP245

median 1 PtrPAL2,4,5 225.5 13.5

WT4-1 1 N/A 267.0 15.8

WT4-2 1 N/A 250.0 14.6

WT4-3 1 N/A 242.0 16.1

Average

WT4 1 N/A 253.0 15.5
OHCTKP- PtrPAL2,4,5;
2-1 2 PtrHCT6 (OE) 305.0 12.5
OHCTKP- PtrPAL2,4,5;
2-2 2 PtrHCT6 (OE) 220.0 10.9
OHCTKP- PtrPAL2,4,5;
2-3 2 PtrHCT6 (OE) 272.0 12.5
OHCTKP- PtrPAL2,4,5;
4-1 2 PtrHCT6(OE) 306.0 135
OHCTKP- PtrPAL2,4,5;
4-2 2 PtrHCT6 (OE) 2L LS
OHCTKP- PtrPAL2,4,5;
4-3 2 PtrHCT6 (OE) 260.0 10.7
OHCTKP- PtrPAL2,4,5;
9-1 2 PtrHCT6 (OE) . i
OHCTKP- PtrPAL2,4,5;
9-2 2 PtrHCT6 (OE) e ——
OHCTKP- PtrPAL2,4,5;
9-3 2 PtrHCT6 (OE) 2200 Sl
OHCTKP- PtrPAL2,4,5;
9-4 2 PtrHCT6 (OE) 230.0 11.5
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Table 9 (continued)

OHCTKP- PUPAL2.4.5:
101 2 PtrHCT6 (OE) 806.0 LS
OHCTKP- PUPAL2,4.5:
102 2 PtrHCT6 (OE) 2B L
OHCTKP. PUPAL2,4.5;
103 2 PtrHCT6 (OE) 2R o2
OHCTKP. PUPAL2,4.5;
104 2 PtrHCT6 (OE) 250.0 111
OHCTKP. PUPAL2,4.5;
11-1 2 PtrHCT6 (OE) =il LEdE
OHCTKP. PUPAL2,4.5;
11-2 2 PtrHCT6 (OE) Slee Ll
OHCTKP. PUPAL2,4.5;
11-3 2 PtrHCT6 (OE) 2 —
OHCTKP. PUPAL2,4.5;
11-4 2 PtrHCT6 (OE) 288.0 13.4
OHCTKP- PUPAL2,4.5:
11-5 2 PtrHCT6 (OE) 250.0 13.0
OHCTKP- PUPAL2,4.5:
141 2 PtrHCT6 (OE) Hel 122
OHCTKP- PUPAL2,4.5:
14-2 2 PtrHCT6 (OE) 20210 12
OHCTKP- PUPAL2,4.5:
143 2 PtrHCT6 (OE) 240.0 112
OHCTKP- PUPAL2,4.5:
161 2 PrHCT6 (OE) 802.0 13.0
OHCTKP. PUPAL2,45;
162 2 PtrHCT6 (OE) 2 —
OHCTKP. PUPAL2,45;
163 2 PtrHCT6 (OE) 285.0 128
OHCTKP. PUPAL2,45;
181 2 PtrHCT6 (OE) silie =
OHCTKP. PUPAL2,45;
182 2 PtrHCT6 (OE) 220 —
OHCTKP. PUPAL2,45;
183 2 PtrHCT6 (OE) 2R LD
OHCTKP. PUPAL2,45;
191 2 PtrHCT6 (OE) 300.0 12.3
OHCTKP- PUPAL2,4.5:
192 2 PtrHCT6 (OE) 230.0 9.8
OHCTKP- PUPAL2,4.5:
193 2 PtrHCT6 (OE) e 120
OHCTKP- PUPAL2,4.5:
194 2 PtrHCT6 (OE) 818.0 143
OHCTKP- PUPAL2,4.5:
20-1 2 PtrHCT6 (OE) 307.0 12.8
OHCTKP- PUPAL2,4.5:
202 2 PtrHCT6 (OE) 298.0 12.0
OHCTKP. PUPAL2,4.5;
203 2 PtrHCT6(OE) 280.0 126
OHCTKP. PUPAL2,4.5:
261 2 PtrHCT6(OE) 804.0 2ol
OHCTKP PUPAL2,4.5.
median 2 PtrHCT6 (OE) 205.0 125
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Table 9 (continued)

WT5-1 2 N/A 312.0 134
WT5-2 2 N/A 315.0 14.3
WT5-3 2 N/A 320.0 14.8
Average
WT5 2 N/A 315.7 14.2
PtrPAL2,4,5;
OC5KP5-1 3 PtrCAId5H2(OE) 317.0 13.2
PtrPAL2,4,5;
OC5KP-5-2 3 PtrCAId5H2(OE) 274.0 10.7
PtrPAL2,4,5;
OC5KP9-1 3 PtrCAId5H2(OE) 334.0 12.9
PtrPAL2,4,5;
OC5KP-9-2 3 PtrCAId5H2(OE) 282.0 12.8
PtrPAL2,4,5;
OC5KP-9-3 3 PtrCAId5H2(OE) 248.0 7.0
OC5KP-13- PtrPAL2,4,5;
1 3 PtrCAId5H2(OE) 317.0 125
OC5KP-13- PtrPAL2,4,5;
2 3 PtrCAId5H2(OE) 270.0 10.7
OC5KP-13- PtrPAL2,4,5;
3 3 PtrCAId5H2(OE) 278.0 11.4
OC5KP-15- PtrPAL2,4,5;
1 3 PtrCAId5H2(OE) 248.0 9.7
OC5KP15 PtrPAL2,4,5;
2 3 PtrCAId5H2(OE) 280.0 10.5
OC5KP15 PtrPAL2,4,5;
3 3 PtrCAId5H2(OE) 220.0 9.5
OC5KP15 PtrPAL2,4,5;
4 3 PtrCAId5H2(OE) 330.0 14.6
OC5KP19 PtrPAL2,4,5;
1 3 PtrCAId5H2(OE) 341.0 12.6
OC5KP19 PtrPAL2,4,5;
2 3 PtrCAId5H2(OE) 298.0 11.9
OC5KP-20- PtrPAL2,4,5;
1 3 PtrCAId5H2(OE) 282.0 14.3
OC5KP-20- PtrPAL2,4,5;
2 3 PtrCAId5H2(OE) 278.0 10.6
OC5KP-20- PtrPAL2,4,5;
3 3 PtrCAId5H2(OE) 265.0 10.1
OC5KP-20- PtrPAL2,4,5;
4 3 PtrCAId5H2(OE) 262.0 13.0
OC5KP-24- PtrPAL2,4,5;
1 3 PtrCAId5H2(OE) 302.0 12.1
OC5KP-24- PtrPAL2,4,5;
2 3 PtrCAId5H2(OE) 265.0 12.5
OC5KP-30- PtrPAL2,4,5;
1 3 PtrCAId5H2(OE) 310.0 114
OC5KP-30- PtrPAL2,4,5;
2 3 PtrCAId5H2(OE) 323.0 115
OC5KP-30- PtrPAL2,4,5;
3 3 PtrCAId5H2(OE) 302.0 10.8
OC5KP-33- PtrPAL2,4,5;
1 3 PtrCAId5H2(OE) 270.0 10.3
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Table 9 (continued)

OC5KPR-33 PtrPAL2,4,5;
2 3 PtrCAId5H2(OE) 275.0 10.3
OC5KPR-33 PtrPAL2,4,5;
3 3 PtrCAId5H2(OE) 305.0 15.1
OC5HKP-33- PtrPAL2,4,5;
4 3 PtrCAId5H2(OE) 260.0 11.7
OC5KP-36- PtrPAL2,4,5;
1 3 PtrCAId5H2 (OE) 318.0 13.0
OC5KP-36- PtrPAL2,4,5;
2 3 PtrCAId5H2(OE) 278.0 11.0
OC5KP-36- PtrPAL2,4,5;
3 3 PtrCAId5H2 (OE) 275.0 11.7
OC5KP-36- PtrPAL2,4,5;
4 3 PtrCAId5H2 (OE) 288.0 11.8
OC5KP-38- PtrPAL2,4,5;
1 3 PtrCAId5H2(OE) 315.0 12.3
OC5KP-38- PtrPAL2,4,5;
2 3 PtrCAId5H2(OE) 300.0 12.4
OC5KP-38- PtrPAL2,4,5;
3 3 PtrCAId5H2(OE) 280.0 10.5
OC5KP-39- PtrPAL2,4,5;
1 3 PtrCAId5H2(OE) 290.0 11.5
OC5KP-39- PtrPAL2,4,5;
2 3 PtrCAId5H2(OE) 245.0 11.2
OC5KR39 PtrPAL2,4,5;
3 3 PtrCAId5H2 (OE) 210.0 9.4
PtrPAL2,4,5;
OC5KP PtrCAId5H2
median 3 (OE) 280.0 115
WT6-1 3 N/A 348.0 13.6
WT6-2 3 N/A 350.0 14.3
WT6-3 3 N/A 368.0 15.1
Average
WT6 3 N/A 355.3 14.3
Median of 1, 2,
all WT and 3 N/A 315.7 14.3
Average of | 1, 2,
all WT and 3 N/A 308.0 14.7
Micropulping

Both the transgenic woods from our previous siMilgng et al., 2018nd CRISPRedited
wood were subjected to micro pulping to assess the impact of lignin content and composition on
pulp yield. The pulping results are Trables 10 and 1IThe pulp yield constant was calculated
using the pulp yield and Kappa number accaydim the Kleppe equatiofKleppe, 1970) As

shown in Figurel4, the pulp yield constant exhibited a negative correlation with lignin content in

203



wood for both transgenic wood and CRISPR wood, indicating that reducing lignin is beneficial to
improve the pulyield. Since the 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 techneeconomic analysis. The amount of pulp produced per 1 bone drig eetrof log at

differert lignin levels is shown in Figurgs

Table 10. Micro pulping data of transgenic wood from our previous s{Wging et al.2018) Micro pulping of

each tree was performed in duplicate. The yield constant A was calculated using Kleppe equation.

Tree ID  Lignin content in wood Pulp yield Pulp Kappa numbe Yield constant A

61.7% 13 59.6%
i20-5 9.9%
60.6% 13 58.5%
57.6% 26 53.4%
i24-5 16.5%
58.1% 30 53.3%
58.1% 35 52.5%
i29-L 18.5%
56.6% 32 51.5%
59.1% 19 56.10%
169-13 13.40%
59.0% 18 56.10%
52.7% 36 46.90%
NSF3WT 23.20%
52.7% 36 46.90%
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Table 11. Micro pulping data of CRISPR modified wood. Micro pulping of each tree was performed in duplicate.

The yield constant A was calculated us(ideppe, 1970)

Lignin content in SIG Pulp Pulp Kappa Yield constant
Tree ID
wood ratio yield number A
OC5KPR 3.20 56.5% 27 52.2%
16%
24 57.0% 26 52.8%
KP245 2.76 56.2% 24 52.3%
16%
8 56.5% 21 53.1%
54.5% 39 48.3%
WT5-2 22%
2.84 56.3% 35 50.8%
54.5% 21 51.2%
WT6-1 20%
2.65 55.2% 22 51.8%
OC5KPR 56.7% 24 52.9%
19%
36 3.98 56.2% 19 53.2%
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Figure 14. Correlation between lignin contentwood and pulp yield constat. Transgenic wood, CRISPR modified
wood and wildtype woodp: Eucalyptuswood, original data were retrieved from published literature and replotted

replotted(Miranda and Peira, 2002; Gomide et al., 2008eiva et al., 2015)
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Figure 15. Amount of pulp produced per bone dry metric ton of log at different lignin content in wood.
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Impact of lignincontent

The impact of lignin content (at S/G of 2.8) on pulp manufacturing cost attaittns
production is shown in Figur&6a. Lignin content mainly affects the direct cost at constant
production, specifically, fiber, chemicals, and energy. When using low lignin uessdywood is
needed to produce the same amount of pulp (constant production). Meanwhile, less active alkaline
is required for pulping. Thus, the fiber cost and chemicals cost decrease with a reduction of lignin
content. On the other hand, low lignin wogdnerates less black liquor solids to burn in the
recovery boilor. Additional fuel needs to be purchased to compensate for the energy gap.
Consequently, energy cost increases. The total pulp manufacturing costs for 28% lignin, 16%
lignin, and 8% lignin ar&21.7, 423.0, and 423.4 USD/Mt of pulp, respectively. These results
indicate there is no benefit for cost reduction by solely reducing lignin content stiaebn
production.

The impact of lignin content on net presealue was also evaluated (Figuréh). As
expected, the net present value decreased due to the increasing pulp manufacturing cost. The base
case has a net present value of $500 million USD, whereas the net present value decreased to $491
million USD for 16% lignin and $488 million USD for 8%gnin, respectively. In conclusion,
solely reducing lignin content at constant production is not beneficial because of the high penalty

on energy cost due to the reduction of black liquor solids in the recovery boiler.
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Figure 16. Impacts of lignin content and S/G ratio on pulp cost expressed in USD/metric ton od anffrc) and the

net present value of the mib &ndd) at constant productioaandc: at S/G ratio of 2.8, reducing lignin mainly affects

fiber, chemicals, and energy, decreasing cost on fiber and chemicals due to less wood and chemicals requirement,

increasing energy cost due to less lignin to burn. In combination, the pulp cost incskgistyg resulting in a

decreased net present valbeandd: at lignin of 28%, increasing S/G ratio causes cost reduction on chemicals and

energy because of less chemicals required for pulping and less energy burden for chemical recovery. In combination,

the pulp cost decreased resulting in an increased net present value.
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Impact of S/G ratio

The impact of S/G ratio was estimated using 28% lignin wood. The pulp manufacturing
cost at three levels of S/G ratio (1.0, B8), and 9.0) are shown in Figutéc. Only chemicals
and energy costs were affected by S/G ratio. Wood with a high S/G ratio requires less chemicals
for pulping at a given Kappa number. It also relieves the energy burden for chemical recovery.
Both chemicals and energy costs decreased witheasing S/G ratio. The overall pulp
manufacturing cost decreased from $421.7 to $413.2 and $409.2 USD/Mt for S/G of 6.0 and 9.0,
respectively. The impact of S/G ratio ort peesent value is shown in Figur&d. The cost saving
by increasing lignin S/@tio permits the net present value to increase up to $568 and $600 million
USD for S/G ratio of 6.0 and 9.0, respectively. Clearly, at constant production, increasing S/G is

a better approach than reducing lignin content.

Mill capacity

Most Kraft pulp mils operate with the recovery boiler being the operational botteioe
production capacity (Figur&7a). Consequently, there is tremendous potential to increase the
production of pulp using modified wood that debottlenecks the recovery boiler. WheRPRRIS
edited low lignin and/or high S/G wood is used, the recovery boiler is expected to be
debottlenecked because of lower black liquor solids and/or lower chemical recovery burden.
However, the energy penalty of using low lignin wood will inevitably inazehe operation load
and fuel consumption in the power boiler.

The impacts of lignin content and S/G ratio on the operation load of the recovery boiler
and power boiler are shown in Figui&b and c. As expected, the operation load of the recovery

boiler decreased from 100% of capacity to 57% when the lignin content reduced from 28% to 8%.
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Meanwhile, the operation load of the power boiler increased from 54% of capacity to 77%.
Although thee is no coskaving benefit by solely reducing lignin content at constant production,
the operation load change allows the mill to increase the pulp production. The operation load also

can be reduced by using high S/G ratio wood, but not as much as getheclignin content.
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Figure 17. Mill operation capacity analysis: the operation capacity of each section in the mill when using wood
with 28% lignin atS/G ratio of 2.8 (base case);ilmpact of lignin content in wood on operation capacity of recovery
boiler and power boiler; ¢, impact of lignin S/G ration on on operation capacity of recovery boiler and power boiler;

d, the increamental pulp production potential using wood with diftelignin content and lignin S/G ratio.

Incremental production
The operation load change on the recovery boiler allow pulp mills to increase the

production capacity to the extent where power boiler becomes the new bottleneck. The incremental
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production pagntial for all lignin levels and all S/G levelsas calculated as shown in Figdréd.
The highest incremental production potential is up to 48% at 16% lignin and S/G ratio of 9.0. The
16% lignin and S/G ratio of 6.0 was select to evaluate the financifakpance 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 natal gas as suppigentary energy) is shown in Figut8a. The cossaving
was obtained at incremental production scenarios with the major savings due to a change in the
indirect cost and a minor change in the direct cost. The indirect cost was not éinkeduction
and normally remained the same. Thus, when the production increased, the indirect cost decreased
when calculated on a production basis. The minor saving from direct cost was from the savings on
wood. For the incremental production scenarieducing lignin had more benefit on cost saving

than increasing S/G ratio.
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Figure 18. Pulp cost and net present value at different lignin content and S/G ratio, and at constant production or

incremental production (natural gas as supplementary energy).
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The net present value for constant production and incremental production at difjerant
contentand S/G ratios is shown in Figut8b. At constant production, reducing lignin to 16%
caused the net present value to decrease by $9 million USD. Whereas increasing S/G ratio to 6.0
or combining lignin reduction and increasing S/G ratio ytbiegpresent value increased by $68 and
$268 million USD. Tremendous net present value gain was achieved by reducing lignin at
incremental production scenarios. The net present value increased by $1.5 and $1.7 billion USD
at S/G ratio of 2.8 and 6.0, resgigely. There was also a $200 million USD increase at incremental
production by just increasing the S/G ratio to 6.0 because of a 5% production increase. Even more
financial benefits can be achieved if biomass is used as supplementary energy ratreuthbn n

gas as shown in Figud®

Figure 19. Pulp cost and net present value at diffefgmin content and S/G rati@nd at constant production or

incremental produon (Biomass as supplementawyergy).
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