
 

 

ABSTRACT 

SULIS, DANIEL. Genetic Regulation and Multiplex Genome Editing in Monolignol 

Biosynthesis for Enhanced Wood Properties and Applications in Forest Trees (Under the 

direction of Dr. Jack Wang). 

 

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 three main hydroxycinnamyl 

alcohols (monolignols) p-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 investigated and performed a literature review of the genetic regulation 

mechanistic of lignin biosynthesis at transcription and post-translational 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 systems-based approach using advanced 

machine-learning algorithms and CRISPR technology to generate machine-learning-informed 

concurrent multiplex genome-editing strategies to maximize wood conversion efficiency into 

bioproducts. Populus trichocarpa CRISPR lines generated in this present work showed significant 

improvements in wood quality, resulting in increased fiber production and unprecedented 

operational efficiencies and sustainable bioeconomic opportunities. We also developed a 

transgene-free CRISPR-Cas9 genome-editing system using Populus trichocarpa protoplasts. 

Transgene-free CRISPR-edited lines regenerated from edited protoplasts can accelerate the 

development of trees with enhanced traits and mitigate public and environmental safety concerns 



 

 

about genetically modified organisms. It 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 its applications 

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 such as Populus, Eucalyptus, and Pinus are also valuable sources of structural 

materials (e.g., timber), bioproducts (e.g., pulp and other fibers), and biofuels for the economy 

(Dubouzet et al., 2013; Li et al., 2014b; Bewg et al., 2018; Parsons and MacKay, 2018; Wang et 

al., 2018b; Jang et al., 2021). Due 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 and derivatives (Bombeck et al., 2017; Beluns et al., 2021). 

Wood is the secondary xylem of vascular plants, which consists of at least 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 transport (Demura and Fukuda, 2007; Novaes et al., 2010). The xylem tissue is formed 

from the terminal differentiation of the inner side of the cambial meristem for vertical and 

horizontal transport of water, nutrients, and extractives (Novaes et al., 2010). Wood properties are 

determined by the secondary cell wall (SCW) structure and composition at the secondary xylem 

(Novaes et al., 2010). SCW is mainly composed of cellulose, hemicelluloses, and lignin, in 

different ratios of these constituents (Li et al., 2011; Ye and Zhong, 2015). In the past decades, 

lignin biosynthesis has attracted attention because of its fundamental role in regulating cell wall 
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formation and the consequences in wood chemical and physical properties (Novaes et al., 2010; 

Wang et al., 2019). Remarkable achievements have been made to understand the biosynthetic 

pathway for lignin, including the identification of monolignol biosynthetic enzymes, peroxidases, 

laccases, and other regulators like transcription factors (TFs), kinases, non-coding RNAs, and 

others. 

 

Lignin biosynthesis 

Lignin serves many important functions in trees. The polymer provides mechanical 

strength and elasticity to support trees that can weigh more than 2,000 metric tons (Novaes et al., 

2010). It also provides hydrophobicity to the plant cell walls and enables water transport to heights 

greater than 100 m (Novaes et al., 2010; Fromm, 2013). Lignin forms a physical and chemical 

barrier that helps the trees to resist pathogen and pest infections (Vance et al., 1980). 

Lignin is an aromatic polymer resulting from the oxidative polymerization of three main 

hydroxycinnamyl alcohols (monolignols) p-coumaryl, coniferyl, and sinapyl alcohols (Boerjan et 

al., 2003; Vanholme et al., 2010; Wang et al., 2018b). When incorporated into the lignin polymer, 

these monomers are converted into p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) 

phenylpropanoid subunits, respectively (Boerjan et al., 2003). The process of lignification 

encompasses 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 (Liu et al., 2014). 

The biosynthesis of monolignols is complex and regulated by a network of substrates and 

inhibitors in the conversion of phenylalanine or tyrosine to monolignols. The reactions proceed 

stepwise through modifications of the phenyl ring and reduction of the propanoid side chains to 

produce the monolignols (Wang et al., 2019). The biosynthesis of monolignol involves at least 11 
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different enzyme families and 24 metabolites. The 11 enzyme families encompass phenylalanine 

ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H), p-coumarate CoA-ligase (4CL), 

shikimate hydroxycinnamoyl transferase (HCT), p-coumaroyl shikimate 3-hydroxylase (C3H), 

caffeoyl shikimate esterase (CSE), caffeoyl-CoA-O-methyltransferase (CCoAOMT), 

coniferaldehyde 5-hydroxylase (CAld5H), 5-hydroxyconiferaldehyde O-methyltransferase 

(AldOMT), cinnamoyl-CoA reductase (CCR), and cinnamyl alcohol dehydrogenase (CAD) 

(Vanholme et al., 2013; Wang et al., 2018b). 

The first two steps of monolignol biosynthesis shift from primary to secondary metabolism 

and involve PAL and C4H enzyme families. PAL is the first enzyme family in lignin biosynthesis 

and mediates the deamination of phenylalanine (or tyrosine in grasses mediated by tyrosine 

ammoania-lyase; TAL) and consequently, conversion to cinnamic acid (Rubery and Northcote, 

1968).  The second step is the hydroxylation of cinnamic acid to p-coumaric acid, mediated by 

C4H, a family of cytochrome P450 C4H enzymes (Batard et al., 1997). Alternatively, tyrosine can 

be directly converted in p-coumaric acid by tyrosine ammoania-lyase (TAL) (Maeda, 2016). 

However, this is mainly restricted to monocot grass family Poaceae (Barros and Dixon, 2020)  

For the biosynthesis of all monolignols (H, G, and S), the carboxylic acid has to be reduced, 

and, particularly for G and S monolignols, the aromatic ring methoxylated. Reduction of the 

carboxylic acid moiety proceeds via 4CL, CCR, and CAD-mediated enzymatic reactions, resulting 

in the successive production of CoA-thioester, aldehyde, and alcohol (monolignols) (Vanholme et 

al., 2019). Reduction of p-coumaric acid to p-coumaryl alcohol is the shortest path and leads to 

the formation of H-monolignols. However, H-monolignol is not abundant in gymnosperms and 

dicotyledonous angiosperms, but is predominantly formed in lignin of monocotyledonous 

angiosperms (Bonawitz and Chapple 2010). 
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The reaction steps towards G and S monolignol biosynthesis involve the hydroxylation of 

the aromatic ring by two cytochrome P450 enzyme families (CYP450s; C3H and CAld5H) and 

methoxylation via O-methyltransferases (CCoAOMT and AldOMT). One interesting 

characteristic in the monolignol biosynthesis pathway is the HCT activity. This enzyme family 

catalyzes the coupling of p-coumaroyl-CoA with shikimate to produce p-coumaroyl shikimate. 

Following this step, the hydroxycinnamoyl moiety of p-coumaroyl shikimate is hydroxylated by 

C3H to produce caffeoyl shikimate, which is then either transesterified by HCT to release caffeoyl-

CoA or cleaved by caffeoyl shikimate esterase (CSE) to release caffeate (Eudes et al., 2016; 

Vanholme et al., 2019). From a biochemical perspective, the occurrence of shikimate ester 

intermediates is not needed for the monolignol biosynthesis and could be a waste of energy. 

However, these intermediates are now recognized as the preferred substrates for 3-hydroxylation 

by C3H (Vanholme et al., 2019). Thus, the activity of HCT, C3H, and CSE over the shikimate 

ester intermediates could be an escape to bypass the hydroxylation of p-coumaric acid. 

Several monolignol enzyme families (e.g., C3H3, C3H, CCR, CAD, HCT, CCoAOMT, 

AldOMT, and CAld5H) have multiple substrates in the monolignol biosynthesis pathway (Wang 

et al., 2018b). The pathway has a grid-like structure, where the metabolic flux can flow via 

different parallel routes toward G and S monolignols (Vanholme et al., 2019). 

 

Lignin content and composition 

Lignin content varies drastically among species. For example, lignin content in softwood 

(gymnosperms) species varies from 25-35%, while the hardwood (angiosperms) species varies 

from 18-25% (Sharma and Saini, 2020). Due to the absence of the CAld5H enzyme family in 

gymnosperms, the lignin composition also distinguishes between softwood and hardwood species. 
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Gymnosperms lignin is predominantly composed of G-subunits, while dicotyledonous woody 

angiosperms by S and G-subunits (Bonawitz and Chapple, 2010; Fromm, 2013; Skyba et al., 

2013). In addition, lignin changes among cell layers and types. In angiosperms fibers, the middle 

lamella is rich in G-subunits, and the ray secondary walls contain a high proportion of S-subunits 

(Skyba et al., 2013). 

The content and composition of the lignin polymers are combinatorically modulated by 

developmental and environmental stimuli (Zhong et al., 2009; Sulis and Wang, 2020). During 

xylogenesis and pathogen-mediated responses in woody plants, the lignification process is 

regulated at the transcriptional level by TFs, post-transcriptionally by alternative splicing and non-

coding RNAs (ncRNAs), and post-translationally by protein-protein interactions and chemical 

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

 

Regulation of lignin biosynthesis 

Although the lignin biosynthesis metabolic pathway is extensively studied, many aspects 

of its regulation remain unresolved (Zhang et al., 2020). In recent years, new molecular 

mechanisms have been identified as key 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., 2017) of tree species. The xylem-specific expression of lignin 

biosynthetic genes is associated with the presence of AC-rich elements in the promoter of most of 

these genes. Mutations of the cis-elements can disrupt the xylem-specific expression of these 

genes, indicating that the AC-rich elements coordinate the spatial-temporal expression of lignin 

biosynthetic genes in the lignifying tissues (Zhong and Ye, 2009). SCW formation is controlled 

by a transcriptional regulatory network of TFs (Li et al., 2014b). Several R2R3-MYBs and 
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NAM/ATAF/CUC (NACs), wood associated NAC domain (WNDs), and wood Bel-like 

homeodomain protein (WBLH) TFs that regulate lignin biosynthesis have been identified in Pinus, 

Eucalyptus, and Populus species. Some of these TFs are either directly or indirectly involved with 

the transactivation or transrepression of lignin biosynthetic genes, including PAL (Patzlaff 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 al., 2013; 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., 2019), C3H (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), HCT (Goicoechea et al., 2005; Wang et al., 2014b; Li et al., 

2015; Yang et al., 2017; Chen et al., 2019), CCoAOMT (Patzlaff 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., 2019), CAld5H (Goicoechea et al., 2005; Legay et al., 2010; 

Tian et al., 2013; Yang et al., 2017; Chen et al., 2019; Gui et al., 2019), CAD (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., 2019), CCR (Patzlaff et al., 2003b; Goicoechea et al., 2005; Legay et 

al., 2010; Tian et al., 2013; Li et al., 2014a; Li et al., 2015; Chen et al., 2019), CSE (Chen et al., 

2019), and AldOMT (Patzlaff et al., 2003b; Goicoechea et al., 2005; Tian et al., 2013; Li et al., 

2014a; Li et al., 2015; Xu et al., 2017; Chen et al., 2019; Gui et al., 2019). 

In addition to regulations at the transcription level, post-transcriptional regulation 

significantly impacts lignin biosynthesis. Alternative splicing and ncRNAs of key regulators and 

enzyme-encoding genes have been suggested as critical for lignin biosynthesis (Zhang et al., 

2020). In P. trichocarpa, Ḑ40% of xylem-specific genes are alternatively spliced (Zhang et al., 
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2020). For example, the retention of the 2nd intron of PtrWND1B/PtrSND1 by alternative splicing 

compromised the DNA binding affinity of the TF and its transactivation activity (Li et al., 2012; 

Zhang et al., 2020). The loss of DNA binding and transactivation activities of this TF impacts the 

expression of lignin-related genes and wood formation (Zhao et al., 2014; Zhang et al., 2020). In 

addition, several microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) were identified 

as regulators of genes involved in lignin biosynthesis, such as laccases and monolignol genes (Lu 

et al., 2013; Chen et al., 2015; Zhang et al., 2020). Chen et al. (2015) identified a network of 

interactions among lncRNAs, miRNAs, and mRNAs, suggesting that ncRNAs have a functional 

role in wood formation (Chen et al., 2015). 

At the post-translational level, protein-protein interactions have been successfully 

identified as important regulators in the lignin biosynthetic pathway (Wang et al., 2018a). 

Monolignol enzymes can either interact directly with each other (e.g., Ptr4CL3-Ptr4CL5, PtrC3H-

PtrC4H, At4CL1-AtC3H, At4CL1-AtC4H, and AtCCR1-AtC4H interactions) (Chen et al., 2011; 

Chen et al., 2014; Gou et al., 2018; Wang et al., 2018a) or indirectly by common mediators (e.g., 

AtC3H-AtMSPBs, AtC4H-AtMSPBs, AtCAld5h-AtMSPBs interactions) (Gou et al., 2018). In 

addition, monolignol biosynthetic enzymes can interact with proteins in other biological pathways 

(e.g., OsCCR1-OsRac1, ZmCCoAOMT/ZmHCT-ZmRp1 interactions) (Kawasaki et al., 2006; 

Wang et al., 2015; Wang and Balint-Kurti, 2016). These interactions affect the metabolic flux 

through the monolignol pathway, either changing the metabolic activity or improving the 

homeostatic properties of the pathway (Wang et al., 2018a). In P. trichocarpa, PtrC4H1, PtrC4H2, 

and PtrC3H3 can form a multi-protein complex that results in altered enzyme function and 

regulation of 4- and 3-hydroxylation activities in monolignol biosynthesis (Chen et al., 2011). The 
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interaction between Ptr4CL3 and Ptr4CL5 increases the 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 post-translational modifications 

(PTMs). These modifications have a diversity of regulatory functions, and they are deeply 

associated with transducing developmental and environmental signals to regulate lignin 

biosynthesis (Sulis and Wang, 2020). PTMs have been identified in several classes of proteins 

involved in lignification, such as monolignol biosynthetic enzymes, TFs, and kinases proteins. The 

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

 

Genome editing technologies to enhance wood traits in trees 

Lignin is a major barrier to the efficient extraction of cellulosic 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, 2007). The carbohydrate-lignin complex formed in 

the SCW, and the structural heterogeneity of the lignin polymer limits the access of enzymes and 

microbes to the cellulose and hemicelluloses for separation of lignin from the polysaccharide 

components of wood (Baucher et al., 2003; Simmons et al., 2010; Hu and Ragauskas, 2012; Li et 

al., 2014b; Straub et al., 2020). Harsh chemical treatments have been applied to woody feedstocks 

to extract lignin prior to the valorization of the cell wall polysaccharides (Chanoca et al., 2019), 

but the process is energy intensive and requires toxic chemicals (Sykes et al., 2015; Falade et al., 

2017). 

Due to climate change, renewable and sustainable biomaterials are gaining attention to 

replace petroleum-based fuels and products (Jang et al., 2021; Poovaiah et al., 2021). However, to 

meet the world's demands for sustainable bio-based products and fuels, lignocellulosic feedstocks 
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with novel traits, such as enhanced wood properties with reduced lignin content or change in lignin 

composition, are needed. Conventional tree breeding is not a solution for tree improvement in the 

face of climate change due to the long generation cycle of forest trees that may take decades. In 

contrast, genome editing techniques, such as Clustered Regularly-Interspaced Short Palindromic 

Repeats (CRISPR), can significantly accelerate the genetic enhancing of trees (Bruegmann et al., 

2019). 

CRISPR has revolutionized the genetic improvement of organisms across the tree of life 

(Lino et al., 2018). CRISPR is an adaptive immune system against invasive genetic elements in 

prokaryotes such as viruses and plasmids (Selle and Barrangou, 2015). CRISPR genomic locus is 

organized as an array of repeated sequences interspaced by variable sequences called spacers. The 

spacers are derived from invasive genetic elements and provide a genetic record of previous 

infections, forming the basis of adaptive immunity from future infections by the same genetic 

elements (Shivram et al., 2021). 

The CRISPR locus is flanked by coding sequences (CDS) from CRISPR-associated (Cas) 

nuclease proteins (Horvath and Barrangou, 2010; Shivram et al., 2021). The CRISPR-Cas 

immunity in prokaryotes works in three main steps: Adaptation, biogenesis (expression), and 

interference. In the adaption step, the Cas integrase proteins incorporate the invasive genetic 

elements as spacer sequences into the CRISPR array. In biogenesis, after a second infection of the 

invasive genetic elements, a long precursor transcript from the CRISPR array is cleaved within the 

repeat sequences. The mature CRISPR RNA (crRNA) contains the spacer region and a partial 

region of the repeat sequences. At the interference step, the mature crRNA and Cas protein are 

complexed together in a ribonucleoprotein complex (RNP), and the crRNA-guided RNP complex 

recognizes a specific site in the invasive genetic elements by complementary base-pairing. The 
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base-pairing between the invasive nucleic acids and the crRNA in the RNP complex triggers the 

Cas nuclease activity in cutting the invasive genetic elements in a sequence-specific manner via 

recognizing the protospacer-adjacent motif (PAM) (Shivram et al., 2021). 

The most common classification of CRISPR-Cas systems consider the repertoire of Cas 

genes, the sequence similarity between Cas proteins, and the composition and architecture of the 

CRISPR locus. Based on these criteria, CRISPR systems can be classified into two main classes 

(I and II), which are further sub-classified into 6 different types (I-IV), and 19 subtypes (Mohanraju 

et al., 2016). Class  I  includes  type  I,  III,   and  IV,  and  class  II   includes  type  II,  V,  and  VI.  

Type I, II, and V systems recognize and cleave DNA, type VI can edit RNA, and type III  edits 

both DNA and RNA (Liu et al., 2020). CRISPR-Cas class I systems are considered the 

evolutionary ancestral CRISPR system, and are present in bacteria and archaea (Mohanraju et al., 

2016). The class I systems typically contain multiple effector Cas proteins subunits (four to seven). 

Some of the effectors form crRNA-binding complexes (such as the Cascade complex in type I 

systems) that, with contributions from additional Cas proteins, mediate pre-crRNA processing and 

interference to form an effector complex against invasive genetic elements (Mohanraju et al., 2016; 

Makarova et al., 2020). Class II  systems contain a single multidomain Cas effector protein, and 

are mostly found in bacteria (Mohanraju et al., 2016).  

The most well-known Cas effector is Cas9 (Type II), which is an RNA-dependent nuclease 

protein with two signature domains (HNH and RuvC) that are responsible for the cleavage of the 

DNA strand complementary to the crRNA and the displacement strand, respectively (Mohanraju 

et al., 2016; El-Mounadi et al., 2020). Several CRISPR type II systems, such as CRISPR-Cas9, 

require a trans-activating CRISPR RNA (tracrRNA) in addition to the Cas9 effector protein and 

crRNA. The tracRNA is composed of stem-loops structures and complementary sequences to the 



11 

 

crRNA repeat sequences (anti-repeated sequences) crRNA (Chylinski et al., 2014; Chyou and 

Brown, 2019). The anti-repeat sequences are essential for the formation of an RNA duplex 

structure through complementary base-pairing in between the tracrRNA and the crRNA (Chylinski 

et al., 2014; Chyou and Brown, 2019), while the stem-loops favor the Cas9 binding to the 

tracrRNA:crRNA duplex (Chylinski et al., 2014). 

The extensive molecular characterization and relative simplicity of CRISPR-Cas9 

compared to other types made it an ideal system to be reprogramed as a genome editing tool. Jinek 

et al. (2012) showed that by engineering the tracrRNA and crRNA in a single guide RNA (sgRNA), 

the Cas9 can be guided to target and cleave any double-stranded DNA (dsDNA) sequence of 

interest (Jinek et al., 2012).  CRISPR-Cas9 recognizes DNA sequences through RNA-DNA base 

pairing in any genomic sequence that contains an NGG PAM, and generates blunt-end DNA 

double-stranded breaks (DSBs) at the target sites. In higher eukaryotes, the DSBs are mostly 

repaired by non-homologous end joining (NHEJ), which introduces insertions-deletions 

(INDELS) mutations that may result in loss-of-function of the target genes (Gilles and Averof, 

2014; Sander and Joung, 2014; Selle and Barrangou, 2015). Targeted mutagenesis is a key genome 

editing application of CRISPR-Cas and has been successfully demonstrated in 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 et al., 2020; De Meester et al., 2020; Tsai et al., 

2020; Wang et al., 2020; Jang et al., 2021; Kerwin, 2021), Hevea (Fan et al., 2020), Eucalyptus 

(Dai et al., 2020; Elorriaga et al., 2021), Pinus (Poovaiah et al., 2021), and Parasponia (Van 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., 2021). In recent years, 
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most studies that target the perturbation of monolignol biosynthesis have been predominantly 

carried out using RNA interference (RNAi) or artificial microRNA (amiRNA). Wang et al. (2018) 

generated ~ 2,000 transgenic P. trichocarpa showing varying degrees of gene down-regulation for 

21 monolignol biosynthetic genes (Wang et al., 2018b). Transgenic lines with severe changes in 

lignin content (reductions up to 57%) and composition (up to 360% increase in S/G ratio). The 

lignin alterations resulted in significant improvements in pulp productivity (For more details, see 

Chapter 4), saccharification efficiency (Wang et al., 2018b), and biomass deconstruction for 

conversion to biochemicals (Straub et al., 2019; Straub et al., 2020). However, gene suppression 

at the mRNA level (knockdown) does not confer permanent loss-of-function of the target genes 

(Boettcher and Michael, 2015). In plants, gene suppression relies on the expression of RNAi or 

amiRNA that, after processed by the plant cell machinery into siRNAs, base-pair with target 

mRNAs for degradation and often results in unpredictable and unstable outcomes (Senthil-Kumar 

and Mysore, 2011; Bewg et al., 2018). For example, the degree of gene silencing may show drastic 

variations among the transgenic lines, which makes necessary the screening and characterization 

of a large number of transgenic lines to observe the desired trait (Senthil-Kumar and Mysore, 2011; 

Tsai and Xue, 2015). Monolignol genes are typically expressed in excess to what is needed for 

lignin biosynthesis (Shi et al., 2017; Zhang et al., 2020), and the residual expression of the down-

regulated gene(s) is often sufficient to sustain lignin biosynthesis. In addition, many off-targets 

have been attributed to the RNAi or amiRNA resulting in indirect effects. Computational analysis 

predicted that 50-70% of Arabidopsis gene transcripts have potential off-target effects when 

silenced. These off-target effects were experimentally confirmed for up to 50% of the off-target 

predicted genes (Xu et al., 2006). On the other hand, CRISPR-Cas precisely edits target genes at 

the genome level, and mutant lines can be generated with a complete loss-of-function of the target 
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gene(s). Therefore, CRISPR technology offers greater advantages and opens many opportunities 

for the enhancement of wood traits. 

 

Integration of multi -omics predictive models and CRISPR to improve wood traits 

The perturbation of monolignol biosynthetic genes is often associated with adverse plant 

growth and development. The downregulation of several monolignol gene family members has 

been associated with dwarfism or collapsed vessel elements, limiting the industrial application of 

these genetic approaches (See Chapter 3 for more details). Combinatorial perturbations in the 

expression of multiple genes are necessary to either alleviate adverse plant growth and 

development or maximize the improvements in wood traits (Wang et al., 2018b). In P. trichocarpa, 

the monolignol pathway has at least 23 enzyme-encoding genes, offering 2.59 × 1022 potential 

combinations of genes that could be targeted for concurrent perturbation. The large number of 

possibilities makes it impossible to test every gene combination to find the best perturbation 

strategies for improving wood quality while minimizing growth defects. 

The complexity of monolignol biosynthesis limits conventional hypothesis-driven 

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 genes associated with phenotypic changes. However, 

these analyses embrace only single layers of biological information (e.g., genomics) and do not 

consider the complex layers of biological regulations that mediate lignin biosynthesis, such as 

transcriptional, post-transcriptional, and post-translational modifications (Matthews et al., 2020, 

2021). To better understand the systems-level regulation of monolignol biosynthesis, a multi-

omics integrative model of the pathway in P. trichocarpa was constructed  (Chen et al., 2014; 



14 

 

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 growth, C:L ratio, and other wood properties. 

The model was built using  239 transcriptomes by RNA-seq, 239  proteomes by LC-MS/MS, 220 

wood chemistry datasets, and 236 enzymatic saccharification assays, measured from ~2,000 

transgenics P. trichocarpa with a broad range 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 parameters to estimate the effects of protein abundances on 

metabolic fluxes and metabolite concentrations. All the information was integrated using either 

multilinear regression (Model Version 1) (Wang et al., 2018b) or advanced machine-learning 

algorithms  (Matthews et al., 2021). The model describes and predicts how changing 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 of multiscale computational models to explore modifications to the lignin 

pathway can result in favorable lignin, fiber, and bioenergy traits while avoiding unfavorable 

phenotypic properties such as biomass penalties (Matthews et al., 2021). 
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Abstract 

Post-translational modification of proteins exerts essential roles in many biological processes in 

plants. The function of these chemical modifications has been extensively characterized in many 

physiological processes, but how these modifications regulate lignin biosynthesis for wood 

formation remained largely unknown. Over the past decade, post-translational modification of 

several proteins has been associated with lignification. Phosphorylation, ubiquitination, 

glycosylation, and S-nitrosylation of transcription factors, monolignol enzymes, and peroxidases 

were shown to have primordial roles in the regulation of lignin biosynthesis. The main discoveries 

of post-translational 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 and a valuable source of feedstock for construction timber, 

pulp and paper, and biofuels (Wang et al., 2018b). Wood is composed of secondary xylem tissue 

formed by secondary cell walls (SCW) (Fromm, 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 transport (Demura and Fukuda, 2007). SCW is mainly composed of cellulose, 

hemicelluloses, and lignin, in different ratios of these constituents (Li et al., 2011; Ye and Zhong, 

2015). 

Lignin is a phenolic polymer formed by phenylpropanoid monomeric units, 4-coumaryl 

alcohol (H-unit), coniferyl alcohol (G-unit), and sinapyl alcohol (S-unit), also known as 

monolignols. The biosynthesis of lignin occurs in several consecutive reactions involving up to 11 

different enzyme families and 24 metabolites (Wang et al., 2019). The pathway is complex and 

regulated by a network of substrates and inhibitors in the conversion of phenylalanine or tyrosine 

to monolignols (Wang et al., 2014a). The monolignols are then transported to the lignifying zone 

and oxidized by peroxidases and laccases to phenoxy radicals (Li et al., 2014). Many efforts have 

been made to elucidate the regulation of the lignin biosynthetic pathway. Transcription factors 

(TFs) associated with lignification have been identified for Pinus (Patzlaff et al., 2003b; Patzlaff 

et al., 2003a), Eucalyptus (Goicoechea et al., 2005; Legay et al., 2010), and Populus (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 



31 

 

monolignol biosynthesis form protein-protein (TF-TF) interactions that may affect TF-target 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., Ptr4CL3-Ptr4CL5, PtrC3H-

PtrC4H, At4CL1-AtC3H, At4CL1-AtC4H, and AtCCR1-AtC4H interactions) (Chen et al., 2011; 

Chen et al., 2014a; Gou et al., 2018; Wang et al., 2018a) or indirectly through common mediators 

such as AtMSPBs (e.g., AtC3H-AtMSPBs, AtC4H-AtMSPBs, AtF5H-AtMSPBs interactions) 

(Gou et al., 2018). In addition, monolignol biosynthetic enzymes can interact with proteins in other 

biological pathways (e.g., OsCCR1-OsRac1, ZmCCoAOMT/ZmHCT-ZmRp1 interactions) 

(Kawasaki et al., 2006; Wang et al., 2015a; Wang and Balint-Kurti, 2016). These interactions may 

modulate enzyme stability, activity, and metabolic flux in lignin biosynthesis, increase the 

biosynthesis of lignin in response to pathogen infection, and suppress plant hypersensitive 

response (Kawasaki et al., 2006; Chen et al., 2011; Chen et al., 2014a; Wang et al., 2015a; Wang 

and Balint-Kurti, 2016; Gou et al., 2018; Wang et al., 2018a). However, the role of post-

translational modifications (PTMs) in SCW formation remains poorly understood. 

PTMs are covalent processes that alter the properties of proteins by proteolytic cleavage or 

addition of modifying groups to one or more amino acids (Mann and Jensen, 2003). Over 200 

different types of PTMs have been identified, ranging from small chemical modifications (e.g., 

phosphorylation and acetylation) to the addition of complete proteins (e.g., ubiquitination) (Beltrao 

et al., 2013; Spoel, 2018). PTMs are essential for many proteins and can affect the localization, 

stability, structure, activity, and molecular interactions of proteins (Jensen, 2004; Wang et al., 

2015b). In plants, PTMs are associated with plant growth and development, biotic and abiotic 

stress response, and metabolism (Catala et al., 2007; Mazzucotelli et al., 2008; Stulemeijer and 

Joosten, 2008; Miura and Hasegawa, 2010; Friso and van Wijk, 2015). Phosphorylation of 
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cellulose synthases and cellulose synthase-like proteins were identified to have essential roles in 

regulating the activity and distribution of cellulose synthase complexes (CSCs) along microtubules 

(Speicher et al., 2018). The ubiquity 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. 

  

Protein Organism Types of PTM 

Detection of 

PTM 

Effect of PTM Reference 

PAL2 

P.vulgaris 

(French bean) 

Phosphorylation 

 

In vitro 

 

Unknown 

 

(Allwood et al., 1999) 

PAL2 

P. trichocarpa 

x P. deltoides 

Phosphorylation 

 

In vitro 

Phosphorylation 

of PAL2 

decreases Km 

and Vmax 

 

(Allwood et al., 1999; 

Cheng et al., 2001) 

AldOMT2 P. trichocarpa Phosphorylation 

 

 

 

In vitro 

 

Phosphorylation

s of AldOMT2 

reduce enzyme 

activity 

 

 

 

 

(Wang et al., 2015b) 
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Table 1 (continued) 

MYB4 P.taeda Phosphorylation 

 

 

 

In vitro 

 

Phosphorylation 

of MYB4 

reduces the 

MYB4-

transactivation 

activity over the 

lignin target 

genes 

 

 

 

 

(Morse et al., 2009) 

 

RAI1 O. sativa Phosphorylation 

 

 

 

 

In vitro 

 

 

Phosphorylation 

activates RAI1 

and increases 

the expression 

of PAL1. 

 

 

 

(Kawasaki et al., 2006; 

Kim et al., 2012; 

Akamatsu et al., 2013; 

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

LTF1 P. trichocarpa Phosphorylation 

 

 

 

 

 

In vivo and In 

vitro 

 

Phosphorylation 

reduces the 

LTF1 stability 

via 26S 

proteasome and 

reduces the 

LTF1-

transrepression 

activity over the 

lignin target 

genes 

 

 

 

 

 

 

(Gui et al., 2019) 

PAL1-4 A. thaliana Ubiquitination 

 

 

In vivo 

Ubiquitination 

reduces the 

protein stability 

via 26S 

proteasome 

 

 

 

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

CCR O. sativa Ubiquitination 

 

 

 

 

Untested 

 

Interaction of 

OsCCR with 

SCFOsFBK1 

reduces the 

OsCCR 

stability via 26S 

proteasome 

 

 

 

 

 

(Borah and Khurana, 

2018) 

MYB156 P. tomentosa Ubiquitination 

 

 

 

 

 

 

Untested 

Interaction of 

MYB156 with 

UBC34 reduces 

the MYB156-

transactivation 

over the lignin 

genes possibly 

decreasing the 

MYB156 

stability via 26S 

proteasome 

 

 

 

 

 

 

 

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

MYB221 P. tomentosa Ubiquitination 

 

 

 

 

 

 

Untested 

Interaction of 

MYB221 with 

UBC34 reduces 

the MYB221-

transactivation 

over the lignin 

genes possibly 

decreasing the 

MYB221 

stability via 26S 

proteasome 

 

 

 

 

 

 

 

(Zheng et al., 2019) 

VND7 A. thaliana S-nitrosylation 

 

 

 

 

In vitro 

S-nitrosylation 

of VND7 

decreases the 

VND7-

transactvation 

activity over the 

SCW genes 

 

 

 

 

 

(Kawabe et al., 2018) 
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Table 1 (continued) 

VND7 A. thaliana Ubiquitination 

 

 

 

 

Untested 

 

 

VND7 protein 

accumulates 

upon treatment 

with MG 132 in 

transformed 

tobacco BY 2 

cells 

 

 

 

 

(Yamaguchi et al., 

2008) 

PXP1-6 P. trichocarpa Glycosylation 

 

 

In vivo 

 

 

Unknown 

 

 

(Christensen et al., 

1998) 

PRX Z. elegans Glycosylation 

 

 

In vitro 

Glycosylations 

change the PRX 

catalytic 

efficiencies. 

 

 

(Gabaldón et al., 2005; 

Gabaldón et al., 2006; 

Gabaldón 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 side-chain carboxyl to an alcohol moiety. The involvement of many enzymes 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 enzyme activities 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., 2015). The difficulty of detecting protein phosphorylation is in part 

due to the highly dynamic nature of the regulatory mechanism. 

 

PAL phosphorylation 

Phenylalanine ammonia-lyase (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, 2015). PAL enzymes have been extensively 

characterized for their protein structure, functionality, and primordial role in wood formation 

(Ritter and Schulz, 2004; Shi et al., 2013). Some evidence regarding the chemical modification of 

PAL has been proposed. In Phaseolus vulgaris (French Bean) suspension-cultured cells, a 

phosphopeptide derived from PAL2 was detected (Allwood et al., 1999). The authors suggested 

that the kinase responsible for the PAL2 phosphorylation belongs to the calmodulin-like domain 

protein kinase (CDPK) family (All wood et al., 1999). Consistently, a recombinant PAL2 protein 

from P. trichocarpa × P. deltoides was phosphorylated by CDPK derived from French bean 

suspensions and Arabidopsis (Allwood et al., 1999; Cheng et al., 2001). In PAL of Phyllostachys 

edulis, in silico functional analysis indicated a likely presence of nine casein kinase 

phosphorylation sites, eight protein kinase C phosphorylation sites, and two N-glycosylation sites 

(Gao et al., 2012). The high degree of PAL peptide sequence similarity across plant species and 

their conserved phosphorylation by CDPK may suggest a common phosphoregulatory mechanism 

for PAL in phenylpropanoid biosynthesis (Allwood et al., 1999; Cheng et al., 2001; Zhang and 

Liu, 2015). 
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The functional role of post-translational phosphorylation in PAL remains to be clarified. 

Allwood et al. (1999) showed that one hour after co-incubation of PAL2 and CDPK, the Km and 

Vmax of PAL2 is slightly reduced. On the other hand, longer co-incubation of up to 4 h reduced 

the protein stability of the phosphorylated isoform of PAL2 and result in a 3-fold reduction in the 

Vmax when compared to the non-phosphorylated isoform (Allwood et al., 1999). The 

phosphorylation of PAL2 likely limits the rate of phenylalanine conversion to cinnamic acid, 

thereby influencing 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; Schulz et al., 2013). Pathogen infections induce the expression and activity 

of PAL (Jones, 1984; Shoresh and Harman, 2008), which in turn promotes immune response 

mediated by salicylic acid production, enhanced physical barriers (lignin), and accumulation of 

antimicrobial compounds (e.g., phytoalexins) (Jones, 1984; Solecka, 1997; Chen et al., 2009; 

Adams-Phillips et al., 2010; Hamann, 2012; Yan and Dong, 2014). Since PAL transcript 

expression is upregulated under biotic stress, the CDPK-mediated phosphorylation of PAL may 

mark it for turnover, thus reducing PAL activity (Allwood et al., 1999) to maintain homeostasis 

(Figure 1a). The phosphorylation of PAL has also been suggested to translocate the proteins to 

membranes, which may contribute to metabolic channeling in lignin biosynthesis (Allwood et al., 

1999; Rasmussen and Dixon, 1999). 
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Figure 1. A putative model of kinases regulating monolignol enzymes activity. a: Under potential stimulus such as 

pathogen infections, the CDPK proteins phosphorylate PAL2, decreasing the Vmax of the enzyme and reducing 

lignification in plants; b: Kinase(s) protein(s), after an endogenous or environmental stimulus, phosphorylates 

AldOMT2 at either of the two phosphorylation sites and negatively regulates the AldOMT2 activity. 

 

AldOMT2 phosphorylation 

5-Hydroxyconiferaldehyde O-methyltransferase 2 (AldOMT2) catalyzes the 3/5-

methylation of caffeoyl- and 5-hydroxyferuloyl-containing acids, aldehydes, and alcohols for 

monolignol biosynthesis. In P. trichocarpa, PtrAldOMT2 is the highest transcribed gene in the 

monolignol biosynthetic pathway and the third-highest transcribed gene in stem differentiating 

xylem (SDX). The protein abundance of PtrAldOMT2 is also the highest of all monolignol 

enzymes, accounting for 5.9% of the SDX proteome (Shuford et al., 2012; Lin et al., 2013). Given 

the abundance in transcripts and proteins of PtrAldOMT2, regulation of its activity by 

transcriptional control is energy-intensive. 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 for O-methyltransferase activity (Wang et 

al., 2015b). Phosphoproteomic analysis by mass-spectrometry in SDX revealed two 

phosphopeptides in PtrAldOMT2 that contain either a phosphoserine at peptide position-123 or 

position-125. Concurrent phosphorylation of both Serine123 and Serine125 was not detected in 

vivo. The phosphorylation of PtrAldOMT2 is mediated by kinases in the SDX protein extract and 

could be reversed by phosphatase treatment (Wang et al., 2015b). Phosphorylation reduced the 

enzymatic activity of recombinant PtrAldOMT2 considerably, and this reduction in activity was 

not due to protein degradation (Wang et al., 2015b). Moreover, site-directed mutagenesis by 

replacing either Serine123 or Serine125 with asparagine, a negatively charged amino acid that 

mimics the properties of phosphoserine, showed that Serine123 is more critical for 

phosphoregulation of enzyme activity. Serine123 is conserved in 43 of 46 (93%) AldOMTs across 

diverse plant species (Wang et al., 2015b), suggesting a conserved evolutionary phosphoregulation 

of the enzyme. The presence of two phosphoserine residues in PtrAldOMT2 and their distinct 

enzymatic regulations provide a basis for further exploring mechanistic insights to 

phosphoregulation in monolignol biosynthesis. Whether different kinases and signaling pathways 

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 and ratios 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 in lignin biosynthesis 

R2R3-MYBs are TFs that contain a DNA binding domain at the N-terminus, which is 

composed of two imperfect helix-turn-helix repeats of approximately 50 amino acids (R2 and R3) 

(Jin and Martin, 1999; Patzlaff et al., 2003b). Protein members from the R2R3-MYB family of 

TFs are known to bind at AC rich cis-elements present in the promoters of many genes in the lignin 

biosynthetic pathway (Lois et al., 1989; Joos and Hahlbrock, 1992; Leyva et al., 1992; Hauffe et 

al., 1993; Hatton et al., 1995; Logemann et al., 1995; Bell-Lelong et al., 1997; Seguin et al., 1997; 

Lacombe et al., 2000; Lauvergeat et al., 2002; Patzlaff et al., 2003b). Some R2R3-MYBs have 

been identified and characterized as key regulators of plant cell wall biosynthesis (Patzlaff et al., 

2003b). PtMYB4 is an ortholog of AtMYB56 and AtMYB83 (Patzlaff et al., 2003b; Yang et al., 

2016; Gui et al., 2019), which function as second layer transactivators of SCW biosynthesis in 

Arabidopsis (Yang et al., 2016). The overexpression of PtMYB4 in tobacco induced monolignol 

biosynthesis and promoted lignin accumulation in non-lignified cell types, suggesting that this TF 

regulates positively the lignin biosynthesis genes during the wood formation process (Patzlaff et 

al., 2003b). 

Using a cDNA library from Pinus taeda SDX, Morse et al. (2009) screened MAPKs 

(PtMAPK6 and PtMAPK13) potentially involved in wood formation. In vitro phosphorylation 

assays demonstrated that PtMAPK6 could phosphorylate PtMYB1 and PtMYB4, transregulators 

of lignin biosynthesis in SDX. Replacement of Lysine68 for arginine abolished the kinase activity 

of PtMAPK6, demonstrating that the lysine is essential for mediating target phosphorylation. 

Serine236 was identified to be the phosphorylation site in PtMYB4. 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 target gene (Morse 

et al., 2009). 

MAPKs are components of signal transduction networks that trigger a variety of biological 

processes in plants (Nuhse et al., 2000). MAPK6 is associated with response to pathogen infection, 

ethylene response, and cell wall biosynthesis and remodeling (Andreasson and Ellis, 2010; Seifert 

and Blaukopf, 2010; Bacete et al., 2018). All these processes affect secondary cell wall 

biosynthesis for wood formation (Adams-Phillips et al., 2010; Fromm, 2013; Li et al., 2015; Ye 

and Zhong, 2015). In Oriza sativa, OsMAPK3 and OsMAPK6 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 defense-associated genes including PAL1 

(Kawasaki et al., 2006; Kim et al., 2012; Akamatsu et al., 2013; Nasir et al., 2018). In P. taeda, 

PtMAPK6 is expressed in cell differentiation stages 1, 2 (division and expansion), and 3, 4 (SCW 

synthesis) of SDX, but its kinase activity for PtMYB4 phosphorylation was mainly observed in 

the initial stages of 1 and 2. The phosphorylated isoform of PtMAPK6, representing the active 

form of the enzyme, was only found in stages 1 and 2 (Morse et al., 2009). PtMAPK6 may be 

autophosphorylated or activated by other kinase-mediated phosphorylation during early 

xylogenesis. The activated PtMAPK6 then phosphorylates PtMYB4, reducing the TF 

transregulation of cell wall biosynthetic genes (Figure 2a). PtMAPK6 activity during early 

xylogenesis may function to suppress the expression of PtMYB4-regulated genes from resulting 

in premature deposition of lignin in dividing and expanding cells. The absence of PtMAPK6 

activity in the late stages of differentiating xylem allows PtMYB4 to transactivate lignin 

biosynthetic genes in these cells (Morse et al., 2009). 
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Figure 2. A putative model of MAPK6 regulating the activation of lignin biosynthesis. a: In the early xylogenesis 

stage in P. taeda, MAPK6 proteins are autophosphorylated or activated by other kinase-mediated phosphorylation. 

MAPK6 becomes activated and phosphorylates the TF MYB4. Phosphorylation inactivates MYB4, resulting in the 

repression of lignin genes. In the late xylogenesis stage, MAPK6 is no longer active, and MYB4 induces the 

expression of lignin genes b: In P. trichocarpa, LTF1 is a repressor of lignin genes under normal conditions. After 

environmental stimuli such as wounding, MAPK6 can interact and phosphorylate LTF1. Phosphorylation 

destabilizes LTF1 in the cells and promotes its degradation via 26S proteasome and attenuating the repression of 

lignin genes mediated by LRF1. c: A putative model of MYB156 and MYB221 regulating the activation of lignin 

biosynthesis in P. tomentosa. MYB156 and MYB221 are repressors TFs of lignin genes. UBC34 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 MYB156 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 in P. deltoides × P. euramericana (Gui et al., 

2019). Arabidopsis AtMYB4 mutants showed increased expression of C4H and reduced expression 

of CCoAOMT. Overexpression of AtMYB4 in tobacco increased the expression of CCoAOMT and 

reduced the expression of C4H, 4CL, and CAD genes (Jin et al., 2000). In P. deltoides × P. 

euramericana, LTF1 is mainly expressed in the SDX as a transrepressor of monolignol 

biosynthetic genes, including 4CL. LTF1 mutants in poplar showed elevated transcript expression 

of lignin genes and increased lignin content. The overexpression of LTF1 in transgenic poplar 

showed opposite effects, decreasing the expression of lignin genes and reducing the overall lignin 

content. LTF1 overexpression induced dwarfism in 2-month old poplar (grown in phytotron), but 

the severity of dwarfism was reduced when the plants reached eight months old (Gui et al., 2019). 

The protein abundance of LTF1 was decreased significantly in 8-month-old plants. 

Phosphoproteomic analysis identified two phosphopeptides corresponding to LTF1 in 8-month old 

plants. These phosphopeptides were not detected in the 2-month-old LTF1-overexpressed plants. 

Disruption of the phosphorylation sites in transgenic plants exhibited reduced plant height, stem 

diameter, and internode length, and reduced lignin deposition in the fiber cells of these plants, and 

xylem vessel collapse (Gui et al., 2019). Recombinant LTF1 proteins were rapidly degraded when 

co-incubated with SDX extracts, and the addition of proteasome inhibitor MG-132 re-establishes 

the initial levels LTF1. On the other hand, even in the absence of MG-132, the levels of LTF1 

protein containing mutations in the phosphorylation sites remained stable after the incubation with 

the SDX extracts. 

PdMAPK6 in P. deltoides × P. euramericana is a homolog of the Arabidopsis and P. taeda 

MAPK6, identified by protein-protein interactions to be associated with LTF1 (Morse et al., 2009; 

Gui et al., 2019). In vitro phosphorylation assays showed that PdMAPK6 could phosphorylate 
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LTF1 at the Threonine146 and Threonine178 positions, while mutagenesis of these 

phosphorylation sites prevented LTF1 phosphorylation. A higher level of phosphorylated LTF1 

and other PdMAPK6 activated proteins were detected in 8-month old greenhouse-grown poplar, 

compared to 2-month old plants grown in indoor growth chambers. Greenhouse-grown plants are 

more susceptible to environmental signals like biotic and abiotic stress (Gui et al., 2019), consistent 

with the functions of MAPK6 in pathogenic response (Andreasson 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 overexpressing LTF1. However, these effects 

were significantly lower in plants overexpressing LTF1 without the phosphorylation sites. 

Consistently, the expression of Arabidopsis ortholog AtMYB4 is repressed by environmental 

stimuli, including UV-B 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 proteasome (Gui et al., 

2019) (Figure 2b). 

The high peptide sequence identity of PdMAKP6 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 focusing on MYB 

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 ethylene response, 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 functions (Yang, 2005; 

Nussinov et al., 2012; Lothrop et al., 2013; Pejaver et al., 2014). Other 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 MAPK6 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 the cells. The 

ubiquitin attachment process involves three enzymes: the E1 ubiquitin-activating enzyme, the E2 

ubiquitin-conjugating enzyme, and an E3 ubiquitin ligase (Guo and Yang, 2017). Proteins 

containing a well-conserved 40-50 amino acid F-box domain in the N-terminal region are referred 

to as F-box proteins that are one part of the ubiquitin E3 ligase complex. F-box proteins are 

involved in many physiological processes in plants, such as flowering, pathogen defenses, 

circadian cycle, and phytohormones signaling (Kuroda et al., 2002). PAL enzymes from 

Arabidopsis (PAL1, PAL2, PAL3, and PAL4) have been shown to interact with Kelch domain-

containing F-box (KFB) proteins (KFB01, KFB20, KFB39, and KFB50) (Zhang et al., 2013; 

Zhang et al., 2015). The F-box domain in KFBs that confers ubiquitin ligase activity is associated 

with reducing PAL protein abundance by decreasing protein stability (Zhang et al., 2013). Co-

overexpression of PALs-GFP and KFBs in Arabidopsis reduced the conversion efficiency of 

phenylalanine to t-cinnamic acid by up to 80%  (Zhang et al., 2013). More recently, a protein called 

Small and Glossy Leaves 1 (SAGL1) was identified to be involved in the PTM regulation PAL1. 

Phylogenetic analysis using 99 Arabidopsis KFB homologous proteins revealed that SAGL1 is 

closely related to the PAL-regulating KFBs (KFB01, KFB20, KFB39, and KFB50), but located in 

a separate clade from these KFBs (Yu et al., 2019). SAGL1 can interact and reduce the stability of 
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PAL1, leading to reduced PAL activity for monolignol biosynthesis. Similar to other KFB-

mediated PALs regulation, the level of PAL1 was fully restored after MG-132 treatment for 

proteasome inhibition (Yu et al., 2019). 

KFB and SAGL1 have similar regulatory roles in PAL protein stability. Incubation of 

recombinant PAL in protein extracts of 6-week old Arabidopsis stems led to a significant reduction 

in the abundance of PAL proteins. The addition of the MG-132 proteasome inhibitor to the assay 

could maintain PAL protein abundance by preventing ubiquitination-based protein degradation 

(Zhang et al., 2013). Double and triple mutants in Arabidopsis for the KFB01, KFB20, and KFB50 

genes showed an increased amount of PAL proteins, and consequently, more acetyl-bromide lignin 

in the plant cell walls. Overexpression of KFBs genes, in contrast, caused a 2 to 70% lignin 

reduction in the transgenics (Zhang et al., 2013). SAGL1 mutants in Arabidopsis showed a strong 

purple color in rosette leaves, leaf petioles, and inflorescence stems, typically found where high 

amounts of anthocyanin are accumulated (Nakatsuka and Nishihara, 2010; Yu et al., 2019). 

Quantification of lignin content in the mature stems of the mutants showed a 2-fold increase in 

lignin content compared to wild-type. The SAGL1 mutants also had a 60% increased conversion 

rate of L-phenylalanine to trans-cinnamate, compared to wild-type. PAL enzyme activity increased 

in SAGL1 mutants without changing the transcript levels of the PAL genes (Yu et al., 2019). 

Transgenic lines overexpressing SAGL1 showed significant reductions in the conversion rate of L-

phenylalanine to trans-cinnamate and lignin content in the mature stems compared to the wild-type 

(Yu et al., 2019). 

The reduced abundance of PAL proteins in Arabidopsis overexpressing KFBs or SAGL1 

was not due to reduced transcript levels of PAL genes. In contrast, increased transcript abundance 

of PALs were observed in the transgenic lines overexpressing KFBs, possibly to compensate for 
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the rapid turnover of PAL proteins in the cells (Zhang et al., 2013). The discrepancy between PAL 

transcript and protein abundances in the transgenics is indicative of cross-talks between 

transcriptional regulation and PTM to maintain homeostasis for lignin biosynthesis. PAL mediates 

the entry step in the phenylpropanoid pathway and is extensively regulated for metabolic control 

(Zhang and Liu, 2015). In O. sativa, an auxin-responsive Kelch-domain-containing F-box protein 

(OsFBK1) interacts with cinnamoyl-CoA reductase (OsCCR) to mediate its protein degradation 

via the proteasome pathway, thereby regulating lignin content in the cell walls (Borah and 

Khurana, 2018). This suggests that the ubiquitin E3 ligase complex proteins may interact with 

other lignin biosynthetic enzymes. In P. trichocarpa, 337 F-box proteins were identified using a 

bioinformatics approach (Schumann et al., 2011), suggesting 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 tree species 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 responses (Olsen et al., 

2005; Nakashima et al., 2007; Puranik et al., 2012; Chen et al., 2014b). Several 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 infection 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 death (Kaneda et al., 2009), but its 

association with SWC biosynthesis has not been reported. Seven NAC genes are highly transcribed 

during vessel cell differentiation in Arabidopsis (Kubo et al., 2005). VND7 has been extensively 
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characterized as a transregulator of protoxylem vessel development (Kubo et al., 2005; Yamaguchi 

et al., 2010). Repression of VND7 and VND6 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 formation (Kubo et al., 2005). Induced expression 

of VND7 accelerated vessel cell differentiation in all cell types encompassing cotyledon, leaf, 

hypocotyl, and root cells (Yamaguchi et al., 2010; Kawabe et al., 2018). 

The knockout of S-nitrosoglutathione reductase 1 (GSNOR1) in transgenic Arabidopsis 

expressing VND7 resulted in mutant seedlings lacking xylem vessel differentiation (mutant 

ñsuppressor of ectopic vessel cell differentiation induced by VND7ò or seiv) (Yamaguchi et al., 

2010; Kawabe et al., 2018). Indeed, the inducible-VND7 expression in the seiv mutants did not 

show any evidence of cell wall deposition. These mutant seedlings showed a dwarf phenotype, 

suggesting that the GSNOR1 gene may be involved in plant growth and development, in addition 

to regulating VND7 for xylem trans-differentiation (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 death (Yamaguchi et al., 2011). The expression of these VND7-downstream genes 

is induced by VND7 overexpression, and suppressed in seiv mutants, demonstrating that the 

knockout of GSNOR1 disrupts VND7-mediated regulation (Kawabe et al., 2018). Biotin switch 

assays showed that the VND7 was S-nitrosylated in vitro, and amino acid substitution of two 

Cysteine264 and Cysteine320 abolished the S-nitrosylation signals. The presence of S-

nitrosoglutathione reduced VND7 activity in Arabidopsis protoplasts. VND7 activity was reduced 

when either Cysteine264 or Cysteine320 were substituted for tryptophan, which mimics a 

constitutive S-nitrosylated isoform of VND7. Thus, S-nitrosylation plays an essential role in 
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negatively regulating VND7 activity for vessel development. However, replacing the Cysteine264 

or Cysteine320 for a serine residue, which mimics a non-S-nitrosylated form of VND7, also caused 

a reduction in the transactivation activity of VND7 (Kawabe et al., 2018). Cysteine residues in 

plant proteins are modified by different types of PTMs in addition to S-nitrosylation, including S-

sulfenylation, S-glutathionylation, sulfinylation, sulfonylation, and the formation of intra-

/intermolecular disulfide bridges (Waszczak et al., 2015; Kawabe et al., 2018). Therefore, other 

PTMs may be regulating VND7 and causing the non-S-nitrosylated isoform of VND7 to reduce 

transactivation activity in protoplasts (Kawabe et al., 2018). 

NAC-domain proteins have been demonstrated to interact with many cellular components 

involved in different cellular processes (Yamaguchi et al., 2008), making them a potential target 

for protein modifications. For instance, the RING domain protein SINA of Arabidopsis 5 

(SINAT5) interacts with NAC1 and promotes its degradation via the ubiquitin/26S proteasome 

pathway (Olsen et al., 2005). Similarly, VND7 is regulated by 26S proteasome-mediated 

degradation (Yamaguchi et al., 2008). Protein extracts from transformed tobacco BY-2 cells 

expressing VND7 had low levels of detected VND7 protein after 24 h, while the addition of 

proteasome inhibitor increased the abundance of VND7 (Yamaguchi 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., 2009). Repeated removal of 

inflorescent stems in Arabidopsis can induce some secondary xylem production that has been used 

in developmental studies of secondary growth (Oh et al., 2003). Searching for NAC TFs in the P. 

trichocarpa genome, Zhong et al. (2009) identified 16 homologous genes of Arabidopsis VND, 

NST, and SMB involved in secondary wall biosynthesis or xylem differentiation. These poplar 
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genes were named PtrWNDs for ñwood-associated NAC domain transcription factorsò (Zhong et 

al., 2009; Ohtani et al., 2011). Of 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 putative function as TFs 

(Zhong et al., 2009). Expression of PtrWNDs in Arabidopsis snd1 (nst3) nst1 double mutants 

rescued the pendent inflorescence stem phenotype and restored stem strength and deposition of 

secondary walls in interfascicular fibers. Overexpression of PtrWND2B and PtrWND6B (sub 

members of the SMB and VND class of TF, respectively) in Arabidopsis increased the transcript 

expression of cellulose synthases (CesA4, CesA7, and CesA8), xylan biosynthetic genes (FRA8, 

IRX8, and IRX9), and lignin biosynthetic genes (4CL1 and CCoAOMT1) (Zhong et al., 2009; 

Ohtani et al., 2011). PtrWND2B and PtrWND6B also transactivated wood-associated TFs involved 

in the biosynthesis of lignin, hemicelluloses, and cellulose (Zhong et al., 2009). Overexpression of 

12 PtVNS/PtrWND in P. trichocarpa caused SCW formation surrounding the transgenicsô vascular 

tissue, similarly to which was seen for the induced expression of VND7 in Arabidopsis and poplar 

epidermal cells (Ohtani et al., 2011). Expression of VND7 in poplar induced the expression of 

many genes related to SCW formation, including enzyme-encoding genes and TFs (Ohtani et al., 

2011). Taken together, NAC TFs in Arabidopsis and P. trichocarpa are functionally important for 

SCW formation (Zhong et al., 2010; Ohtani et al., 2011). 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., 2014). PTMs identified for Arabidopsis NAC TFs, such as 

S-nitrosylation and ubiquitination, may also occur in PtrWNDs in the regulation of wood 

formation. 
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In P. tomentosa, PtoMYB156 and PtoMYB221 from the subgroup 4 of the R2R3-MYB 

TF family work as transrepressors of lignin genes (Zheng et al., 2019). Overexpression of 

PtoMYB156 dramatically retarded plant growth and reduced secondary xylem formation, while 

thickening of SCWs in the vascular stem tissue was observed in PtoMYB156 knockout plants 

(Yang et al., 2017). The regulation of PtoMYB156 and PtoMYB221 is mediated by interactions 

with an E2 ubiquitin-conjugating enzyme 34 (PtoUBC34), which translocate the TFs to the ER 

(Zheng et al., 2019). In mesophyll protoplasts of P. tomentosa overexpressing PtoMYB156 and 

PtoMYB221, the TFs are localized in the cell nucleus and could suppress the transcript expression 

of target genes in the absence of PtoUBC34. When PtoUBC34 is co-expressed in the same system, 

PtoMYB156 and PtoMYB221 are translocated to the ER in a dose-depend way, and their 

repression activity is reduced (Zheng et al., 2019). 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 unknown (Figure 2c). Lignin biosynthesis responds to various 

developmental and environmental 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 genes (Zheng et al., 2019). The 

translocation 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 cross-talking of lignin biosynthesis and other physiological processes 

(Zheng et al., 2019). 
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Glycosylation in peroxidases 

Class III peroxidases are present as large multigenic families in all land plants (Mathé et 

al., 2010). Generally, this class of proteins is heme-containing enzymes, which may oxidize 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, cross-linking of cell wall-structural proteins, and 

polysaccharides, and lignin polymerization (Christensen et al., 1998). As 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 three-step cycle involving a two-electron enzyme oxidation: FeIII + H2O2 Ÿ 

CoI + H2O (k1); followed by two one-electron reductions: (i) CoI + RH Ÿ CoII + Rẗ; (k2) and (ii) 

CoII + RH Ÿ FeIII + Rẗ; (k3), where FeIII, CoI, CoII, and RH are the native enzyme, compound 

I, compound II, and the monolignol, respectively (Gabaldón et al., 2006). 

Most of the peroxidases are glycosylated, and the carbohydrate content may constitute up 

to 25% of the protein (Christensen et al., 1998; Veitch, 2004). Glycosylation sites are normally 

found in the sequence motif asn-x-ser/thr (where x means any amino acid residue), and they occur 

within surface turns or loop regions connecting helices (Veitch, 2004). Six anionic stem 

peroxidases (PXP1-6) were isolated from xylem tissues of P. trichocarpa, and all were heavily 

glycosylated, exhibiting N-glucosamine and ten putative glycosylation sites in their structures 

(Christensen et al., 1998). Similarly, two isoforms of ZePrx, where one was fully glycosylated 

(ZePrx 34.70) and another partially glycosylated (ZePrx 33.44) were identified in Zinnia elegans 

suspensions cells (Gabaldón et al., 2005; Gabaldón et al., 2007). The two isoforms of this protein 

showed different biochemical properties. For instance, the k1 (CoI formation constant - which 
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monitors the reactivity of the enzyme with H2O2) was higher in the ZePrx 34.70 compared to ZePrx 

33.44 in the presence of either p-coumaryl 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, the k3, (CoII reduction constant - which 

monitors the ability of the oxidized form of the enzyme, CoII, 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 observed in the presence of sinapyl alcohol, where the reactivity was higher for the 

ZePrx 34.70 (Gabaldón et al., 2006). The different reactivity rates suggest that glycans modulate 

the catalytic activity of the peroxidases (Gabaldón et al., 2006). Since multiple glycosylation 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 regulation of peroxidase substrate specificity. Protein 

folding and stabilization, and protein-cell wall interactions have also been predicted as putative 

functions of this PTM in peroxidases (Schuller et al., 1996; Gabaldón et al., 2007; Cesarino et al., 

2012). 

 

Final considerations 

Despite the technical challenges in the detection and characterization of PTMs in vivo, 

recent discoveries have provided insights into their importance in regulating lignin biosynthesis 

and wood formation. The lignin biosynthetic pathway is complex 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 lignin biosynthesis. Phosphorylation (e.g., PAL2 and AldOMT2) 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. MAPKs mediated MYB4 and LTF1 

phosphorylation (Morse et al., 2009; Gui et al., 2019) have provided valuable mechanistic insights 

on how PTM modulates the SCW but the complete signaling pathway and the interactions between 

MAPKs and other MAPK-cascade components remain to be elucidated. Further studies focusing 

on how developmental and environmental signals trigger the MAPK-cascade to activate or repress 

TFs regulating lignin biosynthesis would be valuable to determine the network of regulatory 

interactions that control 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 biosynthesis (Kawabe et al., 2018; 

Gui et al., 2019; Zheng et al., 2019). However, there 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 combinatorial effects 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 specificity (Gabaldón et al., 2006), and further studies 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 the transregulation of SCW 

genes is unknown (Kawabe et al., 2018). One PTM can influence the modification of other types 
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of PTMs, which can result in a broad variation of possible proteoforms (Friso and van Wijk, 2015). 

The combinatorial effect of multiple PTMs and cross-talk between PTMs in the same protein, or 

on different proteins within complexes, is crucial to defining the interrelationships of multiple 

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, the extent of similarity or difference in the 

SCW-associated PTMs across species should be evaluated. Systematic co-expression analysis of 

SCW protein abundances with PTM enzymes during SDX formation, or genome-scale protein 

interactomics could reveal putative PTM regulatory interactions controlling lignin biosynthesis. 

The resulting interactions may guide future studies to verify whether these PTMs occur in vitro 

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. 
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Abstract 

The potential to convert renewable plant biomasses into fuels and chemicals by microbial 

processes presents an attractive, less environmentally 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 features 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 plants and microbes are 

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 low-lignin lines that are more readily solubilized by 

microorganisms. Most focus on the microbiological front has involved thermophilic bacteria from 

the genera Caldicellulosiruptor and Clostridium, given their capacity to degrade lignocellulose 

and to form bio-products through metabolic engineering strategies enabled by ever-improving 

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 non-renewables if it can be converted into industrial chemicals (Council, 2011; 

Caspeta et al., 2013; OôDea et al., 2020). Valorization of lignocellulose occurs in two main steps: 

deconstruction and conversion. Deconstruction aims to break down the polymeric components of 

lignocellulose (cellulose, hemicellulose, and lignin) into simpler molecules that can be 

subsequently converted into products. Chemical and biological processes have been investigated 

for both steps of valorization (Lynd et al., 2005; Lange, 2007; Liao et al., 2020; OôDea et al., 

2020). Deconstruction and conversion methods are often specific to a certain bio-polymer or 

components of a bio-polymer contained in the lignocellulose; as such deconstruction methods are 

often combined and tailored to a specific biomass source  (Giovannoni et al., 2020; OôDea et al., 

2020). Ideally, the valorization process should be as simple and concise as possible to maximize 

the technical and economic outcomes of the process. 

One typical process route consists of chemical or enzymatic pretreatment to fully or 

partially deconstruct the bio-polymers, followed by a fermentation to generate industrial products, 

such as ethanol (Himmel, 2015; Liu et al., 2020). Some fermentative organisms (such as 

Saccharomyces cerevisiae) utilize simple sugars, while others are lignocellulolytic (such as 

Clostridium thermocellum or Caldicellulosiruptor bescii) 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 and economically 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 pretreatments typically 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 chemicals (Lynd 

et al., 2005; Olson et al., 2012; Himmel, 2015; Liu et al., 2020). 

Careful choice and optimization of microbe-feedstock pairs is critical for an efficient 

deconstruction process. Here, microbe-feedstock pairings and related CBP processes are 

considered in the context of their industrial potential. Industrially relevant feedstock and microbe 

options are discussed, as well as microbe-feedstock pairings, to highlight the need for optimization 

of specific microbe-feedstock pairs. 

 

Plant biomass feedstocks with industrial potential 

 

Second-generation 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 al., 2019). First-generation biofuels are produced using starch 

and simple-sugar based feedstocks and have been widely applied for bioethanol and biodiesel 

production (Jiang et al., 2019; Mat Aron et al., 2020). However, large-scale application of first-

generation 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 first-generation biofuels (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 their sustainable, scalable, and renewable production on less 



79 

 

productive areas such as marginal lands that do not compete with agricultural food production 

(Jiang et al., 2017; IRENA, 2019; Jiang et al., 2019). 

Second-generation biofuels (including bioethanol and biodiesels, but also likely to 

diversify to include other fuels and non-fuel industrial chemicals, such as acetone, butanol, 

succinate, and others) are produced from non-edible lignocellulosic biomass, such as agro-forest 

residues, woody feedstocks, and industrial lignocellulosic wastes (Kucharska et al., 2018; Raud et 

al., 2019; Sharma and Saini, 2020). Lignocellulosic biomass is plant secondary cell walls (SCW) 

composed primarily of cellulose (40%-50%), hemicelluloses (25%-30%), and lignin (25%-30%) 

(Sharma and Saini, 2020). The ratio of these constituents varies across different plant species and 

genotypes within each species (Wierzbicki et al., 2019; Sharma and Saini, 2020). Environmental 

conditions, biotic stresses, and different stages of growth and development also affect 

lignocellulosic composition (Sharma and Saini, 2020). 

C4 plants, such as Miscanthus and switchgrass (Panicum virgatum), have been extensively 

studied as potential feedstocks for bioenergy production. Other energy crops, including reed 

canary grass (Phalaris arundinacea), giant reed (Arundo donax), and alfalfa (Medicago sativa) 

(Chandel and Singh, 2011), also have been studied for their bioenergy potential. Interests in these 

energy crops arise from their high-productivity across diverse environmental conditions and low 

water, nutrient, and fertilizer requirements (Chandel and Singh, 2011). However, their application 

as feed for livestock makes them an unattractive option for biofuel production (Chandel and Singh, 

2011; Mitchell et al., 2016). Woody crops (e.g. Populus, Salix, Eucalyptus, and their hybrids) are 

becoming an attractive source of bioenergy feedstock (Wei et al., 2019). The broad genetic 

variation of these species and the well-established breeding programs and transformation methods 

have permitted the exploration of genetic approaches to cell wall modification for enhancing 
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lignocellulosic biomass deconstruction (Chanoca et al., 2019). Woody biomass makes up 57% of 

all carbon biomass on earth (Bar-On et al., 2018). The abundance of woody biomass availability, 

combined with fast-growth, makes short-rotation forest trees, such as Populus, Salix, Eucalyptus, 

and their hybrids, promising feedstock sources 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 monosaccharides mediated by 

microorganisms, chemical treatments, enzymatic processes, or combinations thereof (Hu and 

Ragauskas, 2012; Kucharska et al., 2018). The monosaccharides are then converted through 

fermentation to fuels and products (e.g., bioethanol, biobutanol, and acetone) (Qureshi et al., 2010; 

Hu and Ragauskas, 2012; Kucharska et al., 2018). The carbohydrate-lignin complex formed in the 

SCW limits access of enzymes and microbes to the cellulose and hemicelluloses, making 

lignocelluloses recalcitrant to most microbial and enzymatic degradation (Hu and Ragauskas, 

2012; Li et al., 2014; Straub et al., 2020a). The antimicrobial properties of lignin and lignin-derived 

compounds (Kalinoski and Shi, 2019) and the structural heterogeneity of the lignin polymer also 

challenge the efficient deconstruction of lignocelluloses (Simmons et al., 2010). Therefore, much 

effort has been made to overcome the recalcitrant barrier of lignocellulosic biomass for bio-based 

fuels and chemical production. Feedstock pretreatment can facilitate delignification or disruption 

of lignin-cellulose linkages to improve the accessibility of enzymes and cell-wall digestive 

microbes to cellulose and hemicelluloses (Bryant et al., 2020; Straub et al., 2020a). Common 

biomass pretreatments encompass physical methods (e.g., pyrolysis and mechanical particle-size 

reduction), chemical methods (e.g., acid, alkaline, ionic liquids, and ozonolysis), and physical-

chemical methods (e.g., steam, carbon dioxide, and ammonia fibre explosion) (Li et al., 2014). 



81 

 

Pretreatment is often one of the most expensive steps in biofuel production because of the 

costly chemicals, enzymes, and energy required for delignification (Wyman, 2007; Engler and 

Jakob, 2013; Sykes et al., 2015). In addition, lignin degradation products are toxic to 

microorganisms and interact irreversibly with cellulose-degrading enzymes, limiting their activity 

(Parisutham et al., 2014). Pentose (xylose and arabinose) and hexose (glucose, galactose, and 

mannose) degradation products, such as furfural and hydroxymethylfurfural (HMF), commonly 

originate from pretreatments and inhibit fermentation, reducing the biofuel production efficiency 

(Wyman, 2007; Parisutham et al., 2014; Sykes et al., 2015). Therefore, low-recalcitrant feedstocks 

that require minimal or no 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 cross-breeding (Clifton-Brown et al., 2019), genetic 

engineering (Wang et al., 2018), and screening for natural genetic variants (Ralph, 1997; 

Vanholme et al., 2013). These studies have predominantly focused on the lignin biosynthetic 

pathway (Engler and Jakob, 2013) because the content and composition of 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 units, 4-coumaryl 

alcohol (H-unit), coniferyl alcohol (G-unit), and sinapyl alcohol (S-unit), also known as 

monolignols (Wang et al., 2018). Lignin provides essential roles in water transport, mechanical 

support, pathogen resistance, and abiotic stress response (Wang et al., 2014; Cesarino, 2019). The 

biosynthesis of lignin occurs in several consecutive reactions involving at least 11 different 
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enzyme families and 24 metabolites (Sulis and Wang, 2020). The pathway is complex and 

regulated by a network of substrates and inhibitors that convert phenylalanine or tyrosine to 

monolignols through a metabolic grid (Li et al., 2014; Wang et al., 2014; Sulis and Wang, 2020). 

The monolignols are then transported to the lignifying zone and oxidized by peroxidases and 

laccases to phenoxy radicals for polymerization (Li et al., 2014; Sulis and Wang, 2020). The 11 

enzyme families involved in monolignol biosynthesis are phenylalanine ammonia-lyase (PAL), 

cinnamate-4-hydroxylase (C4H), 4-coumarate:CoA ligase (4CL), p-hydroxycinnamoyl-CoA: 

shikimate p-hydroxycinnamoyltransferase (HCT), p-coumarate 3-hydroxylase (C3H), caffeoyl 

shikimate esterase (CSE), caffeoyl-CoA O-methyltransferase (CCoAOMT), cinnamoyl-CoA 

reductase (CCR), coniferaldehyde 5-hydroxylase (CAld5H), 5-hydroxyconiferaldehyde O-

methyltransferase (AldOMT), and cinnamyl alcohol dehydrogenase (CAD) (Li et al., 2014; Wang 

et al., 2019b). 

Modifying the monolignol biosynthetic pathway can significantly alter lignin content, 

subunit composition, and the degree of ester linkages between lignin and carbohydrates (Chen and 

Dixon, 2007; Grabber et al., 2009; Li et al., 2014). Perturbing the expression of monolignol 

biosynthetic genes to alter lignin content and composition, has been demonstrated by transgenesis 

to modify lignocellulosic biomass deconstruction, saccharification, and fermentation efficiencies 

(Table 1) (Engler and Jakob, 2013; Chanoca et al., 2019). Downregulation of 4CL in Populus nigra 

L. × Populus maximowiczii A. (Min et al., 2013) and Populus trichocarpa (Min et al., 2012) 

reduced lignin content by 52% and increased the saccharification efficiency in greenhouse and 

field-grown transgenics by 330% for unpretreated biomass (Min et al., 2012; Min et al., 2013; 

Xiang et al., 2015). Similar results were observed for Pinus radiate (Wagner et al., 2009) and 

Pinus taeda (Edmunds et al., 2017). The downregulation reduced the overall lignin content in the 
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transgenics and improved sugar release up to 280% and 320% for unpretreated and pretreated 

samples, respectively, compared to wild type (Wagner et al., 2009; Edmunds et al., 2017). In 

switchgrass and Miscanthus sinensis, the downregulation of AldOMT reduced the total lignin 

content up to 15% and 63%, respectively (Fu et al., 2011b; Yoo et al., 2018b). Greenhouse-grown 

switchgrass transgenics exhibited increased saccharification efficiency up to 38% and 42% of 

ethanol yield per unit of biomass improvement (Fu et al., 2011b). The field-grown transgenics 

switchgrass also showed improved sugar release (9%-34%) and ethanol yield (21%-28%) 

compared to wild-type plants (Baxter et al., 2014). 

Recently, promising results targeting CCR, C3H, and CAD genes were achieved in energy 

crops and woody plants. Downregulation of CCR improved saccharification efficiency in 

transgenic alfalfa by 67% compared to wild-type plants for unpretreated samples (Jackson et al., 

2008). Downregulation of CCR in field-grown Populus tremula × Populus alba increased the 

saccharification efficiency up to 139% and 95% for untreated and treated samples, while the 

bioethanol production from the transgenics increased up to 161% (Van Acker et al., 2014). In 

energy crops like alfalfa (Jackson et al., 2008), switchgrass (Fu et al., 2011a), and Brachypodium 

(Bouvier D'Yvoire et al., 2013), CAD-deficient lines improved saccharification yield ranging from 

5.5% to 89% compared to wild type. In maize, the CAD-deficient plants increased bioethanol yield 

of 8% when expressed on a dry biomass basis (Fornalé et al., 2012). In P. tremula × P. alba, the 

CAD1-deficient plants showed improvements in glucose released by up to 81% compared to wild 

type (Van Acker et al., 2017). Moreover, xylose release was also higher in the transgenics (153% 

of wild type), regardless of pretreatments (Van Acker et al., 2017). Downregulation of CAD and 

C3H genes in P. trichocarpa increased the biomass solubilization, via microbial digestion by C. 

bescii, from 20% (wild-type trees) up to 79% in transgenic trees (Straub et al., 2019b). 
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Carbohydrate solubilization was nearly 90% for transgenic lines compared to only 25% for wild-

type poplar (Straub et al., 2019b). 

 

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

improvement 

Perturbation of monolignol biosynthetic genes frequently results in adverse plant growth 

and development (Table 1). The downregulation of CCR, CAD, C3H, C4H, and HCT has been 

correlated with penalties in biomass accumulation (Chen and Dixon, 2007; Jackson et al., 2008; 

Mansfield et al., 2012; Van Acker et al., 2014; Sykes et al., 2015; Straub et al., 2020a), which 

limits the transgenics' commercial applications (Panda et al., 2020). The negative impacts on 

growth could be mitigated by altering lignin composition instead of reducing lignin content. 

Increasing the ratio of S- to G-subunits (S:G ratio) has been associated with longer linear lignin 

chains and greater access to surface cellulosic content by microbe-bound enzymatic complexes 

(Dumitrache et al., 2016), which facilitates the deconstruction of lignocellulosic biomass. In P. 

tremula × P. alba and switchgrass, the overexpression of CAld5H2 significantly increased the S:G 

ratio with no reported biomass penalties (Stewart et al., 2009; Wu et al., 2019). In wild-type P. 

trichocarpa natural variants, the glucose and xylose release and ethanol yield were strongly 

correlated positively with high S:G ratio (Studer et al., 2011; Yoo et al., 2018a). However, some 

studies have also reported no relationship between S:G ratio and sugar release (Straub et al., 

2020a). Therefore, sugar release may depend on pretreatment conditions and feedstock types 

(Pazhany and Henry, 2019). Alternative approaches for lignin modification have been carried out 

by incorporating novel monolignol subunits in lignin to reduce the rigidity of chemical bonds. The 

expression of feruloyl-CoA monolignol transferase (FMT) from Angelica sinensis in P. alba × 
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Populus grandidentata resulted in the accumulation of ester bonds in the lignin structure by 

incorporation of coniferyl-ferulate  (Wilkerson et al., 2014). An increase of 200% in glucose 

release was observed in the transgenics compared to wild-type (Wilkerson et al., 2014). Expression 

of a tyrosine-rich peptide (TYR) formed free-radical coupling with monolignol precursors and 

resulted in lignin structures highly susceptible to protease cleavage that enhanced cellulase and 

hemicellulase hydrolysis of polysaccharides (Liang et al., 2008). The lignin content and 

morphology were unaffected in the transgenics but increased the release of sugars by 140% (Liang 

et al., 2008). 

 

 

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

 

 

Target 

genes 

Species RNAi or CRISPR Main results achieved Greenhouse or 

field-grown 

transgenics 

Phenotypic 

observations 

Reference 

4CL P. nigra L. × 

P. 

maximowiczii 

A 

RNAi 

downregulation 

Lignin content reduced by 52% 

 

Total sugar saccharification efficiency 

increased by 245% without treatment 

Greenhouse Not reported (Min et 

al., 2013) 

4CL P. trichocarpa RNAi 

downregulation 

Lignin content reduced by 30% 

 

Total sugar saccharification increased 

by 60% without pretreatment 

Greenhouse Not reported (Min et 

al., 2012) 

4CL P. trichocarpa RNAi 

downregulation 

Lignin content reduced by 45% Greenhouse  Not reported (Xiang et 

al., 2015) 

4CL P. trichocarpa RNAi 

downregulation 

Lignin content reduced by 33% 

 

Total sugar saccharification efficiency 

increased by 330% without 

pretreatment 

Field Not reported (Xiang et 

al., 2015) 
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Table 1 (continued) 

 

  

4CL P. tremula x 

P. alba 

CRISPR-

knockout 

Lignin content reduced by 23% Greenhouse Not reported (Zhou et 

al., 2015)  

4CL P. radiate RNAi 

downregulation 

Lignin content reduced by 36% Greenhouse Not reported (Wagner et 

al., 2009) 

4CL P. taeda RNAi 

downregulation 

Lignin content reduced by 27% 

 

Glucose saccharification efficiency 

increased by 280% without 

pretreatment 

Greenhouse Not reported (Edmunds 

et al., 2017) 

4CL P. virgatum CRISPR-

knockout 

Lignin content reduced by 30%  

 

Glucose and xylose saccharification 

efficiency increased by 11% and 32% 

without pretreatment 

Greenhouse Not reported (Park et al., 

2017) 

4CL P. trichocarpa RNAi 

downregulation 

Lignin content reduced by 51%  

 

Glucose and xylose saccharification 

efficiency increased by 300% and 

554% without pretreatment 

Greenhouse Not reported (Wang et 

al., 2018)  
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Table 1 (continued) 

 

 

  

AldOMT P. virgatum RNAi 

downregulation 

Lignin content reduced by 15% 

 

Total sugar saccharification efficiency 

and ethanol yield increased by 38% 

and 42% without pretreatment 

 

Greenhouse Tiller fresh 

weight 

ranging from 

+18% to -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% to -4% 

(Fu et al., 

2011b) 
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Table 1 (continued) 

  

AldOMT P. virgatum RNAi 

downregulation 

Lignin content reduced by 14% 

 

Total sugar saccharification efficiency 

and ethanol yield increased by 34% 

and 28% after pretreatment 

Field Tiller height 

ranging from 

+7% to -15% 

 

Plant 

diameter 

ranging from 

+16% to -8% 

 

Dry weight 

ranging from 

+22% to -

50% 

(Baxter et 

al., 2014) 

AldOMT M. sinensis RNAi 

downregulation 

Lignin content reduced by 63% Greenhouse 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% 

(Yoo et al., 

2018b) 
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Table 1 (continued) 

  

CCR M. sativa RNAi 

downregulation 

Lignin content reduced by 30% 

 

Total sugar saccharification efficiency 

increased by 67% without 

pretreatment 

Greenhouse Fresh weight 

ranging from 

-10% to -

70% 

 

Dry weight 

ranging from 

+5% to -70% 

 

(Jackson et 

al., 2008) 

CCR P. tremula x 

P. alba 

RNAi 

downregulation 

Total sugar saccharification efficiency 

and ethanol yield increased by 139% 

and 161% without pretreatment 

Field Average 

biomass 

ranging from 

-16% to -

24% 

(Van Acker 

et al., 2014) 

CCR P. trichocarpa   RNAi 

downregulation 

Lignin content reduced by 35% 

 

Glucose and xylose saccharification 

efficiency increased by 193% and 

1161% without pretreatment 

Greenhouse Plant height 

ranging from 

-1% to -75% 

 

Stem volume 

ranging from 

-11% to -

96% 

(Wang et 

al., 2018) 

CAD M. sativa RNAi 

downregulation 

Lignin content reduced by 12% 

 

Total sugar saccharification efficiency 

increased by 26% without 

pretreatment 

Greenhouse Fresh weight 

ranging from 

+10% to -

55% 

 

Dry weight 

ranging from 

+15% to -

55% 

(Jackson et 

al., 2008) 
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Table 1 (continued) 

 

  

CAD P. virgatum RNAi 

downregulation 

Lignin content reduced by 22% 

 

Total sugar saccharification efficiency 

increased by 89% without 

pretreatment 

Greenhouse Not reported (Fu et al., 

2011a) 

CAD B. distachyon RNAi 

downregulation 

Lignin content reduced by 26% 

 

 Total sugar saccharification 

efficiency increased by 46% with 

pretreatment  

Greenhouse No biomass 

penalties 

were 

observed 

(Bouvier 

D'Yvoire et 

al., 2013) 

CAD P. tremula x 

P. alba 

RNAi 

downregulation 

Lignin content reduced by 13%  

 

Glucose and xylose saccharification 

improved increased by 81% and 153% 

with pretreatment 

Greenhouse Plant height 

ranging from 

+1% to -11% 

 

Fresh weight 

ranging from 

+14% to -6% 

(Van Acker 

et al., 2017) 

CAD P. trichocarpa   RNAi 

downregulation 

Lignin content reduced by 32% 

 

Wood biomass solubilization through 

C. bescii increased from 20% (wild-

type) up to 78% in transgenics 

 

Total carbohydrate solubilization 

through C. bescii increased from 25% 

(wild-type) up to 90% in transgenics 

 

Ethanol yield increased by 587% 

Greenhouse Plant height 

reduced by 

53% 

 

Stem volume 

reduced by 

74% 

(Straub et 

al., 2019b; 

Straub et 

al., 2020a) 
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Table 1 (continued) 

  

C3H P. trichocarpa   RNAi 

downregulation 

Lignin content reduced by 54% 

 

Wood biomass solubilization through 

C. bescii increased from 20% (wild-

type) up to 79% in transgenics 

 

Total carbohydrate solubilization 

through C. bescii from 25% (wild-

type) up to 87% in transgenics 

 

Ethanol yield increased by 662% 

Greenhouse Plant height 

ranging from 

-9% to -38% 

 

Stem volume 

ranging from 

-5% to -50% 

(Straub et 

al., 2019b; 

Straub et 

al., 2020a) 

C3H and 

C4H 

P. trichocarpa RNAi 

downregulation 

Glucose and xylose saccharification 

efficiency increased by 189% and 

561% without pretreatment 

Greenhouse Plant height 

ranging from 

-8% to -36% 

 

Stem volume 

ranging from 

-14% to -

48% 

(Wang et 

al., 2018) 

PAL P. trichocarpa RNAi 

downregulation 

Lignin content reduced by 57% 

 

Glucose and xylose saccharification 

efficiency increased by 165% and 

285% without pretreatment 

Greenhouse Penalties in 

height 

ranging from 

+6% to -15% 

 

Stem volume 

ranging from 

-14% to -

36% 

(Wang et 

al., 2018) 
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Table 1 (continued) 

 

 

Growth defects mediated by lignin perturbation have been associated with collapsed vessel 

elements (Wang et al., 2018) and reduced water conductivity (Muro-Villanueva et al., 2019). Cell-

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 vessel-specific expression of CCR in mutant plants harbouring CCR loss-of-

function restored biomass yield (De Meester et al., 2018). The hyper and hypo-accumulation 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 reactive-oxygen species needed for cell division (Muro-

Villanueva et al., 2019). Hypo-accumulation of phenylpropanoids with intrinsic growth-promoting 

activity or compounds that indirectly affect plants' growth and development may also explain the 

altered transgenic phenotypes (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 traits, a systems 

approach to integrating omics data (e.g., genomics, transcriptomics, proteomics, and 

HCT P. trichocarpa RNAi 

downregulation 

Lignin content reduced by 31% 

 

 Glucose and xylose saccharification 

efficiency increased by 186% and 

315% without pretreatment 

Greenhouse Plant height 

ranging from 

-41% to -

72%  

 

Stem volume 

ranging from 

-49% to -

92% 

(Wang et 

al., 2018) 
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metabolomics) from natural variants or engineered plants may be needed to facilitate 

understanding of genes, proteins, and metabolites associated with phenotype variations. Thus, the 

ideal genotypes may be designed for feedstock improvement. 

Given the clear interplay between biomass recalcitrance and productivity (Jackson et al., 

2008), genetic engineering of lignocellulosic feedstocks should be carefully designed to balance 

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 structure, biomass production, and sugar release in 40 

genetically engineered hybrid aspen (Escamez et al., 2017). Using multivariate analyses and 

mathematical modelling, the authors identified traits strongly associated with total wood sugar 

(TWS) yield, taking into consideration biomass production and sugar release (Escamez et al., 

2017). The biomass traits positively correlated with TWS include height, diameter, wood density, 

cell wall thickness, modulus of elasticity, and galacturonic acid content (Escamez et al., 2017). 

In P. trichocarpa, a multi-omics 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 traits (Wang et al., 2018). The model was built using 239 

transcriptomic (RNA-seq) and proteomic (LC-MS/MS) libraries, 207 reaction and inhibition 

enzyme kinetic parameters, 220 wood chemistry datasets, 76 lignin compositions and structures 

data using 2D HSQC NMR, 236 enzymatic saccharification assays, and measurements of growth 

(221), modulus of elasticity measurements (416), and density (213) from ~2000 engineered P. 

trichocarpa trees perturbed for 21 monolignol genes (Wang et al., 2018). The lignin and 

carbohydrate contents of the transgenics ranged beyond the natural phenotypic variation found in 

wild-type trees (Wang 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 lignin content were 3% and 

22% respectively (Wang et al., 2018). In contrast, the C:L ratio and lignin content in the transgenics 

ranged from 2% to 9% and 9% to 25% respectively (Wang et al., 2018). Significant improvements 

in saccharification efficiency were also shown in the transgenics P. trichocarpa. The released 

glucose and xylose were increased up to 351% and 828% for unpretreated transgenic samples 

compared to wild-type trees (Wang et al., 2018). The information was integrated using advanced 

machine-learning algorithms 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., 2020). Machine learning-based 

predictions of multigenic engineering strategies may advance feedstock design with superior 

deconstruction characteristics compared to traditional single-gene approaches. 

 

CRISPR-Cas genome editing in feedstocks 

Feedstock improvement by lignin gene 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 level (knockout) (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 red-coloration of xylem, typically found when CAD, 

AldOMT, 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 what is required for 

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

retain the recalcitrance of lignocellulosic feedstock. 

Recently developed genome editing technologies offer enormous potential for advancing 

the genetic improvement of feedstocks (Park et al., 2017; Pazhany and Henry, 2019). Editing 

genomic DNA to induce loss-of-function mutation enables precise heritable improvement of 

phenotypic traits, providing a powerful tool for the rapid production of superior trees (Gilles and 

Averof, 2014; Sander and Joung, 2014; Bewg et al., 2018). CRISPR (Clustered Regularly 

Interspaced Short Palindromic Repeats)-Cas (CRISPR-associated protein) recognizes DNA 

sequences through RNA-DNA base pairing. CRISPR-Cas generates double-stranded DNA breaks 

repaired by non-homologous end joining (NHEJ) to induce mutations that would result in 

permanent loss-of-function of the target genes (Sander and Joung, 2014; Selle and Barrangou, 

2015). Targeted mutagenesis is a key genome editing application of CRISPR-Cas, and has been 

successfully demonstrated to be a game-changer for feedstock improvement (Fan et al., 2015; 

Zhou et al., 2015; Park et al., 2017; Wan et al., 2017; Yang et al., 2017; Van Zeijl et al., 2018). 

Use in transgenic poplar to knockout 4CL consistently reduced lignin content by 23%. The absence 

of observed off-target cleavage and homogeneity of wood discoloration, typically found in 4CL-

deficient trees (Zhou et al., 2015), are clear examples of how genome-editing technologies are 

superior to gene downregulation approaches. In switchgrass, CRISPR-Cas 4CL-knockout lines 

showed improved glucose release by up to 11% and xylose release by up to 32% 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 RNAi-4CL lines (Park et al., 2017), indicating that CRISPR-Cas9 

knockout lines are superior to the RNAi knockdown lines for lignocellulosic fuel potential (Park 

et al., 2017). 
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CRISPR-based genome editing coupled with machine-learning 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 lignin biosynthesis that 

attenuates the adverse growth effects of single-gene knockdowns. Using the machine-learning 

model for lignin biosynthesis, the impact of single versus multigene perturbation in lignin 

biosynthesis was simulated (Wang et al., 2018). The results 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 formation (Wang 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 adaptation (Wang et al., 2018). Hence, due to the complexity 

of SCW and particularly lignin biosynthesis, integrated systems approach using multi-omics data, 

genome-editing, and advanced machine-learning algorithms may help generate superior 

feedstocks that balance the recalcitrance reduction with biomass retention (Figure 1). 
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Figure 1. Schematic representation of the bioenergy feedstocks evolution. Compared to non-woody starch 

based and non-woody lignocellulosic-based feedstocks, forest trees store significantly higher amounts of carbon, 

reaching 57% of all carbon biomass on earth. The abundance of woody biomass availability makes short-rotation 

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 machine-learning 

algorithms (b) is a powerful approach to design strategic genotypes of interest when combined with genome-editing 

technologies such as CRISPR-SpCas9 (c). Superior trees with enhanced wood traits, growth, and feedstocks 

deconstruction are essential for the cost-effective 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 et al., 2011; 

Blumer-Schuette et al., 2014; Gloster, 2020). Organisms 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 minor constituents of lignocellulose like 

pectin (Bayer et al., 2008; Cann et al., 2020; Giovannoni et al., 2020; Gloster, 2020). Lignin is 

highly recalcitrant to degradation due to its heterogeneity and high energy requirements to break 

lignin polymeric bonds. As 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 anaerobe Enterobacter lignolyticus) examples have been reported (Hammel et al., 

1997; DeAngelis et al., 2013; Guadix-Montero and Sankar, 2018; Giovannoni et al., 2020). Only 

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, etc.) (Himmel, 2015; Lynd et al., 2016; Lee et al., 2020). Anaerobic 

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 ability 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 CO2 and biomass production to industrial products. 

Microbial degradation of the cellulose and hemicellulose components of lignocellulosic 

biomass has the potential to out-perform in vitro enzyme treatment. This was shown with the most 
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thermophilic cellulose-degrading organisms known, C. bescii, where in vivo enzyme combinations 

never exceeded 25% of in vivo cellulose hydrolysis, indicating maximal degradation potential 

when C. bescii coordinates the synergy of its enzymes (Conway et al., 2018). CBP has focused on 

fermentative microbes that can deconstruct the carbohydrate 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, such as Pseudomonas putida (Elmore 

et al., 2020). 

Among the hemicellulolytic and cellulolytic microbes, Clostridium thermocellum (Topt 

= 60ÁC), C. bescii (Topt = 78ÁC), and Thermoanaerobacterium saccharolyticum (Topt = 60ÁC) have 

been the most investigated for industrial fermentative potential (Lynd et al., 2016; Lee et al., 2020). 

Interestingly, these microbes are all moderate (Topt = 45-70°C) or extreme thermophiles (Topt 

> 70ÁC) (Freier et al., 1988; Lee et al., 1993; Yang et al., 2010). The limited focus on mesophiles 

is likely due to the unavailability of facile genetic systems (especially for fermentative anaerobes) 

and the potential industrial processing advantages of thermophiles (Blumer-Schuette et al., 2014). 

Other lignocellulolytic organisms, including mesophiles, that have been investigated include the 

anaerobic bacteria Clostridium cellulolyticum, Clostridium cellulovorans, Clostridium 

clariflavum, Caldanaerobius polysaccharolyticus, Thermoanaerobacterium 

thermosaccharolyticum and other Caldicellulosiruptor species, as well as the aerobic fungus 

Trichoderma reesei (Table 2) (Desvaux, 2005; Artzi et al., 2014; Zurawski et al., 2015; Wen et 

al., 2019; Cann et al., 2020; He et al., 2020). No characterized members of the Archaea reach the 

(hemi)cellulolytic levels of the bacteria and fungi mentioned. Current focus is on engineering 

natively lignocellulolytic microbes to produce industrial chemicals, rather than engineering model 

microbes (such as Escherichia coli and Saccharomyces cerevisiae) to be lignocellulolytic. This is 
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because typical product-synthesis 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; Blumer-Schuette et al., 2014; Lynd et al., 2016; Lee et al., 2018). 

Some work has been done to insert genes encoding cellulases and hemicellulases into non-

lignocellulolytic microbes, such as S. cerevisiae, that already produce high levels of commodity 

chemicals, but lignocellulosic substrate range remains narrow and productivity of products from 

cellulose remains low (Fujita et al., 2002; Yanase et al., 2010; Lynd et al., 2016). Development of 

lignocellulolytic strains to produce industrially relevant quantities of products from lignocellulose 

requires tractable genetic systems, which are not widely available for lignocellulolytic microbes 

and are challenging to develop. C. 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., 2012), as discussed below. 

 

 

 

 

 

 

 

  

Microbe Description 

Topt (°C) Carbohydrate 

deconstruction 

method 

Primar y Native 

products 

Deconstruction 

Substrates 

Plant Biomass 

Growth Sugars 

Genetic 

System 

References 

pHopt  

Caldanaerobius 

polysaccharolyt

icus 

Hemicellulolytic, 

Gram-positive, non-

spore forming, 

thermophilic, 

anaerobic bacterium 

65-68 

S-layer 

associated 

enzymes 

Ethanol, acetate, 

formate, lactate, 

H2, CO2 

Hemicelluloses, 

pectins 

Cellobiose, glucose, 

xylose, mannose, 

galactose, arabinose, 

fructose, rhamnose 

No 

(Cann et al., 

2001; Han 

et al., 2012; 

Cann et al., 

2020)  

7 

Caldicellulosir

uptor bescii 

(Hemi)cellulolytic, 

Gram-positive, non-

spore forming, 

extremely 

thermophilic, 

anaerobic bacterium 

78 

Multi-catalytic 

domain secreted 

free and S-layer 

associated 

enzymes 

Acetate, lactate, 

H2, CO2 

Cellulose, 

hemicelluloses, 

pectins, starches 

Cellodextrins, 

xylodextrins, 

glucose, xylose, 

arabinose, galactose, 

fructose, mannose, 

rhamnose 

Yes  

 (Yang et 

al., 2010; 

Lee et al., 

2020) 

 

Table 2. (Hemi)cellulolytic microbes with industrial potential. 
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Clostridium 

cellulovorans 

Cellulolytic, Gram-

positive, spore-

forming, mesophilic, 

anaerobic bacterium 

37 

Cellulosomes 

Acetate, lactate, 

butyrate, formate, 

ethanol, H2, CO2,  

Cellulose, 

hemicelluloses, 

pectins 

Cellodextrins, xylan, 

glucose, galactose, 

fructose, mannose  

Yes 

(Sleat et al., 

1984; Wen 

et al., 2017; 

Wen et al., 

2019) 

7 

Clostridium 

cellulolyticum 

(Hemi)cellulolytic, 

Gram-positive, 

spore-forming, 

mesophilic, 

anaerobic bacterium 

34 

Cellulosomes 

Acetate, lactate, 

ethanol, H2, CO2 

Cellulose and 

hemicelluloses, 

pectins 

Cellodextrins, 

xylodextrins, 

glucose, xylose, 

weakly (fructose, 

arabinose, galactose, 

mannose) 

Yes 

(Jennert et 

al., 2000; 

Guedon et 

al., 2002; 

Desvaux, 

2005) 

7.2 

Clostridium 

clariflavum 

Cellulolytic, Gram-

positive, spore-

forming, 

thermophilic, 

anaerobic bacterium 

55-60 

Cellulosomes 

Acetate, lactate, 

formate, ethanol, 

H2, CO2 

Cellulose, 

hemicelluloses 

Cellodextrins, 

(xylodextrins, 

xylose)a 

No 

(Shiratori et 

al., 2006; 

Shiratori et 

al., 2009; 

Artzi et al., 

2014; 

Izquierdo et 

al., 2014) 

7.5 

Clostridium 

thermocellum 

Cellulolytic, Gram-

positive, spore-

forming, 

thermophilic, 

anaerobic bacterium 

60 

Cellulosomes 

Acetate, lactate, 

ethanol, H2, CO2 

Cellulose, 

hemicelluloses, 

pectins, starches 

Cellodextrins, 

(glucose, fructose, 

xylose)b 

Yes 

(Freier et 

al., 1988; 

Demain et 

al., 2005; 

Tripathi et 

al., 2010) 

7 

Thermoanaerob

acter 

saccharolyticu

m 

Hemicellulolytic, 

Gram-positive, non-

spore forming, 

thermophilic, 

anaerobic bacterium 

60 

Secreted and S-

layer associated 

enzymes 

Acetate, lactate, 

ethanol, H2, CO2 

Hemicelluloses, 

pectins, starches 

Xylan, cellobiose, 

glucose, xylose, 

mannose, galactose, 

arabinose, fructose 

Yes 

(Lee et al., 

1993; Shaw 

et al., 2010; 

Currie et 

al., 2014) 

6 

4-6 

Table 2 (continued) 
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Clostridium thermocellum 

C. thermocellum (DSMZ 1237, recent reclassification to Hungateiclostridium 

thermocellum (invalidated) (Zhang et al., 2018), and Acetivibrio thermocellus (Tindall, 2019) have 

been proposed), is a cellulolytic, Gram-positive, obligate anaerobe with an optimal growth 

temperature of 60°C and a native ability to produce ethanol, acetate, lactate, H2, and CO2 as 

primary metabolic products, in addition to smaller quantities of isobutanol and 2,3-butandiol 

(Freier et al., 1988). C. thermocellum natively degrades cellulose and hemicellulose, uses hexoses, 

but is not capable of growing on pentoses (Demain et al., 2005). C. thermocellum utilizes large 

protein complexes known as cellulosomes to degrade biomass; these cellulosomes contain several 

catalytic domains as well as carbohydrate binding modules (Johnson et al., 1982; Gilbert, 2007). 

Recent work has tried to engineer C. thermocellum to be able to co-utilize pentoses and hexoses, 

with some success in allowing the metabolism of xylose and Avicel (microcrystalline cellulose) 

Thermoanaerob

acterium 

thermosacchar

olyticum 

Hemicellulolytic, 

Gram-positive, spore 

forming, 

thermophilic, 

anaerobic bacterium 

60 

Secreted and S-

layer associated 

enzymes 

Acetate, lactate, 

butyrate ethanol, 

n-butanol, H2, 

CO2 

Hemicelluloses, 

starches 

Cellobiose, glucose, 

xylose, arabinose, 

galactose, fructose, 

mannose 

Yes 

(McClung, 

1935; 

Collins et 

al., 1994; 

Demain et 

al., 2005; 

Shaw et al., 

2010) 

7 

Trichoderma 

reesei 

(Hemi)cellulolytic, 

filamentous, soft-rot, 

mesophilic, aerobic, 

ascomycete fungus 

25-30 Secreted enzymes 

CO2, enzymes, 

biomass  

Cellulose, 

hemicelluloses, 

pectins, starches 

Cellodextrins, 

xylodextrins glucose, 

xylose, arabinose, 

galactose, fructose, 

mannose, rhamnose 

Yes 

(Smits et 

al., 1996; 

Pakula et 

al., 2005; 

Martinez et 

al., 2008; 

Häkkinen et 

al., 2015; 

He et al., 

2020)  

Table 2 (continued) 



104 

 

(Xiong et al., 2018). Xylose-induced degradation of xylooligosaccharides was demonstrated; 

however, breakdown and co-utilization of both cellulose and hemicellulose have not been 

accomplished and is an active area of research (Xiong et al., 2018). While C. thermocellum excels 

at cellulose metabolism, the inability to utilize both five and six carbon sugars in lignocellulose 

remains a barrier that must be overcome for C. thermocellum to become an industrially relevant 

organism. Metabolic engineering for production of industrial chemicals has largely been directed 

at increasing and optimizing the native ethanol production of C. thermocellum (Lynd 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 

production capability and tolerance (Tian et al., 2016; Holwerda et al., 2020). Additionally, 

significant work has focused on elimination of non-ethanol fermentation products (acetate, lactate, 

and hydrogen); this work has shown that deletion of acetate formation genes as 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 29.9 g/l (Papanek et al., 

2015; Holwerda et al., 2020). Some work has been done to produce non-native products in C. 

thermocellum, such as n-butanol, but so far has achieved only modest titers and productivities 

(357 mg/l n-butanol) (Tian et al., 2019). 

 

Thermoanaerobacterium saccharolyticum 

Thermoanaerobacterium saccharolyticum is a hemicellulolytic, Gram-positive, obligate 

anaerobe with an optimal growth temperature of 60°C. Interestingly, T. saccharolyticum can 

effectively degrade xylan but is unable to break down cellulose; it can metabolize many di- and 

monosaccharides. Fermentation products include ethanol, acetate, lactate, H2, and CO2 (Lee et al., 
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1993). T. saccharolyticum has garnered significant attention for production of ethanol from 

hemicellulose (Lynd et al., 2016). In particular, T. saccharolyticum has shown potential to produce 

high levels of ethanol (upwards of 70 g/l on purified substrates, 31 g/l from biomass) (Herring et 

al., 2016). The large success in engineering T. saccharolyticum to 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, like C. thermocellum (Argyros et al., 2011; 

Holwerda et al., 2020). T. saccharolyticum ethanol yield increases were achieved by knocking out 

genes involved in generating or reincorporating major products (acetate, lactate, hydrogen), 

followed by adaptive laboratory evolution on biomass to improve ethanol titers (Shaw et al., 2008; 

Shaw et al., 2011; Shaw et al., 2015; Herring et al., 2016). Consideration of industrial feasibility 

has driven other research for optimization of microbial bioreactive systems for higher industrial 

relevance. For 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 with T. saccharolyticum have 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. bescii is a hemicellulolytic and cellulolytic, Gram-positive, obligate anaerobe with an 

optimal growth temperature of 78°C and natively forms acetate, lactate, H2, and CO2 as primary 

metabolic products (Yang et al., 2010). C. bescii utilizes a plethora of the multi-domain 

lignocellulolytic enzymes with catalytic and carbohydrate binding domains (secreted or bound to 

the surface-(S)-layer) that allow it to degrade a diverse set of carbohydrate polymers (Blumer-
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Schuette et al., 2012; Brunecky et al., 2013; Zurawski et al., 2015; Conway et al., 2016; Brunecky 

et al., 2017; Conway et al., 2017; Conway et al., 2018; Blumer-Schuette, 2020; Hamouda et al., 

2020).  In contrast to cellulosomes, C. bescii (hemi)cellulolytic enzymes are soluble and much 

smaller and do not contain the modular cohesin-dockerin structure. In comparison with T. 

saccharolyticum and C. thermocellum, C. bescii has the advantage of being able to degrade and 

metabolize both the six and five-carbon sugars contained in cellulose and hemicellulose, but C. 

bescii does not possess the native ethanol production capability of the other two microbes. 

Metabolic engineering for production of commodity chemicals from C. bescii has largely targeted 

volatile chemicals, with success in producing ethanol (up to 3.5 g/l) and acetone (up to 0.5 g/l) 

(Williams-Rhaesa et al., 2018a; Straub et al., 2020b). Metabolic engineering efforts have not yet 

achieved comparable titers to those reported for C. thermocellum and T. saccharolyticum; with the 

most success involving the elimination of lactate production and expression of non-native enzymes 

leading to titers of industrially relevant products so far <5 g/l (Lipscomb et al., 2016; Williams-

Rhaesa et al., 2018b; Straub et al., 2020b). This is in part due to the lack of native ethanol 

production pathways that could be optimized; non-native product titers in C. bescii (ethanol and 

acetone) are comparable to C. thermocellum (such as n-butanol) (Tian et al., 2019). Also, the 

genetic system for C. bescii has been steadily improved over the past decade but still needs further 

refinement to accelerate strain development efforts (Chung et al., 2012; Lipscomb et al., 2016; 

Williams-Rhaesa et al., 2018b). As such, there exists significant potential to apply the workflow 

strategy from T. saccharolyticum (knockout of off-products, followed by continuous evolution) to 

C. bescii to improve productivity of commodity chemicals. To become industrially relevant, C. 

bescii must increase its titers of non-native products by an order of magnitude and eliminate off-

product formation. 
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Microbe-feedstock pairings 

As biomass degradation enzymes vary significantly among C. thermocellum, T. 

saccharolyticum, and C. bescii, each microbe favours certain characteristics in a biomass substrate. 

Additionally, the microbes differ in their response to pretreatments of biomass, thus there is a need 

to identify favourable microbe-feedstock pairings and optimize pretreatments (if any). 

Many biomass growth substrates for these organisms have been investigated, including 

microcrystalline cellulose, poplar, and switchgrass (Figure 2). As microcrystalline cellulose can 

be degraded by C. thermocellum and C. bescii, but not by T. saccharolyticum, much of the work 

on CBP has focused on the first two organisms. Comparative assessment of C. bescii and C. 

thermocellum is challenging due to few direct comparisons, commonly disparate processing 

conditions of evaluated biomasses, and differing norms of reporting results. Notably most C. 

thermocellum 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., 2017; Balch et al., 2020; 

Beri et al., 2020). On the other hand, C. bescii experiments 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 sugars; results are typically reported as total mass or 

carbohydrate solubilization (Basen et al., 2014; Chung et al., 2014; Zurawski et al., 2015; Straub 

et al., 2019a; Straub et al., 2019b). Both organisms have been tested with various pretreatments 

and processing steps (including alkaline, acid, hydrothermal, and mechanical), with C. 

thermocellum having been more extensively evaluated with pretreatments (Basen et al., 2014; 

Kothari et al., 2018; Straub et al., 2019a). Differences in biomass preparation and the limited 

number of side-by-side comparisons between C. thermocellum and C. bescii (Yee et al., 2012; 



108 

 

Paye et al., 2016) makes direct comparison between the species difficult. A common point for 

comparison is solubilization of Avicel (microcrystalline cellulose), 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 that C. thermocellum performs better under high 

loadings with 100% solubilization of up to 50 g/l, compared to 60% at 50 g/l loading for C. bescii 

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

 

Figure 2. Microbe-feedstock pairing for consolidated bioprocessing. a: Production 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 chemicals in black). b: 

Common substrates for (hemi)cellulolytic microbes include microcrystalline cellulose (Avicel), poplar (Populus 

trichocarpa pictured), and switchgrass (Panicum virgatum). c: Example 4-day 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. thermocellum and C. bescii were done with autoclaved switchgrass and on acid pretreated 

switchgrass (transgenic and natural) (Yee et al., 2012; Paye et al., 2016; Holwerda et al., 2019).  

The acid pretreatment generated inhibitors for C. thermocellum and C. bescii which could 

be removed via a hot water wash for C. thermocellum but not C. bescii; this result agrees with 

another study on dilute-acid pretreated switchgrass fermented with C. bescii (Yee et al., 2012; 

Basen et al., 2014). Fermentation of 5 g/l autoclaved switchgrass showed C. thermocellum to 

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

than C. bescii (24% and 30% respectively), although C. thermocellum is not capable of 

metabolizing the released pentose sugars, unlike C. bescii (Paye et al., 2016). A second direct 

comparison on autoclaved switchgrass reached similar conclusions for three sets of transgenic and 

non-transgenic control lines (Holwerda et al., 2019). Comparison of these results with another 

study evaluating C. bescii on unpretreated transgenic and natural switchgrass shows some 

differences in total carbohydrate solubilization (Zurawski 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 Holwerda et al. use modified DSM 516 media with 0.33 g/l NH4Cl, 

Zurawski et al. use modified DSM 671 media with 1.0 g/l NH4Cl. Further optimization of the C. 

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 (5 g/l loading) and 80% conversion of 

released carbohydrates to fermentation products (50 g/l in retained biomass bioreactor) (Zurawski 

et al., 2017; Straub et al., 2019a). This indicates that an optimized pretreatment and processing 
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condition for one microbe-feedstock pair may not be well suited for another. These results show 

the importance of determining the microbe-specific processing conditions for a given biomass. C. 

thermocellum's and C. bescii's disparate optimal switchgrass processing conditions make 

comparison difficult. Where the dilute acid pretreatment would suggest C. thermocellum as the 

superior degrader, evaluation of C. bescii with alkaline pretreatments and slowly purged reactor 

systems, combined with its native ability to metabolize both five and six carbon sugars, indicates 

competitive or superior performance on switchgrass. 

Poplar trees, natural and transgenic, have been paired with both C. thermocellum and C. 

bescii, where P. trichocarpa had total mass solubilization of 12%-20% by C. thermocellum 

(natural poplar variant) and 20%-25% by C. bescii (wildtype poplar) (Dumitrache et al., 2016; 

Straub et al., 2019b; Straub et al., 2020a). Note that these values are mass solubilizations, not 

conversions, where C. thermocellum can solubilize some of the hemicellulose, but does not convert 

the five-carbon sugars. Investigations into transgenic lines have shown potential for feedstock 

optimization, particularly in C. bescii with total mass solubilizations upwards of 80% and 

carbohydrate solubilization upwards of 90% with no pretreatments (Straub et al., 2019b). This 

same work also demonstrated the ability of C. bescii to degrade untreated poplar stem sections, 

eliminating the need to have energy intensive milling, while retaining 70% of mass solubilization 

(Straub et al., 2019b). Optimization of the C. bescii - transgenic P. trichocarpa pair has shown 

promising results in generating a poplar tree line with improved unpretreated solubilization results 

while minimizing growth defects (Straub et al., 2020a). C. bescii has 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 relevant. Two main barriers exist to the industrialization of 
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the C. bescii - transgenic P. trichocarpa pair: 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 co-optimizing microbe-feedstock pairs to achieve 

industrially relevant deconstruction efficiency, in contrast to independent improvement in 

microbes or feedstocks. There is potential to extend this work to other microbe-feedstock pairs. 

Most lignocellulolytic substrates contain more cellulose than hemicellulose (such as poplar 

and switchgrass), Consequently, T. saccharolyticum, which can only degrade the hemicellulose 

component, has received less attention in monoculture; instead work has focused on sequential 

fermentation and co-culturing (mostly in conjunction with C. thermocellum) to ferment pentoses 

released from hemicellulose (Wang et al., 2019a). As such, most of the microbe-feedstock pairs 

discussed involve C. thermocellum or C. bescii. However, due to optimal pH differences (T. 

saccharolyticum pH 6 and C. thermocellum pH 7), a related species, Thermoanaerobacterium 

thermosaccharolyticum, with optimal pH of 7, has recently gained interest for co-culture with C. 

thermocellum, but has had less success in matching the high ethanol titers of T. saccharolyticum 

(Wang et al., 2019a; Beri et al., 2020). Recent work to degrade autoclaved corn fibre (a high 

hemicellulose substrate) with a sequential co-culture of C. thermocellum-T. saccharolyticum and 

a co-culture with T. thermosaccharolyticum showed upwards of 96% mass solubilization of 

carbohydrates but was limited by utilization of saccharides derived from glucuronoarabinoxylan 

without addition of exogenous enzymes (Beri et al., 2020). The same work also indicated the 

capacity for glucuronoarabinoxylan degradation by Caldanaerobius polysaccharolyticus 

(hemicellulolytic, Topt = 65-68°C, pHopt ~ 7), which was too thermophilic to use in their co-culture 

with C. thermocellum at 55°C (Beri et al., 2020; Cann et al., 2020). To become an effective CBP 

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

of hexoses and pentoses. An industrially relevant co-culture would require identification of a 

hemicellulolytic microbe with optimal pH ~7, broad substrate appetite, high productivity of 

industrially relevant products, and ability to form a stable co-culture with C. thermocellum. Due 

to these challenges, metabolic engineering of C. thermocellum to co-utilize pentose and hexose 

sugar is likely a more feasible task. 

Fermentation process optimization has been shown to dramatically increase deconstruction 

efficiency of biomass. One example is the slowly purged retained biomass bioreactor, mentioned 

previously for C. bescii on switchgrass, which maintained metabolic activity of the microbe 

allowing for improved biomass solubilization as well as doubling conversion of solubilized 

carbohydrates to fermentation products (Straub et al., 2019a). For C. thermocellum, continuous 

ball milling during fermentation (referred to as a cotreatment) has been shown to increase total 

carbohydrate solubilization in switchgrass (46%-87%), corn stover (66%-88%), and poplar (18%-

88%). Interestingly, this process had no effect on solubilization with T. saccharolyticum, and 

inhibited the growth of Zymomonas mobilis and Bacillus subtilis, indicating that this process is not 

suitable for some organisms but can yield improvements for others (Balch et al., 2017; Balch et 

al., 2020). Continuous ball milling has not been tested with C. bescii. For CBP to become 

industrially relevant, process-optimizations need to be considered for specific microbe-feedstock 

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 economically expensive. The gain in carbohydrate solubilization and 

subsequent conversion to a product must be larger than the energy and monetary costs of the 

treatments. 
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Concluding remarks 

Progress towards industrial scale conversion of lignocellulose to bioproducts relies on the 

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 pretreatments. Of the lignocellulolytic microbes 

available, two paths are being explored in depth for industrial use. The first path is fermentation 

with C. thermocellum. This option benefits from native ethanol production that has been optimized 

to high titers but is limited by effective co-utilization of all carbohydrates contained in 

lignocellulose and low productivity of non-native products. The second path is fermentation with 

C. bescii. This option benefits from the native ability to release and co-utilize both pentose and 

hexoses contained in lignocellulose but is currently limited by the low productivity of commodity 

chemicals, which have to be engineered into the host. However, both paths are ultimately limited 

by the inability of either microbes or indeed, of any anaerobic microbe, to convert the lignin 

component of the biomass to useful products, as 100% total mass solubilization of lignocellulose 

cannot be achieved without deconstruction of lignin. 

Both C. thermocellum and C. bescii have demonstrated great capability 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 deconstruction process while retaining high levels of carbohydrate 

solubilization. Complementary optimization of specific microbe-feedstock pairs has potential to 

reduce or eliminate the need for pre- and co-treatments. Development of transgenic feedstocks 

tuned to the unique deconstruction abilities of specific CBP microbes, while minimizing feedstock 

growth defects, is needed for an industrially optimized microbe-feedstock CBP pair. 
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Additionally, significant advances are needed to bring non-native products to industrial 

relevance. While the work in T. saccharolyticum and C. thermocellum to optimize native ethanol 

production has led to outstanding advances, ethanol alone cannot satisfy the bioproduct future. 

Replacement of other petroleum derivatives and high energy density fuels will likely be needed. 

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

high productivity of non-native 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, a biopolymer in wood that is resistant to chemical and 

enzymatic degradation. Here, we show that multiplex CRISPR-editing enables precise woody 

feedstock design for combinatorial improvement of lignin and wood properties. By assessing every 

possible multigenic editing combination for 21 genes in the pathway using a machine-learning 

predictive model, we designed eight strategies that targeted the concurrent editing of up to six 

genes and generated 158 edited poplar variants. Multiplex CRISPR-editing reduced feedstock 

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, machine-learning. 
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Introduction  

Wood is the most abundant biomass on earth (Bar-On et al., 2018) and the major source of 

biogenic fiber for the bioeconomy. Wood is composed of cellulose, hemicelluloses, and lignin (Li 

et al., 2011; Ye and Zhong, 2015). In part, the wood characteristics are determined by lignin 

properties (del Río et al., 2005; Wang et al., 2018). The content and composition (ratio of each 

subunit) of lignin are important parameters for pulping (fiber production) process in the pulp and 

paper industry (del Río et al., 2005; Magaton et al., 2009). The pulping process relies on separating 

cellulosic fiber and removing lignin by using chemical treatments under high temperature and 

pressure conditions (del Río et al., 2005). The lignin traits affect the consumption of chemicals, 

delignification rates, and pulp yield (del Río et al., 2005; Magaton et al., 2009). 

Lignin is a phenolic polymer present in the secondary cell wall and is composed of p-

hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, derived from the oxidative 

polymerization of three monolignols p-coumaryl, coniferyl, and sinapyl alcohols, respectively 

(Wang et al., 2018; Dixon and Barros, 2019). Monolignol biosynthesis involves at least 11 

different enzyme families: phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H), 

4-coumarate CoA-ligase (4CL), shikimate hydroxycinnamoyl transferase (HCT), p-coumaroyl 

shikimate 3-hydroxylase (C3H), caffeoyl shikimate esterase (CSE),  caffeoyl-CoA-O-

methyltransferase (CCoAOMT), coniferaldehyde 5-hydroxylases (CAld5H), 5-

hydroxyconiferaldehyde O-methyltransferase (AldOMT), cinnamoyl-CoA reductase (CCR), and 

cinnamyl alcohol dehydrogenase (CAD) (Vanholme et al., 2013; Wang et al., 2018). 

Clustered Regularly-Interspaced Short Palindromic Repeats (CRISPR)-based editing of 

monolignol gene families can modify the properties of lignin and wood.  In some plant species, 

CRISPR-based genome editing has been used to target monolignol genes (Zhou et 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., 2021).  Most of these studies focused 

on single-gene editing. However, the combinatorial targeting of multiple genes may be necessary 

for trait modifications to alleviate negative plant growth and adaptation (Wang et al., 2018). 

In this study, we evaluated the CRISPR-based editing of 69,123 unique sets of gene 

combinations informed by our machine learning-based 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 CRISPR-edited Populus 

trichocarpa. One hundred and fifty-eight 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 growth. Perturbation 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 composition resulted in increased pulp yield. Our techno-economic 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 

technology 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 targets for multiplex genome editing in P. trichocarpa to 

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 biosynthesis (Wang et al., 2018; Wang et al., 2019; Matthews et al., 2020, 2021). To do this, 

we heuristically searched through every possible combination of multiplex genome editing 

strategies targeting the concurrent loss-of-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 gene edits with the overexpression of one gene. In total, 69,123 unique sets 

of genome editing combinations were evaluated using the predictive model to estimate the 

corresponding changes in 25 lignin and wood traits (Data not shown). The in silico genome 

perturbations were performed by specifying the model input as the target gene transcript 

abundances in the form of percentage 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 loss-of-function), 100% (i.e., wildtype level), or 300% (i.e., overexpressed 

for gain-of-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 steady-state, 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. From the 69,123 editing strategies and their model-informed 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 through all possible 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) higher than 75% of wildtype. Only 367 out of the 69,123 

strategies matched 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 was calculated. The 

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 target genes 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 untargeted genes (McKay 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 observed in P. trichocarpa (GEO accession number: GSE78953) (Wang 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% of wildtype) and growth (height estimated 

yield equals or higher than 98% of wildtype). Strategies with the best-estimated results and with a 

diversity in the number of concurrent edits were selected for multiplex genome editing in P. 

trichocarpa. The estimated results were reconfirmed with a large-scale (global) sensitivity analysis 

using LHS for each selected strategy to randomly sample 1,000 sets of untargeted monolignol 

transcript abundances within the range of expression levels observed in P. trichocarpa (GEO 

accession number: GSE78953). 
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Growth condition of P. trichocarpa 

P. trichocarpa genotype Nisqually-1 was used for all experiments. Trees were grown in ½ 

Miracle-Gro Soil (Scotts Miracle-Gro products, Maysville, OH, USA) and ½ Metro-Mix 200 (Sun 

Gro, Bellevue, WA, USA) in a greenhouse with 16 h light/8 h dark cycles with supplement lighting 

of ~300 µE mī2 sī1 for six months (Song et al., 2006). The height and diameter of each tree was 

measured before harvest for characterization. 

 

Design and validation of gRNAs 

Three gRNAs for each target gene were designed using the CRISPOR software 

(http://crispor.tefor.net/) (Concordet and Haeussler, 2018) based on the P. trichocarpa genome 

Ver. 4.1 (JGI). The gRNAs with high-specificity scores (Table 1) that target the 5ô end of the 

coding sequence were chosen for functional validation using in vitro cleavage assays (Pattanayak 

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 µM T25_long primer, and 1 µM BS7 

primer (Table 2). The DNA templates were then used to synthesize the gRNAs by in vitro 

transcription using a HiScribeÊ T7 Quick High Yield RNA Synthesis Kit (New England Biolabs, 

USA). For the in vitro cleavage assays, 2 µg of purified recombinant SpCas9, 4 µg of gRNA, and 

300 ng of linearized target genes were incubated at 37 C for 1 h in the reaction buffer (1 mM 

DDT, 5 mM MgCl2, 50 mM phosphate buffer at pH 7.5). DNA fragments were purified using the 

DNA Clean & Concentrator-25 (Zymo Research, USA) and analyzed using 1% agarose gel 

electrophoresis. Reactions that lack the SpCas9, a gRNA, or has random (non-specific) gRNA 

were included as negative controls. The products of each reaction 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 + PAM (5ôŸ 

3ô) 

CDS position MIT 

specificity 

score 

CFD 

specificity 

score 

Selected to generate the 

CRISPR-edited lines 

CRISPR-

construct 

gRNA_P2(36) PtrPAL2 TTCTGTCAGGACTCATGCA

CTGG 

7-26 bp 62 98 ṉ KP245, 

OHCKP, 

OC5KP 

gRNA_P2(37) PtrPAL2 ACCCCAATGACCCCTTGAA

CTGG 

50-69 bp 99 98   

gRNA_P2(38) PtrPAL2 CTGTCAGAGGAGGCTCGAG

TTGG 

229-248 bp 65 99   

gRNA_P45(33) PtrPAL4 and  

PtrPAL5 

TTTTGTCAAGATTCACGCA

ATGG 

7-26 bp 49 98   

gRNA_P45(34) PtrPAL4 and  

PtrPAL5 

ACTAATGACCCTTTGAACT

GGGG 

52-71 bp 49 98 ṉ KP245, 

OHCKP, 

OC5KP 

gRNA_P45(35) PtrPAL4 and  

PtrPAL5 

GCAATTGCTAGCCGTGACG

TTGG 

193-212 33 97   

gRNA_CD1(30) PtrCAD1 CTGAAACAGAGTGGGCTA

AGAGG 

529-548 bp 98 99   

gRNA_CD1(31) PtrCAD1 TGGCATGTCACACTATCCT

ATGG 

174-193 bp 99 99   

gRNA_CD1(32) PtrCAD1 TTGTGGTGAGAATTCCTGA

TGGG 

434-453 bp 97 99 ṉ K3, K4, 

K5, K6 

gRNA_CD2(1) PtrCAD2 GTAGGAGACAAAGTAGGC

GTGGG 

268-287 bp 96 96   

gRNA_CD2(2) PtrCAD2 GATAACATGCCGCTTGACG

GTGG 

460-479 bp 100 100 ṉ K 

gRNA_CD2(3) PtrCAD2 GATGAACCCGGCAAGCAT

ATCGG 

541-560 bp 96 99   

gRNA_C3H3(1) PtrC3H3 TTTGGGAGAGAAAAGCTCA

AGGG 

383-402 bp 88 93   

gRNA_C3H3(3) PtrC3H3 GAGCCCACTCTGCAAAGCA

CCGG 

147-166 bp 100 100 ṉ K3, K4, 

K5, K6 

gRNA_C3H3(5) PtrC3H3 CTACGCTTCAAGCTCCCAC

CAGG 

67-86 bp 99 99   

gRNA_C4H1(1) PtrC4H1 GGACAGGTATAGGACCTG

GAGGG 

102-121 bp 98 98 ṉ K4, K5 

gRNA_C4H1(2) PtrC4H1 GACATCTTCCTCCTTCGTAT

GGG 

199-218 bp 95 98   

gRNA_C4H1(4) PtrC4H1 CCTCCTCAAAACAATCCCA

TTGG 

509-258 bp 80 99   

gRNA_ALDOMT2

(2) 

PtrAldOMT2 CAAATTCTTGACCAAGAAC

GAGG 

336-355 bp 93 96 ṉ K3, K4, 

K5, K6 

gRNA_ALDOMT2

(3) 

PtrAldOMT2 TAGCCAGGAGGCGCAAGA

TACGG 

237-256 bp 82 99   

gRNA_ALDOMT2

(4) 

PtrAldOMT2 TCTTCATCTGATACCTGAG

TTGG 

34-53 bp 98 99   

gRNA_CCOAOM

T1(2) 

PtrCCoAOMT1 ATGCATGAAGGAGCTCAG

GGAGG 

132-151 bp 98 99 ṉ K5 

gRNA_CCOAOM

T1(3) 

PtrCCoAOMT1 CGGAGAGGAACAGCAAAG

CCAGG 

12-31 bp 97 98   

gRNA_CCOAOM

T1(4) 

PtrCCoAOMT1 ATGGAGATCGGTGTTTACA

CTGG 

250-269 bp 97 99   

gRNA_CCOAOM

T2(1) 

PtrCCoAOMT2 AGGCTCTCTTGGGTACACA

CTGG 

110-129 bp 93 100   

gRNA_CCOAOM

T2(2) 

PtrCCoAOMT1 

and 

PtrCCoAOMT2 

GCAAAGTGATGCTCTTTAC

CAGG 

72-91 bp 49 98   

gRNA_CCOAOM

T2(3) 

PtrCCoAOMT1 

and 

PtrCCoAOMT2 

AAGAGAGCCTGAATGCAT

GAAGG 

120-139 bp 50 98 ṉ K6 
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Table 2. Primer sequences and usage descriptions. 

Primer name Sequence (5ô Ÿ 3ô) Usage 

gRNA_P2(36)-IT TAATACGACTCACTATAGTCTGTCAGGACTCATGCACGTTTAAGAGCT

ATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_P2(37)-IT TAATACGACTCACTATAGACCCCAATGACCCCTTGAACGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_P2(38)-IT TAATACGACTCACTATAGCTGTCAGAGGAGGCTCGAGTGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_P45(33)-IT TAATACGACTCACTATAGTTTTGTCAAGATTCACGCAAGTTTAAGAGC

TATGCTGGAAACAGCATAGCAAGTTTAAATAAGG  

In vitro transcription 

gRNA_P45(34)-IT TAATACGACTCACTATAGACTAATGACCCTTTGAACTGGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_P45(35)-IT TAATACGACTCACTATAGGCAATTGCTAGCCGTGACGTGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_C3H3(1)-IT TAATACGACTCACTATAGTTTGGGAGAGAAAAGCTCAAGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_C3H3(3)-IT TAATACGACTCACTATAGGAGCCCACTCTGCAAAGCACGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_C3H3(5)-IT TAATACGACTCACTATAGCTACGCTTCAAGCTCCCACCGTTTAAGAGC

TATGCTGGAAACAGCATAGCAAGTTTAAATAAGG  

In vitro transcription 

gRNA_C4H1(1)-IT TAATACGACTCACTATAGGGACAGGTATAGGACCTGGAGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_C4H1(2)-IT TAATACGACTCACTATAGGACATCTTCCTCCTTCGTATGTTTAAGAGC

TATGCTGGAAACAGCATAGCAAGTTTAAATAAGG  

In vitro transcription 

gRNA_C4H1(4)-IT TAATACGACTCACTATAGCCTCCTCAAAACAATCCCATGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_CD1(30)-IT TAATACGACTCACTATAGCTGAAACAGAGTGGGCTAAGGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_CD1(31)-IT TAATACGACTCACTATAG 

TGGCATGTCACACTATCCTAGTTTAAGAGCTATGCTGGAAACAGCAT

AGCAAGTTTAAATAAGG  

In vitro transcription 

gRNA_CD1(32)-IT TAATACGACTCACTATAG 

TTGTGGTGAGAATTCCTGATGTTTAAGAGCTATGCTGGAAACAGCAT

AGCAAGTTTAAATAAGG  

In vitro transcription 

gRNA_CAD2(1)-IT TAATACGACTCACTATAGGTAGGAGACAAAGTAGGCGTGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_CAD2(2)-IT TAATACGACTCACTATAGGATAACATGCCGCTTGACGGGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 
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Table 2 (continued) 
gRNA_CAD2(3)-IT TAATACGACTCACTATAGGATGAACCCGGCAAGCATATGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_AldOMT2(2)-IT TAATACGACTCACTATAGCAAATTCTTGACCAAGAACGGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_AldOMT2(3)-IT TAATACGACTCACTATAGTAGCCAGGAGGCGCAAGATAGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_AldOMT2(4)-IT TAATACGACTCACTATAGTCTTCATCTGATACCTGAGTGTTTAAGAGC

TATGCTGGAAACAGCATAGCAAGTTTAAATAAGG  

In vitro transcription 

gRNA_CCoAOMT1(2)-IT TAATACGACTCACTATAGATGCATGAAGGAGCTCAGGGGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_CCoAOMT1(3)-IT TAATACGACTCACTATAGCGGAGAGGAACAGCAAAGCCGTTTAAGA

GCTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_CCoAOMT1(4)-IT TAATACGACTCACTATAGATGGAGATCGGTGTTTACACGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_CCoAOMT2(1)-IT TAATACGACTCACTATAGGCAAAGTGATGCTCTTTACCGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_CCoAOMT2(2)-IT TAATACGACTCACTATAGAGGCTCTCTTGGGTACACACGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

gRNA_CCoAOMT2(3)-IT TAATACGACTCACTATAGAAGAGAGCCTGAATGCATGAGTTTAAGAG

CTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG 

In vitro transcription 

BS6 AAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACT

AGCCTTATTTAAACTTGCTATGCTGTTTCCAGC 

In vitro transcription 

BS7 AAAAAAAGCACCGACTCGGTGC In vitro transcription 

T25-long GAAATTAATACGACTCACTATAG  In vitro transcription 

gRNA_CD1(30)-C1-F GATTCTGAAACAGAGTGGGCTAAG gRNA cloning into pEgP237-gfp 

CRISPR-plasmid 

gRNA_CD1(30)-C1-R AAACCTTAGCCCACTCTGTTTCAG gRNA cloning into pEgP237-gfp 

CRISPR-plasmid 

gRNA36F(P2)-GG TTGGGTCTCGTGCAGTTCTGTCAGGACTCATGCACGTTTTAGAGCTAG

AAATAGCA  

gRNA cloning into pMgP237-gfp 

CRISPR-plasmid 

gRNA34R(P45)-GG TTGGGTCTCCAAACCAGTTCAAAGGGTCATTAGTCTGCACCAGCCGG

GAATCGAA 

gRNA cloning into pMgP237-gfp 

CRISPR-plasmid 

F4A_tgRNA_C3H3(3) TTGGGTCTCGTGCAGAGCCCACTCTGCAAAGCACGTTTTAGAGCTAG

AAATAGCA  

gRNA cloning into pMgP237-gfp 

CRISPR-plasmid 

R4A_tgRNA_CAD1(32) TTGGGTCTCCTTCTCACCACAACTGCACCAGCCGGGAATCGAA gRNA cloning into pMgP237-gfp 

CRISPR-plasmid 
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Table 2 (continued) 
F4A_tgRNA_CAD1(3)2 TTGGGTCTCGAGAATTCCTGATGTTTTAGAGCTAGAAATAGCA gRNA cloning into pMgP237-gfp 

CRISPR-plasmid 

R4A_tgRNA_CAD2(2) TTGGGTCTCCCGGCATGTTATCTGCACCAGCCGGGAATCGAA gRNA cloning into pMgP237-gfp 

CRISPR-plasmid 

F4A_tgRNA_CAD2(2) TTGGGTCTCGGCCGCTTGACGGGTTTTAGAGCTAGAAATAGCA gRNA cloning into pMgP237-gfp 

CRISPR-plasmid 

R4A_tgRNA_CCoAOMT2(3) TTGGGTCTCCTCAGGCTCTCTTCTGCACCAGCCGGGAATCGAA gRNA cloning into pMgP237-gfp 

CRISPR-plasmid 

F4A_tgRNA_CCoAOMT2(3) TTGGGTCTCGCTGAATGCATGAGTTTTAGAGCTAGAAATAGCA gRNA cloning into pMgP237-gfp 

CRISPR-plasmid 

R4A_tgRNA_AldOMT2(2) TTGGGTCTCCAAACCGTTCTTGGTCAAGAATTTGCTGCACCAGCCGGG

AATCGAA 

gRNA cloning into pMgP237-gfp 

CRISPR-plasmid 

R4A_tgRNA_CCoAOMT1(2) TTGGGTCTCCTCCTTCATGCATCTGCACCAGCCGGGAATCGAA gRNA cloning into pMgP237-gfp 

CRISPR-plasmid 

F4A_tgRNA_CCoAOMT1(2) TTGGGTCTCGAGGAGCTCAGGGGTTTTAGAGCTAGAAATAGCA gRNA cloning into pMgP237-gfp 

CRISPR-plasmid 

R4A_tgRNA_C4H1(1) TTGGGTCTCCCTATACCTGTCCTGCACCAGCCGGGAATCGAA gRNA cloning into pMgP237-gfp 

CRISPR-plasmid 

F4A_tgRNA_C4H1_1 TTGGGTCTCGATAGGACCTGGAGTTTTAGAGCTAGAAATAGCA gRNA cloning into pMgP237-gfp 

CRISPR-plasmid 

AtU6(666)-F TCTTCAAAAGTCCCACATCG Transgenic-screening 

Cas9(975)-R ATGTTGGCAAACTTGGC Transgenic-screening 

PAL2-F1 TTTGGTGACCTGAAGATTCC Genotyping editing of PtrPAL2 

PAL2-R1 TCCTCTGACAGCTCTACCTTG Genotyping editing of PtrPAL2 

PAL4,5-F4 CTCACACATCCGTTCTTCTC Genotyping editing of PtrPAL4 and 

PtrPAL5 

Exon1P45-R2 CTAGCAATTGCAGTTACCTG Genotyping editing of PtrPAL4 and 

PtrPAL5 

C3H(50)-F CAAAATCTACCAACGTCTACGCTTC Genotyping editing of PtrC3H3 

C3H(209)-R AGAGTTGAACCGAACCAAACTG Genotyping editing of PtrC3H3 

OMT2-E1(101)-F CTCACCTCCCTACCAAAAACCC Genotyping editing of PtrAldOMT2 

OMT2-E1 (421)-R ACCAGCTTTCCATGAGGACCTT Genotyping editing of PtrAldOMT2 

C4H1-UR-F2 CCTCAAAAATCCCCACCTCTTTC Genotyping editing of PtrC4H1 

C4H1(253)-R CAGGAGAAGAGACGACAACAAGG Genotyping editing of PtrC4H1 

CAD1_E4-F GATGGGATGTCACCAGAACAAGC Genotyping editing of PtrCAD1 

CAD1-R1(1378) CTAATCACAGTTACGTGGTGTC Genotyping editing of PtrCAD1 

CD2-E3(150)-F TCCTGACATACGCCTCCATCTAC Genotyping editing of PtrCAD2 

CD2-E3(360)-R CCAACGATACCGATATGCTTGC Genotyping editing of PtrCAD2 
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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 1) were inserted into the multiplex CRISPR vector pMgP237-2A-gfp using 

Golden-Gate cloning (Ueta et al., 2017).  PCR fragments containing the gRNA target sequences, 

gRNA scaffold sequence, and tRNA pre-processing sequence were amplified using primers in 

Table 2 (Figure 1). The amplified gRNA target sequences were assembled by Golden-Gate cloning 

(Engler et al., 2008) and inserted into pMgP237-2A-gfp in a single reaction using 20 units of BsaI 

restriction enzyme and 40 units of T4 DNA-ligase (New England Biolabs). The reactions were 

incubated at 37 oC for 5 min and then cooled to 16 oC for 10 min. The temperature cycling was 

repeated 10 times. Additional 10 units of BsaI was added to the reaction, and the samples were 

incubated at 50 oC for 1 h, and 80 oC for 15 min. The presence of the gRNA(s) sequence(s) in the 

CRISPR-plasmids was confirmed by Sanger-sequencing using primers specific for the vector 

backbone and gRNA (Table 2).  
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Figure 1. CRISPR-constructs assembly. PCR products containing the gRNA target sequences, gRNA scaffold 

sequence, and pre-tRNA were assembled and inserted into the CRISPR vector pMgP237-2A-gfp in the BsaI RE site 

by Golden-gate method. For the CRISPR-constructs with overexpression, the DNA cassettes(s) containing either the 

PtrHCT6 or PtrCAld5H2 cds were ligate in the ApaI RE site into the pMgP237-2A-gfp. 

 

To product transgene constructs for target gene overexpression, two DNA cassettes were 

synthesized (Genewiz, USA). The first cassette (4CLP-PtrHCT6-NosT) contains the xylem-

specific promoter of 4-coumaric acid:CoA ligase 3 (Ptr4CL3P; accession number 

Potri.001G036900) (Wang et al., 2018), CDS of 4-hydroxycinnamoyl-CoA:shikimic acid 

hydroxycinnamoyl transferase 6 (PtrHCT6; accession number Potri.001G042900), and NosT. The 

second cassette contains the CDS of a modified coniferaldehyde-5-hydroxylase 2 (PtrCAld5H2; 

accession code: Potri.007G016400). Restriction sites of SbfI, BamHI, ApaI, EcoRI, BglII, XhoI 

were added to 5ô or 3ô regions of the Ptr4CLP, PtrHCT6, and PtrCAld5H2. Internal EcoRI and 

HindIII restriction sites in the coding region of PtrHCT6 and PtrCAld5H2 were substituted with 

alternative nucleotides without changing the peptide coding sequence. To assemble the 4CLP-

PtrCAld5H2-NosT, the PtrHCT6 CDS was replaced by PtrCAld5H2 using the restriction sites 

BglII and XhoI. The DNA cassettes (4CLP-PtrHCT6-NosT and 4CLP-PtrCAld5H2-NosT) were 

then isolated from pUC57 plasmid using ApaI and inserted into the pMgP237-2A-gfp CRISPR-
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plasmid containing the PtrPAL2 and PtrPAL4,5 gRNAs using T4 DNA-ligase (New England 

Biolabs, USA) to generate the OHCTKP and OC5KP constructs (Figure 1). 

The xylem-specific Ptr4CLP was functionally validated in vivo using P. trichocarpa stem 

differentiating xylem (SDX) protoplasts (Lin et al., 2014). SDX protoplasts were transfected with 

a pUC19 vector harboring the Ptr4CLP driving a green fluorescent protein (gfp), and the 

percentage of fluorescent SDX protoplasts was counted 12 h post-transfection. Protoplasts 

transfected with pUC19-CaMV35S-gfp and ddH20 were used as positive and negative controls, 

respectively. Fluorescence in SDX protoplasts was analyzed using an LSM 710 laser-scanning 

microscope (Zeiss, USA). Excitation and emission wavelengths were 488 nm and 492 to 543 nm, 

respectively. The percentage of gfp positive protoplasts provides a relative estimation of promoter 

activity in SDX.  

 

Generation and genotyping of CRISPR-edited P. trichocarpa 

P. trichocarpa was individually transformed with the CRISPR constructs following our 

established protocols using Agrobacterium tumefaciens (Song et al., 2006). At least 10 putative 

transgenic P. trichocarpa lines were produced for each CRISPR construct.  To validate transgene 

integration, genomic DNA from young leafs of 158 CRISPR-lines was extracted using the Quick-

DNAÊ Plant/Seed Miniprep Kit (Zymo Research, USA). PCR using the Q5® High-Fidelity DNA 

Polymerase (New England Biolabs, USA) and primers AtU6(666)-F and Cas9(975)-R (Table 2) 

was performed for the putative transgenic plantlets along with a positive control (transformation 

plasmid) and a negative control (genomic DNA of wildtype P. trichocarpa). The amplicons were 

then sequenced either by Sanger or deep-amplicon sequencing to determine the frequency and type 

of target gene edits. For the CRISPR-lines 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 NEB® PCR Cloning Kit (New England Biolabs, USA), and 10-15 recombinant 

colonies were sequenced (Genewiz, USA). Due to the low coverage of Sanger-sequencing, the 

editing events were subsequently re-confirmed by RNA-seq (described in the subsection below). 

For the CRISPR-lines genotyped by deep-amplicon sequencing (100 CRISPR-lines encompassing 

the K3, K4, K5, and K6 constructs), the PCR-amplified target genes were purified using the DNA 

Clean & Concentrator-25 (Zymo Research, USA) and sent for deep-amplicon sequencing 

(Genewiz, USA). The sequence reads were mapped to the target genes, and the frequency of total 

INDELS and loss-of-function INDELS for each gene was calculated using the Cas-analyzer 

software (Park et al., 2016) (http://www.rgenome.net/cas-analyzer). 

Based on the frequency of gene editing, 33 CRISPR-lines were selected for the molecular 

and phenotypic characterization. Up to four vegetatively propagated copies of each CRISPR-line 

were grown in a greenhouse for 6 months. The stem-differentiating xylem (SDX) tissues and wood 

samples of the 92 CRISPR-edited and 9 wildtypes 6-months-old greenhouse-grown 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 transcriptome RNA-seq 

SDX tissues from 6-months-old greenhouse-grown trees were collected for RNA 

extraction. SDX was scraped from the surface of the debarked stems using single-edge razor blades 

(Lin et al., 2014). The collected tissues were frozen and ground into powder in liquid nitrogen. 

http://www.rgenome.net/cas-analyzer
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Total RNA was extracted using the Quick-RNA Plant Kit (Zymo Research, USA) from one 

biological replicate of each CRISPR-line. Library construction and RNA-Seq were performed by 

GENEWIZ (USA). RNA quality was evaluated by Bioanalyzer 2100 (Agilent RNA 6000 Nano 

Kit). The library construction was performed using TruSeq RNA sample preparation kit (Illumina, 

USA), and sequencing was carried out on the Illumina HiSeq 2000 platform (Illumina, USA). 

Sequence reads were trimmed to remove adapter sequences and nucleotides with poor quality 

using Trimmomatic v.0.36 (Bolger et al., 2014). The trimmed reads were mapped to the P. 

trichocarpa v4.1 reference genome available on the P. trichocarpa genome Ver. 4.1 (JGI) using 

the STAR aligner v.2.5.2b (Dobin et al., 2013). Unique gene hit counts were calculated by using 

featureCounts from the Subread package v.1.5.2 (Liao et al., 2013; Liao et al., 2014; Liao et al., 

2019). Gene expression was expressed as transcript per million (TPM). The percentage of RNA-

seq reads edited for PtrPAL2, PtrPAL4, and PtrPAL5 genes was calculated using the Geneious 

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

 

Off-target analysis of P. trichocarpa harboring multigenic editing of PtrPAL2,4,5 genes 

CRISPOR software (http://crispor.tefor.net/) was used to estimate the most probably off-

target genes for the two guides used to edit PtrPAL2 (gRNA_P2(36)) and PtrPAL4,5 

(gRNA_P45(34)) (Concordet and Haeussler, 2018) (Table 3). The RNA-seq reads from 10 

CRISPR-lines with a high percentage of editing for the three PtrPAL genes were mapped against 

the potential off-target regions using Geneious Prime 2020.2.4 (https://www.geneious.com) 

software. No editing events were identified in the regions analyzed for the potential off-target 

genes, suggesting that the editing of the target genes are highly specific in P. trichocarpa. 
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Table 3. Off-targets analysis of candidate genes. The underlined bases represent the nucleotide differences between 

the on and off-target genes. 

On-target 

gene 

CRISPR-

line 

Off -target candidate 

name and accession 

code 

Off -target 

candidate 

sequence 

(5ôŸ3ô) 

MIT Off -

target score 

CFD Off-

target score 

No of total RNA-

seq reads 

mapping the off-

target candidates 

No of off-target 

candidates mapped 

reads with edits 

PtrPAL2 KP245-1 Acyl-CoA-sterol O-

acyltransferase 1 

(Potri.001G260700) 

TTGTGTC

AGGACTC

ATGCAC 

GAG 

19.72 0.129630 3 0 

PtrPAL2 KP245-4 Acyl-CoA-sterol O-

acyltransferase 1 

(Potri.001G260700) 

TTGTGTC

AGGACTC

ATGCAC 

GAG 

19.72 0.129630 1 0 

PtrPAL2 OC5KP-5 Acyl-CoA-sterol O-

acyltransferase 1 

(Potri.001G260700) 

TTGTGTC

AGGACTC

ATGCAC 

GAG 

19.72 0.129630 3 0 

PtrPAL2 OC5KP-15 Acyl-CoA-sterol O-

acyltransferase 1 

(Potri.001G260700) 

TTGTGTC

AGGACTC

ATGCAC 

GAG 

19.72 0.129630 15 0 

PtrPAL2 OC5KP-20 Acyl-CoA-sterol O-

acyltransferase 1 

(Potri.001G260700) 

TTGTGTC

AGGACTC

ATGCAC 

GAG 

19.72 0.129630 12 0 

PtrPAL2 OC5KP-24 Acyl-CoA-sterol O-

acyltransferase 1 

(Potri.001G260700) 

TTGTGTC

AGGACTC

ATGCAC 

GAG 

19.72 0.129630 5 0 

PtrPAL2 OC5KP-33 Acyl-CoA-sterol O-

acyltransferase 1 

(Potri.001G260700) 

TTGTGTC

AGGACTC

ATGCAC 

GAG 

19.72 0.129630 10 0 
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Table 3 (continued) 
PtrPAL2 OC5KP-38 Acyl-CoA-sterol O-

acyltransferase 1 

(Potri.001G260700) 

TTGTGTC

AGGACTC

ATGCAC 

GAG 

19.72 0.129630 7 0 

PtrPAL2 OC5KP-39 Acyl-CoA-sterol O-

acyltransferase 1 

(Potri.001G260700) 

TTGTGTC

AGGACTC

ATGCAC 

GAG 

19.72 0.129630 6 0 

PtrPAL2 OHCTKP-11 Acyl-CoA-sterol O-

acyltransferase 1 

(Potri.001G260700) 

TTGTGTC

AGGACTC

ATGCAC 

GAG 

19.72 0.129630 4 0 

PtrPAL2 OHCTKP-16 Acyl-CoA-sterol O-

acyltransferase 1 

(Potri.001G260700) 

TTGTGTC

AGGACTC

ATGCAC 

GAG 

19.72 0.129630 3 0 

PtrPAL2 OHCTKP-26 Acyl-CoA-sterol O-

acyltransferase 1 

(Potri.001G260700) 

TTGTGTC

AGGACTC

ATGCAC 

GAG 

19.72 0.129630 3 0 

PtrPAL4 

and 

PtrPAL5 

KP245-1 Phenylalanine 

ammonia-lyase 2 

(Potri.008G038200) 

CCCAATG

ACCCCTT

GAACTG 

GGG 

1.37 0.348013 276 0 

PtrPAL4 

and 

PtrPAL5 

KP245-4 Phenylalanine 

ammonia-lyase 2 

(Potri.008G038200) 

CCCAATG

ACCCCTT

GAACTG 

GGG 

1.37 0.348013 383 0 

PtrPAL4 

and 

PtrPAL5 

OC5KP-5 Phenylalanine 

ammonia-lyase 2 

(Potri.008G038200) 

CCCAATG

ACCCCTT

GAACTG 

GGG 

1.37 0.348013 354 0 

PtrPAL4 

and 

PtrPAL5 

OC5KP-15 Phenylalanine 

ammonia-lyase 2 

(Potri.008G038200) 

CCCAATG

ACCCCTT

GAACTG 

GGG 

1.37 0.348013 505 0 
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Table 3 (continued) 
PtrPAL4 

and 

PtrPAL5 

OC5KP-20 Phenylalanine 

ammonia-lyase 2 

(Potri.008G038200) 

CCCAATG

ACCCCTT

GAACTG 

GGG 

1.37 0.348013 508 0 

PtrPAL4 

and 

PtrPAL5 

OC5KP-24 Phenylalanine 

ammonia-lyase 2 

(Potri.008G038200) 

CCCAATG

ACCCCTT

GAACTG 

GGG 

1.37 0.348013 630 0 

PtrPAL4 

and 

PtrPAL5 

OC5KP-33 Phenylalanine 

ammonia-lyase 2 

(Potri.008G038200) 

CCCAATG

ACCCCTT

GAACTG 

GGG 

1.37 0.348013 661 0 

PtrPAL4 

and 

PtrPAL5 

OC5KP-38 Phenylalanine 

ammonia-lyase 2 

(Potri.008G038200) 

CCCAATG

ACCCCTT

GAACTG 

GGG 

1.37 0.348013 467 0 

PtrPAL4 

and 

PtrPAL5 

OC5KP-39 Phenylalanine 

ammonia-lyase 2 

(Potri.008G038200) 

CCCAATG

ACCCCTT

GAACTG 

GGG 

1.37 0.348013 475 0 

PtrPAL4 

and 

PtrPAL5 

OHCTKP-11 Phenylalanine 

ammonia-lyase 2 

(Potri.008G038200) 

CCCAATG

ACCCCTT

GAACTG 

GGG 

1.37 0.348013 448 0 

PtrPAL4 

and 

PtrPAL5 

OHCTKP-16 Phenylalanine 

ammonia-lyase 2 

(Potri.008G038200) 

CCCAATG

ACCCCTT

GAACTG 

GGG 

1.37 0.348013 125 0 

PtrPAL4 

and 

PtrPAL5 

OHCTKP-26 Phenylalanine 

ammonia-lyase 2 

(Potri.008G038200) 

CCCAATG

ACCCCTT

GAACTG 

GGG 

1.37 0.348013 168 0 

 

 



158 

 

Wood chemistry analysis of CRISPR-lines and wildtype 

After the SDX collection for RNA extraction, the remaining stem wood segments (devoid 

of internodes 1-5) from the same CRISPR-lines and wildtype trees were used for wood chemistry 

analysis. The stem segments were extracted with 90% acetone for 48 h, followed by three 

additional extractions (each 48 h) using 100% acetone. The extractive-free wood samples were 

then air-dried for 72 h to remove the residual acetone. The dried stem segments were ground to a 

fine powder using a Wiley mill and sieved to 60 mesh, and vacuum dried over P2O5 until constant 

mass. Acid-insoluble lignin and acid-soluble lignin contents were measured following the Klason 

procedure (Dence, 1992). Sugars in the acid-soluble lignin fractions were neutralized using CaCO3, 

and filtered through a 0.2 Õm PVDF membrane (Pall Corporation, USA). The filtered samples 

were analyzed by an Infinity 1200 HPLC (Agilent, USA) using the Sugar SP0810 column (Shodex, 

USA). Pure compounds of glucose, galactose, xylose, mannose, and arabinose (Sigma, USA) were 

used as standards. The sum of lignin and sugar contents averages 82.1% (% = g/100 g dry wood) 

for wildtype trees. 

 

Quantification of lignin composition and interunit linkages 

2D HSQC NMR was used to quantify the lignin composition and interunit linkages (Figure 

2) according to the whole-cell-wall method (Mansfield et al., 2012). The extractive-free wood was 

ground to 40-60 mesh as woodmeal using Willey mill and dried over P2O5. The woodmeal (~ 2 g) 

was further milled at 600 rpm using 17 ZrO2 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 over P2O5 prior 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 µL of premixed DMSO-d6/Pyriding-d5 (4:1). The NMR tube 

(with sample) was sonicated for 1-6 h 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 helium-cooled probe. The pulse program of hsqcetgpsisp.2 was used to acquire 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 S2/6, G2 and H2/6, and expressed on an S + G + H 

= 100% basis. The relative abundance of interunit linkages were measured by integrating the 
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CŬ/HŬ contours and expressed on the basis of the sum of (ɓ-O-4ô) + (ɓ-5ô) + (ɓ-ɓô) + (ɓ-1ô) levels 

(Mansfield et al., 2012; Wang et al., 2018). 

 

Quantification of wood physical traits 

 

Modulus of elasticity (MOE) 

Stem sections (20 cm) were cut from the base of each CRISPR-lines and wildtype trees. 

The samples were air-dried and then placed in a humidity chamber at 65% relative humidity and 

20°C. The stem sections were then tested at a span-to-depth ratio of 15 and analyzed using a three-

point static bending test using an MTS Insight universal mechanical tester to measure the MOE, 

following our established procedure (Kasal et al., 2007). 

 

Quantification of wood moisture content and specific gravity 

Wood disks of 2.5 cm were cut from the middle of the stems to measure the wood moisture 

content and specific gravity of each CRISPR-line and wildtype trees. Samples were weighed 

before and after drying in an oven overnight at 103 ± 2°C. The specific gravity and density at the 

given moisture content were calculated as previously described. 

 

Statistical analysis 

Analysis of variance (ANOVA) was used to test the effect of CRISPR-mediated genome 

edits on the mechanical properties of P. trichocarpa. The analysis was performed using SAS 

software (SAS Institute Inc., 2013), and Dunnettôs multiple range test at Ŭ = 0.05 to compare the 

mechanical properties of the CRISPR-lines to those of the wildtype trees. 
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Comparison of predicted and measured phenotypic traits 

All 18 phenotypic traits measured from the CRISPR-lines were quantitatively compared to 

the estimates from the global sensitivity analysis of each CRISPR-strategy 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 stem was cut into ~ 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 an aluminum block. In a typical pulping experiment, 4.3-4.5 g of 

pre-cut wood stick (4 g of oven-dried 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 wood was disintegrated 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 number was determined according to TAPPI Useful method 

UM 246 (TAPPI, 1991). 
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Techno-economic analysis 

The techno-economic benefits of CRISPR modified trees were accessed by simulation of 

an existing bleached Eucalyptus kraft pulp mill located in Brazil. Such mill model was selected 

because Brazil is the leading producer of bleached hardwood kraft pulp and the Brazilian 

Eucalyptus is 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 believed to have 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 polar (Wang et al., 2018) as shown in Table 4. Wildtype Eucalyptus was 

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). 

Lignin Glucan Xylan 
Other 

sugars 
Extractives Ash Total 

28.0% 41.5% 11.6% 5.7% 1.7% 0.6% 100.0% 

24.0% 45.6% 14.1% 5.0% 1.7% 0.6% 100.0% 

20.0% 49.7% 16.5% 4.4% 1.7% 0.6% 100.0% 

16.0% 53.8% 18.9% 3.7% 1.7% 0.6% 100.0% 

12.0% 57.9% 21.3% 3.1% 1.7% 0.6% 100.0% 

8.0% 62.0% 23.8% 2.5% 1.7% 0.6% 100.0% 

 

Pulping information 

Both literature data and our micro-pulping study data (on transgenic poplar) were used to 

extrapolate the correlations between pulp yield and lignin content for Eucalyptus. The Kleppe 

equation for hardwoods (Kleppe, 1970) was adopted as shown in Equation 1. 

 

Equation 1: Total pulp yield = A + 0.0016 * Kappa No 

 

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 active alkaline (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 Kappa number (18) at a higher S/G ratio. Equation 2 was derived using published 
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data and educated estimation to calculate require active alkaline (Gomide et al., 2005; Nawawi et 

al., 2017). 

 

Equation 2: AA% = (49.604 × Lignin% + 4.963) × (S/G)-0.209 

 

 

The mill model 

The economic impacts of CRISPR-modified wood were simulated using the Carolina Pulp 

and Paper (CPP) mill model developed at North Carolina State University (Phillips, 2019; Phillips 

et al., 2020) The CPP mill model was developed and evolved over the past 15 year 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 real-life 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 kraft pulp mill is shown in Figure 3. 
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Figure 3. Process diagram of a typical kraft pulp mill 

 

The mill model was configured based on a bleached Eucalyptus kraft (BEK) mill located 

in Brazil. The mill was assumed to be constructed in and operating since 2005, with operational 

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 mill at the desired amount. The tree 

growth rate was assumed to be mean annual incremental of 47 cubic meter per hectare per year 

(Gomide et al., 2005). The 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 were assumed 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 pulp assumed 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 energy supplementary. Alternatively, the CRISPR-modified 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 finishing materials, whereas the indirect cost 

includes maintenance, labor, operating materials, other fixed costs, depreciation, and overheads. 

The financial performance was estimated in 15-year timeframe with a tax rate of 15% and a 14% 

hurdle rate. 

 

Results 

Screening CRISPR-edited strategies for concurrent wood traits improvement 

The complexity of monolignol biosynthesis limits conventional hypothesis-driven 

approach to the quantitative prediction of how pathway gene perturbations affect wood fiber 

properties and plant growth. To better understand the systems-level regulation of monolignol 

biosynthesis, we recently assembled a predictive model of the pathway in P. trichocarpa based on 

experimentally determined enzyme kinetic parameters and quantitative multi-omics data measured 

from ~2000 transgenic P. trichocarpa (Wang et al., 2019; Matthews et al., 2020, 2021). The model 

captures the quantitative relationships linking genomics, transcriptomics, fluxomics, 

interactomics, and phenotypic traits using sparse maximum likelihood, mass-balance kinetics, and 

machine-learning 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 lignin and carbohydrates contents, mechanical strength, 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 editing in P. trichocarpa for improving 

fiber traits, defined as reduced lignin content, increased S/G ratio, increased carbohydrate to lignin 

(C:L) ratio, and good growth (Wang et al., 2019; Matthews et al., 2020, 2021). To do this, we 

heuristically searched through every possible combination of multiplex genome editing strategies 

targeting the concurrent loss-of-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 gene edits 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 wood traits.  

Of the 69,123 strategies, only 367 matched the parameters set for low lignin content, 

normal height, and improved S/G and C/L ratios (Figure 4a). The most frequent lignin genes 

associated with these fiber traits were PtrC3H3, PtrCCoAOMT2, PtrAldOMT2, PtrPAL2, 

PtrCCoAOMT3, PtrCCoAOMT1, PtrC4H1, and PtrCAD2 (Figure 4b).  Concurrent editing of 3 to 

6 genes were the most frequent in the 367 strategies (Figure 4c), affirming the need for a multigenic 

approach to editing P. trichocarpa with improved growth and fiber traits. Then, 768 combinations 

of genome editing strategies with concurrent editing of 3 to 6 genes belonging to the subset of 

selected genes were used for a small-scale sensitivity analysis. In addition to PtrPAL2, PtrPAL4 

and PtrPAL5 are the only xylem-specific genes belonging to PAL gene family (Shi et al., 2010). 

Therefore, PtrPAL4, and PtrPAL5 were included in the set of selected genes. Also, PtrCAD2 has 

low expression in stem-differentiating xylem (SDX) tissue (Shi et al., 2010), and PtrCAD1 was 

included in the list of candidate genes to evaluate the impact of loss-of-function edits in PtrCAD 

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 transcript abundances of the non-target monolignol 

genes. 

 

Figure 4. Screening of CRISPR-editing strategies with improved traits. a: Venn diagram representing all the strategies. 

Out of 69.123, 367 of them met the parameters set up. b: Frequency of editing of each monolignol target gene in the 

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

 

Eighty-three strategies with estimated lignin yield less than 78% of wildtype and 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, and levels of fiber improvements (reduced lignin, 

improved S/G ratio, improved 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 of PtrHCT6 coupled with KO of PtrPAL2 and 

PtrPAL4,5 (OHCTKP); KO of PtrC3H3, PtrAldOMT2, PtrCAD1 (K3); KO of PtrC3H3, 

PtrC4H1, PtrAldOMT2, PtrCAD1 (K4); KO of PtrC3H3, PtrC4H1, PtrCCoAOMT1, 

PtrAldOMT2, PtrCAD1 (K5); KO of PtrC3H3, PtrCCoAOMT1, PtrCCoAOMT2, PtrCAD1, 

PtrCAD2, PtrAldOMT2 (K6). To confirm the predicted fiber trait improvements, a global 

sensitivity analysis of selected strategies was performed. For the multiplex editing strategies, the 

fiber trait improvements were consistent in between the small-scale and global sensitivity analysis. 

As expected, single-gene edits did not improve phenotypic traits compared to the wildtype (Figure 

5a-j). The multigenic strategies showed a predicted reduction in lignin content of up to 36% 

compared to wildtype (Figure 5a). S/G and C/L ratios increased by up to 148% and 115%, 

respectively (Figure 5b and c). No change in growth (tree height) were observed between the 

multigenic strategies and wildtype in the global sensitivity analysis (Figure 5g-i).  

PtrCAld5H gene family is involved in the conversion from guaiacyl lignin (G-subunits) to 

syringyl lignin (S-subunits) in angiosperms (Wang et al., 2012). The overexpression of PtCAld5H 

results in S/G ratio improvement in transgenics trees (Chiang, 2006). In order to increase S/G ratio 

in CRISPR-lines with reduced lignin content, a strategy containing the overexpression of the 

PtrCAld5H2 coupled with concurrent edits of PtrPAL2 and PtrPAL4,5 (OC5PK) was included. 

Together, the seven multigenic strategies were selected for genome editing in P. trichocarpa 

(Table 5). 
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Figure 5. Global sensitivity analysis of wildtype, CRISPR single-gene editing, and CRISPR multigene-editing 

strategies targeting monolignol genes. a: lignin; b: S/G ratio; c: C/L ratio; d: Total carbohydrates; e: Glucose; f: Xylose; 

g: Height; h: Diameter; i: Volume; j: Density.  
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Table 5. Multigenic strategies were selected for genome editing in P. trichocarpa. 

Strategy name Target genes 

KP245 PtrPAL2, PtrPAL4,5 (KO) 

OHCTKP PtrPAL2, PtrPAL4,5 (KO); 

PtrHCT6 (OE) 

OC5KP PtrPAL2, PtrPAL4,5 (KO) 

PtrCAld5H2 (OE) 

K3 PtrC3H3, PtrAldOMT2, PtrCAD1 (KO) 

K4 PtrC3H3, PtrC4H1, PtrAldOMT2, PtrCAD1 (KO) 

K5 PtrC3H3, PtrC4H1, PtrCCoAOMT1, PtrAldOMT2, PtrCAD1 (KO) 

K6 PtrC3H3, PtrCCoAOMT1, PtrCCoAOMT2, PtrCAD1, PtrCAD2, PtrAldOMT2 (KO) 

 

Promoter and gRNA validations 

To overexpress PtrHCT6 and PtrCAld5H2 in the OHCTKP and OC5KP strategies, a 

xylem-specific Ptr4CLP3 (Ptr4CL3P) (Wang et al., 2018) was used to drive the expression of the 

transgenes. The promoter activity of Ptr4CL3P was validated in vivo by transfecting protoplasts 

isolated from SDX of P. trichocarpa with a plasmid encoding pUC19-Ptr4CL3P-GFP. After 16 h 

post-transfection, 18% of the protoplasts exhibited green fluorescence, confirming that Ptr4CL3P 

is a functional promoter in stem xylem cells of P. trichocarpa. As a positive control, protoplasts 

transfected with CaMV35S-GFP showed green fluorescence in 32% of the transfected cells. Non-

transfected protoplasts (negative control) exhibited no fluorescence signal (Figure 6). 



172 

 

 

Figure 6. Promoter activity validation in xylem cells from P. trichocarpa. SDX protoplasts isolated from P. 

trichocarpa were transfected with pUC19-4CLP-gfp plasmid (a). Transfected protoplast cells with pUC19-CaMV35S-

gfp were used as positive control (b). Non-transfected were used as negative control (c). The frequency of GFP positive 

cells were counted 12 h post-transfection. 

 

Eighteen gRNAs were designed to target the editing of monolignol genes using 

Streptococcus pyogenes Cas9 (SpyCas9). All the gRNAs showed high MIT and cutting frequency 

determination (CFD) specificity scores for their respective target genes, and were validated using 

in vitro cleavage assays (Figure 7a-i). Two gRNAs showed poor in vitro activity, namely 

gRNA_C3H3(1) (targeting PtrC3H3) and gRNA_CCOAOMT2(1) (targeting PtrCCoAOMT2) 

(Figure 7g and i). Thus, the gRNA_C3H3(1) and gRNA_CCOAOMT2(1) were discarded. The 

remaining 16 gRNAs showed specific and complete cleavage of their target gene in vitro. We 

selected gRNA_P2(36), gRNA_P45(34), gRNA_CD1(32), gRNA_C3H3(3), 

gRNA_ALDOMT2(2), gRNA_CCOAOMT1(2), gRNA_CCOAOMT2(3) for generating the 

multiplex CRISPR constructs, based on their low off-target scores and position near to the start 

codon (Table 1). 
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Figure 7. In vitro cleavage assay for a functional validation of sgRNAs of PtrPAL2 (a), PtrPAL4,5 (b), PtrAldOMT2 

(c), PtrCAD1 (d), PtrCAD2 (e), PtrC4H1 (f), PtrC3H3 (g), PtrCCoAOMT1 (h), and PtrCCoAOMT1 and 2 (i).  The 

red arrows show the cut fragments from the target genes. The blue arrows shows the uncut target genes. The complete 

information about the gRNAs can be accessed in Table 1. 

 

Genotyping of CRISPR-editing trees 

In total, 158 CRISPR lines were generated. Out of 58 CRISPR-edited lines of P. 

trichocarpa that target the concurrent editing of PtrPAL2 and PtrPAL4,5 (KP245, OHCTKP, and 

OC5KP constructs), 21 lines harbored complete loss-of-function editing of both alleles for all three 

genes. The remaining 37 lines showed partial or no mutation for at least one of the target genes 

(Figure 8a). For K3 and K4 strategies that target the concurrent editing of 3 and 4 genes, 

respectively, P. trichocarpa lines harboring biallelic editing of all target genes were obtained (K3-
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12, K3-28, and K4-7), and 30 partially edited lines were recovered (Figure 8b and c). For K5 and 

K6 strategies that target the concurrent editing of 5 and 6 genes, respectively, 67 lines were 

produced. However, none of the lines exhibited complete loss-of-function editing of all target 

genes. Nonetheless, we were able to identify several lines that harbor substantial editing of most 

target genes (e.g., K5-21 and K6-53) (Figure 8d 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 diversity enables the exploration of how multigenic pathway perturbations 

can combinatorially regulate the metabolism for wood formation and tree growth. 

Across all CRISPR-lines, the frequency (Figure 8f), type and position (Figure 9a-i) of 

CRISPR edits for each target gene were analyzed. The mean of CRISPR-edits in the target genes 

across all lines ranged from 7% (PtrCCoAOMT2) to 86% (PtrPAL4,5) (Figure 8f). Most CRISPR-

edits consisted of small insertions or deletions ranging from 3-4 nt to the PAM site. However, 

larger deletions were also observed for some CRISPR-lines (Figure 9h and i).  
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Figure 8. Editing range in CRISPR-lines. A-E: Heat map representing the editing percentage of monolignol genes 

from all 153 CRISPR-lines targeting PtrPAL2, PtrPAL4, PtrPAL5 (a), PtrPAldOMT2, PtrC3H3, PtrCAD1 (b), 

PtrPAldOMT2, PtrC3H3, PtrC4H1, PtrCAD1 (c), PtrAldOMT2, PtrC3H3, PtrC4H1, PtrCAD1, PtrCCoAOMT1 (d), 

PtrPAldOMT2, PtrC3H3, PtrC4H1, PtrCAD1,PtrCAD2, PtrCCoAOMT1, PtrCCoAOMT2 (e). f: Average of editing 

per target gene across CRISPR-lines. The INDELS% refers to percentage of edits in all alleles. 
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Figure 9. Most common mutations found in the target monolignol genes PtrC3H3 (a), PtrC4H1 (b), PtrAldOMT2 (c) 

PtrCAD1 (d), PtrCAD2 (e), PtrCCoAOMT1 (f), PtrCCoAOMT1 and 2 (g), PtrPAL2 (h), and PtrPAL4,5 (i). 

 

Phenotypic characterization of CRISPR-edited lines 

 

Wood composition 

To analyze the impacts of CRISPR-editing on lignin biosynthesis, we analyzed the wood 

chemical composition of 33 CRISPR-edited P. trichocarpa lines and 9 wildtypes. Wildtype wood 

contains on average 20.2% of lignin, 44.8% glucose, 11.7% xylose, 3.4% mannose, and 2.8% 
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galactose (% = g/100 g dry wood), with a total carbohydrate to lignin ratio (C:L) of 3.1 (Table 6). 

The C/L ratio is an indicator of the potential maximum cellulosic yield for wood fiber (Wang et 

al., 2018). The multiplex CRISPR-edited P. trichocarpa showed significant alterations in the wood 

chemical composition compared to the wildtype. We observed a variation in the lignin content that 

range from 15% to 21.7% (Figure 10a; Table 6). C/L ratio of the CRISPR-lines ranged from 2.8 

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

4.9%, and galactose from 1.6% to 4.3% (Figure 10b-g; Table 6).  

 

Table 6. Wood Composition of CRISPR-lines and Wildtype P. trichocarpa. Gal: Galactose. Glu: Glucose. Man: 

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

Line ID  

Bat

ch  

Target 

Gene(s) 

Total 

Lignin*  

Acid-

insoluble 

lignin*  

Acid-

soluble 

lignin*  

Gal

*  

Glu

*  

Man

*  

Xyl

*  

Total 

carb*  

C/L 

Ratio 

KP245-1-

2 1 

PtrPAL2,

4,5 16.1 13.0 3.1 2.5 43.2 3.4 10.5 59.6 3.7 

KP245-2-

1 1 

PtrPAL2,

4,5 19.2 16.3 2.8 3.2 44.8 4.3 13.2 65.5 3.4 

KP245-3-

1 1 

PtrPAL2,

4,5 15.0 12.8 2.3 4.3 55.3 4.0 8.9 72.5 4.8 

KP245-4-

1 1 

PtrPAL2,

4,5 17.0 13.8 3.2 2.1 43.6 3.6 9.3 58.6 3.4 

KP245-5-

2 1 

PtrPAL2,

4,5 17.3 14.7 2.6 3.6 52.7 4.7 10.5 71.4 4.1 

KP245-6-

1 1 

PtrPAL2,

4,5 17.0 13.9 3.2 3.7 47.9 3.8 12.9 68.3 4.2 

KP245-7-

1 1 

PtrPAL2,

4,5 17.4 14.6 2.8 3.8 48.4 4.7 12.2 69.1 3.5 

KP245-8-

2 1 

PtrPAL2,

4,5 15.7 12.6 3.1 3.4 48.4 4.6 12.8 69.2 4.4 

KP245-9-

1 1 

PtrPAL2,

4,5 17.2 14.3 3.0 3.1 48.1 4.3 13.0 68.6 4.0 

KP245-

10-1 1 

PtrPAL2,

4,5 16.1 13.0 3.1 4.0 54.4 3.6 9.5 71.5 4.4 

KP245 

median 1 

PtrPAL2,

4,5 17.0 13.8 3.0 3.5 48.3 4.1 11.4 68.8 4.1 

WT4-1 1 N/A 19.6 16.6 3.0 2.9 46.0 4.5 11.7 65.1 3.3 

WT4-2 1 N/A 19.9 16.7 3.2 2.4 40.8 3.3 9.1 55.6 2.8 

WT4-3 1 N/A 19.3 16.2 3.1 4.5 49.8 3.7 11.7 69.7 3.6 

Average 

WT4 1 N/A 19.6 16.5 3.1 3.3 45.6 3.8 10.8 63.5 3.2 

OHCTKP

-2-1 2 

PtrPAL2,

4,5; 

PtrHCT6 

(OE) 20.4 17.5 2.9 2.9 44.5 4.3 11.4 63.0 3.1 
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Table 6 (continued) 

OHCTKP

-4-1 2 

PtrPAL2,

4,5; 

PtrHCT6 

(OE) 19.8 16.7 3.1 3.0 45.5 4.4 12.3 65.1 3.7 

OHCTKP

-9-2 2 

PtrPAL2,

4,5; 

PtrHCT6 

(OE) 18.4 15.3 3.2 2.2 40.3 3.1 9.6 55.3 3.0 

OHCTKP

-10-1 2 

PtrPAL2,

4,5; 

PtrHCT6 

(OE) 19.9 17.1 2.8 2.4 44.2 4.4 12.9 63.9 3.2 

OHCTKP

-11-1 2 

PtrPAL2,

4,5; 

PtrHCT6 

(OE) 19.7 17.0 2.7 2.6 44.3 4.9 13.1 64.9 3.3 

OHCTKP

-14-1 2 

PtrPAL2,

4,5; 

PtrHCT6 

(OE) 21.7 19.1 2.6 2.3 40.9 4.1 13.0 60.3 2.8 

OHCTKP

-16-1 2 

PtrPAL2,

4,5; 

PtrHCT6 

(OE) 21.5 17.9 3.6 3.4 46.7 4.6 14.0 68.7 3.2 

OHCTKP

-18-1 2 

PtrPAL2,

4,5; 

PtrHCT6 

(OE) 20.3 17.3 3.0 2.7 45.7 4.5 12.8 65.7 3.2 

OHCTKP

-19-1 2 

PtrPAL2,

4,5; 

PtrHCT6 

(OE) 19.2 16.6 2.5 2.3 41.6 4.3 11.3 59.5 3.1 

OHCTKP

-20-1 2 

PtrPAL2,

4,5; 

PtrHCT6 

(OE) 20.0 17.3 2.7 2.4 41.5 4.0 11.9 59.8 3.0 

OHCTKP

-26-1 2 

PtrPAL2,

4,5; 

PtrHCT6 

(OE) 19.7 16.5 3.2 2.1 41.9 4.5 8.7 57.2 2.9 

OHCTK

P median 2 

PtrPAL2,

4,5; 

PtrHCT6 

(OE) 19.9 17.1 2.9 2.4 44.2 4.4 12.3 63.0 3.1 

WT5-1 2 N/A 20.9 17.7 3.2 1.9 42.2 3.2 8.9 56.2 2.7 

WT5-2 2 N/A 22.3 18.8 3.5 2.7 44.2 4.9 11.9 63.7 2.9 

WT5-3 2 N/A 23.1 19.3 3.8 2.7 44.6 4.5 12.8 64.6 2.8 

Average 

WT5 2 N/A 22.1 18.6 3.5 2.4 43.7 4.2 11.2 61.5 2.8 

OC5KP-

5-1 3 

PtrPAL2,

4,5; 

PtrCAld5

H2 (OE) 16.5 13.1 3.3 2.3 45.5 2.5 13.4 63.7 3.9 

OC5KP-

9-1 3 

PtrPAL2,

4,5; 

PtrCAld5

H2 (OE) 18.9 16.0 3.0 2.2 41.5 2.2 12.9 58.8 3.1 
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Table 6 (continued) 

OC5KP-

13-1 3 

PtrPAL2,

4,5; 

PtrCAld5

H2 (OE) 18.0 14.7 3.3 2.3 43.8 2.0 13.0 61.1 3.4 

OC5KP-

15-2 3 

PtrPAL2,

4,5; 

PtrCAld5

H2 (OE) 16.4 13.2 3.2 2.2 45.8 2.5 13.5 63.9 3.9 

OC5KP-

19-1 3 

PtrPAL2,

4,5; 

PtrCAld5

H2 (OE) 19.2 15.8 3.4 2.3 44.5 2.4 13.7 62.9 3.3 

OC5KP-

20-1 3 

PtrPAL2,

4,5; 

PtrCAld5

H2 (OE) 15.3 12.1 3.1 2.4 46.5 2.8 14.0 65.7 4.3 

OC5KP-

24-1 3 

PtrPAL2,

4,5; 

PtrCAld5

H2 (OE) 15.9 12.5 3.3 1.9 45.9 2.8 15.3 65.9 4.2 

OC5KP-

30-2 3 

PtrPAL2,

4,5; 

PtrCAld5

H2 (OE) 17.2 14.0 3.2 2.0 46.4 2.4 13.3 64.1 3.7 

OC5KP-

33-2 3 

PtrPAL2,

4,5; 

PtrCAld5

H2 (OE) 15.5 12.5 3.1 2.0 47.0 2.4 13.4 64.9 4.2 

OC5KP-

36-1 3 

PtrPAL2,

4,5; 

PtrCAld5

H2 (OE) 18.5 14.9 3.6 1.6 46.1 3.0 13.4 64.0 3.5 

OC5KP-

38-1 3 

PtrPAL2,

4,5; 

PtrCAld5

H2 (OE) 15.7 12.4 3.3 1.6 47.9 3.1 13.9 66.5 4.2 

OC5KP-

39-1 3 

PtrPAL2,

4,5; 

PtrCAld5

H2 (OE) 17.5 14.3 3.1 1.5 48.9 2.6 13.0 66.0 3.8 

OC5KP 

median 3 

PtrPAL2,

4,5; 

PtrCAld5

H2 (OE) 16.9 13.6 3.2 2.1 46.0 2.5 13.4 64.1 3.8 

WT6-1 3 N/A 19.5 16.6 2.9 2.4 43.1 2.6 15.0 63.0 3.2 

WT6-2 3 N/A 18.9 15.9 3.1 2.8 46.4 2.0 11.9 63.1 3.3 

WT6-3 3 N/A 18.6 15.6 3.0 2.4 46.3 2.2 12.6 63.5 3.4 

Average 

WT6 3 N/A 19.0 16.0 3.0 2.6 45.3 2.3 13.1 63.2 3.3 

Median 

of all WT 

1,2, 

and 

3 N/A 19.6 16.5 3.1 2.6 45.3 3.8 11.2 63.2 3.2 

Average 

of all WT 

1,2, 

and 

3 N/A 20.2 17.0 3.2 2.8 44.8 3.4 11.7 62.7 3.1 
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The predicted model and measured results were compared for the CRISPR-lines targeting 

PtrPAL genes (Figure 11). Predictive model estimated a reduction in lignin content of 17%, and 

19-21% increase in the C/L ratios for KP245 and OC5KP, respectively (Figure 11a and b). 

Consistent with the model, the biallelic CRISPR lines showed a lignin reduction of 11-13% and a 

C/L increase of 15-25% (Figure 11a and b; Table 6). 
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Figure 10. Phenotypic variation in CRISPR-lines and wildtype P. trichocarpa trees. a: lignin; b: C/L ratio; c: Total 

carbohydrates; d: Glucose; e: Xylose; f: Mannose; g: Galactose; h: S-subunits; i: G-subunits; j: S/G ratio; k: H-

subunits; l: PB-Subunits; m: Interunits linkages AŬ; n: Interunits linkages BŬ; o: Interunits linkages CŬ; p: Interunits 

linkages SDŬ; q: Density; r: MOE; s: Height; t: Diameter. Blue bars: CRISPR-lines. Black bars: Wildtype. See 

Tables 6-9. 
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Figure 11. Comparison of measured and predicted results from CRISPR-lines and wildtype P. trichocarpa trees. 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 interunit linkages of CRISPR and wildtype P. trichocarpa 

Editing for loss-of-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 edited P. trichocarpa, 2D-NMR 

analysis of 24 CRISPR and 7 wildtypes P. trichocarpa wood samples was performed (Figures 12 

and 13). Wildtype lignin is composed on average of 72.2% S-subunits, 26.5% G-subunits, 1.3% 

H-subunits, and 3.6% p-hydroxybenzoic acid (on an S + G + H = 100% basis) (Table 7). 

In the CRISPR-edited P. trichocarpa lines, S-subunits ranged from 67.1-78.7%, and G-

subunits ranged from 19.8-30.7% (Figure 10h and i; Table 7). The changes in subunit composition 

led to an increase in S/G ratio from 2.7 (wildtype) to 4 (Figure 10j; Table 7). 

 

Table 7. Lignin Composition and Linkages of CRISPR-lines and Wildtype P. trichocarpa. PB: p-hydroxybenzoic 

acid; H: H-subunits; G: G-subunits; S: S-subunits; %: percentage volume of total lignin. AŬ: ɓ-aryl ether (ɓ-O-4); 

BŬ: phenylcoumaran (ɓ-5); CŬ: resinol (ɓ-ɓ); SDŬ: spirodienone (ɓ-1); X1ɔ: end-groups. 

      Lignin Composition Lignin Interunit Linkages  

Line ID  Batch  Target Gene(s) S G H PB S/G AŬ  BŬ   CŬ  SDŬ  X1ɔ  

KP245-1-2 1 PtrPAL2,4,5 72.2 26.0 1.8 6.9 2.8 86.3 2.8 8.9 1.9 11.1 

KP245-2-1 1 PtrPAL2,4,5 72.2 26.8 1.0 3.9 2.7 85.3 2.5 10.6 1.6 9.7 

KP245-3-1 1 PtrPAL2,4,5 67.1 30.7 2.2 7.0 2.2 84.3 3.8 10.4 1.5 10.4 

KP245-4-1 1 PtrPAL2,4,5 73.5 24.6 1.9 6.6 3.0 86.4 2.6 9.1 1.9 11.8 

KP245-5-2 1 PtrPAL2,4,5 72.4 25.9 1.7 5.3 2.8 84.8 2.7 10.4 2.0 12.2 

KP245-6-1 1 PtrPAL2,4,5 71.8 26.1 2.1 5.8 2.8 85.7 3.1 9.3 2.0 12.1 

KP245-7-1 1 PtrPAL2,4,5 72.4 26.1 1.5 3.9 2.8 84.0 3.0 10.8 2.2 12.2 

KP245-8-2 1 PtrPAL2,4,5 71.9 26.1 2.0 7.1 2.8 86.5 2.6 9.0 1.9 12.0 

KP245-9-1 1 PtrPAL2,4,5 72.3 25.8 1.9 6.3 2.8 85.1 2.9 9.9 2.1 12.1 

KP245-10-1 1 PtrPAL2,4,5 67.7 29.8 2.4 4.9 2.3 84.4 3.6 10.4 1.7 12.7 

KP245 median 1 PtrPAL2,4,5 
72.2 26.1 1.9 6.0 2.8 85.2 2.9 10.1 1.9 12.1 

WT4-1 1 N/A 72.1 26.7 1.2 3.9 2.7 83.8 2.8 11.5 1.9 10.1 

WT4-2 1 N/A 71.9 26.9 1.2 3.8 2.7 84.0 2.7 11.4 1.9 10.1 

Average WT4 1 N/A 
72.0 26.8 1.2 3.8 2.7 83.9 2.8 11.4 1.9 10.1 

OHCTKP-9-2 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
69.1 29.0 1.9 5.5 2.4 85.9 3.3 8.7 2.1 11.4 

OHCTKP-26-1 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
74.0 23.5 2.5 5.0 3.1 86.7 2.4 8.7 2.1 10.4 

OHCTKP median 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
71.5 26.3 2.2 5.3 2.8 86.3 2.9 8.7 2.1 10.9 
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Table 7 (continued) 

WT5-1 2 N/A 72.5 26.4 1.1 4.6 2.7 84.2 3.0 10.8 1.9 10.1 

WT5-2 2 N/A 73.4 25.8 0.8 5.9 2.8 85.2 2.9 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 2.1 9.5 

Average WT5 2 N/A 
72.6 26.2 1.2 4.4 2.8 84.7 2.9 10.5 1.9 11.4 

OC5KP-5-1 3 

PtrPAL2,4,5; 

PtrCAld5H2 

(OE) 

74.3 23.0 2.7 4.2 3.2 85.6 2.6 9.5 2.3 13.2 

OC5KP-9-1 3 

PtrPAL2,4,5; 

PtrCAld5H2 

(OE) 

70.1 28.2 1.7 3.0 2.5 84.3 3.2 10.2 2.3 10.4 

OC5KP-13-1 3 

PtrPAL2,4,5; 

PtrCAld5H2 

(OE) 

74.6 23.4 2.0 3.3 3.2 85.8 2.4 9.9 1.9 12.2 

OC5KP-15-2 3 

PtrPAL2,4,5; 

PtrCAld5H2 

(OE) 

73.8 24.2 2.0 4.1 3.1 88.1 2.4 7.8 1.8 13.4 

OC5KP-19-1 3 

PtrPAL2,4,5; 

PtrCAld5H2 

(OE) 

76.7 21.7 1.6 3.2 3.5 84.1 2.5 11.1 2.3 9.8 

OC5KP-20-1 3 

PtrPAL2,4,5; 

PtrCAld5H2 

(OE) 

72.9 24.8 2.3 5.3 2.9 86.6 2.4 9.3 1.6 8.7 

OC5KP-24-1 3 

PtrPAL2,4,5; 

PtrCAld5H2 

(OE) 

73.9 23.1 3.0 5.5 3.2 86.3 2.6 9.1 2.0 9.0 

OC5KP-30-2 3 

PtrPAL2,4,5; 

PtrCAld5H2 

(OE) 

72.5 25.0 2.5 4.7 2.9 84.7 2.8 10.2 2.3 11.0 

OC5KP-33-2 3 

PtrPAL2,4,5; 

PtrCAld5H2 

(OE) 

71.3 25.7 3.0 5.3 2.8 86.7 2.7 8.7 1.8 11.4 

OC5KP-36-1 3 

PtrPAL2,4,5; 

PtrCAld5H2 

(OE) 

78.7 19.8 1.6 3.8 4.0 84.5 2.3 11.0 2.2 10.7 

OC5KP-38-1 3 

PtrPAL2,4,5; 

PtrCAld5H2 

(OE) 

69.6 28.2 2.2 7.5 2.5 84.9 3.3 9.8 2.0 10.8 

OC5KP-39-1 3 

PtrPAL2,4,5; 

PtrCAld5H2 

(OE) 

72.6 25.5 1.9 4.0 2.8 84.9 2.8 10.2 2.1 11.1 

OC5KP median 3 

PtrPAL2,4,5; 

PtrCAld5H2 

(OE) 

73.4 24.5 2.1 4.2 3.0 85.3 2.6 9.8 2.1 10.9 

WT6-1 3 N/A 71.5 27.0 1.6 1.9 2.7 83.3 2.9 11.6 2.2 10.8 

WT6-2 3 N/A 72.3 26.2 1.5 2.7 2.8 85.1 2.8 10.2 2.0 9.8 

WT6-3 3 N/A 72.1 26.5 1.4 3.0 2.7 84.5 2.8 10.5 2.1 9.6 

Average WT6 3 N/A 
72.0 26.6 1.5 2.5 2.7 84.3 2.8 10.7 2.1 10.1 

Median of all WT 1,2, and 3 N/A 
72.0 26.6 1.2 3.8 2.7 84.3 2.8 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 84.3 2.8 10.9 2.0 10.5 
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Figure 12. Partial short range 13C-1H (HSQC) correlation spectra (side chain regions) of ball milled cell wall (color 

coded according to Figure 2). a-x: CRISPR-edited lines. w-ac: Wildtype controls. Abbreviations inside the box plot: 

A, ɓ-aryl ether (ɓ-O-4ô); B, phenylcoumaran (ɓ-5ô); C, resinol (ɓ-ɓô); SD, spirodienone (ɓ-1ô, invisible at presented 

signal intensity); I, cinnamyl alcohol end-groups. Contours in this region (AŬ, BŬ, CŬ, SDŬ, Iɔ) were used to 

measure the lignin interunit linkages distribution. 
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The H-subunits and p-hydroxybenzoic acid content were increased in the edited lines, 

reaching 3% and 7.5% of the lignin composition, respectively (Figure 10k and l; Table 7). Changes 

in the H-subunits acid content were expected for the KP245 and OC5KP strategies. The median 

predicted results estimated an increase of 50-58% H-subunits compared to wildtype trees (Data 

not shown). According to the measured results in the edited lines, H-subunits increased by 41-58% 

(Table 7). As expected, no major changes were observed in the lignin interunit linkages (Figure 

10m-p; Table 7). 
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Figure 13. Partial short range 13C-1H (HSQC) correlation spectra (aromatic region) of ball milled cell wall (color 

coded according to Figure 2). a-x: CRISPR-edited lines. w-ac: Wildtype controls. Contours in this region were used 

to measure the lignin composition, namely S/G/H ratios, as well as p-hydroxybenzoate (PB). 
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Wood physical properties 

The wood specific gravity and modulus of elasticity (MOE) of 84 CRISPR and 9 wildtype 

trees were measured as described in the material and methods section (Figure 10q 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 applied to the wood. Specific gravity and MOE are important 

parameters for evaluating wood mechanical and physical properties for solid wood and engineered 

wood applications (Bowyer, 1997). All the CRISPR-lines showed no significant change in wood 

specific-gravity and density (Figure10q; Table 8), as expected according to the global sensitivity 

analysis (Figure11g). Only KP245-9 and OC5KP-33 lines showed significant differences in MOE 

compared to the wildtype controls (Figure 10r; Table 8). The MOE median of the CRISPR-edited 

P. trichocarpa ranged from 80-88% of the wildtype controls (Table 8), compared to the predicted 

results of (52-69%) (Data not shown). 

 

Table 8. Wood density, Specific Gravity, and Modulus of Elasticity (MOE) of the CRISPR-lines and Wildtype P. 

trichocarpa. *Specific Gravity: measured as the ratio of the density of wood relative to the density of water, which is 

1.000 gẗcmī3 at 4.4°C; therefore, specific gravity is unitless. Specific gravity is the same as relative wood density, 

which also is unitless. 

 

 

Line ID  Batch  

Target 

gene(s) 

Density 

(g/cm3) 

Average 

density 

(g/cm3) 

*Specific 

Gravity  

Average 

Specific 

Gravity  

MOE 

(Mpa) 

Average MOE 

(Mpa) 

KP245-1-1 
1 

PtrPAL2,

4,5 
0.34 

0.35 

0.31 

0.32 

5799.26 

6391.33 
KP245-1-2 

1 
PtrPAL2,

4,5 
0.36 0.33 6624.79 

KP245-1-3 
1 

PtrPAL2,

4,5 
0.36 0.32 6749.96 

KP245-2-1 
1 

PtrPAL2,

4,5 
0.32 

0.30 

0.29 

0.27 

5495.58 

5055.06 

KP245-2-2 
1 

PtrPAL2,

4,5 
0.28 0.25 4614.54 

KP245-4-1 
1 

PtrPAL2,

4,5 
0.30 

0.28 

0.27 

0.26 

4505.53 

4009.67 

KP245-4-2 
1 

PtrPAL2,

4,5 
0.27 0.24 3513.81 
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Table 8 (continued) 

KP245-5-2 
1 

PtrPAL2

,4,5 
0.32 0.32 0.29 0.29 6500.34 6500.34 

KP245-6-1 
1 

PtrPAL2

,4,5 
0.33 0.33 0.30 0.30 5554.47 5554.47 

KP245-7-1 
1 

PtrPAL2

,4,5 
0.33 0.33 0.29 0.29 5917.27 5917.27 

KP245-8-1 
1 

PtrPAL2

,4,5 
0.30 

0.32 

0.27 

0.29 

3767.79 

4570.91 

KP245-8-2 
1 

PtrPAL2

,4,5 
0.34 0.31 5374.03 

KP245-9-1 
1 

PtrPAL2

,4,5 
0.32 

0.31 

0.29 

0.28 

3224.44 

3581.14 
KP245-9-2 

1 
PtrPAL2

,4,5 
0.31 0.28 3116.35 

KP245-9-3 
1 

PtrPAL2

,4,5 
0.31 0.28 4402.64 

Median of 

all KP245 
1 

PtrPAL2

,4,5 
0.32 0.32 0.29 0.29 5374.03 5304.76 

WT4-1 1 N/A 0.32 

0.33 

0.29 

0.30 

5448.44 

5907.71 WT4-2 1 N/A 0.32 0.29 6232.52 

WT4-3 1 N/A 0.36 0.33 6042.18 

OHCTKP-

2-1 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.30 

0.33 

0.27 

0.30 

4895.89 

4863.62 

OHCTKP-

2-3 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.37 0.34 4831.35 

OHCTKP-

4-1 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.29 

0.30 

0.26 

0.27 

5321.01 

5074.86 
OHCTKP-

4-2 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.31 0.28 5289.38 

OHCTKP-

4-3 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.29 0.27 4614.20 

OHCTKP-

9-1 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.26 

0.32 

0.24 

0.29 

4966.29 

4535.47 
OHCTKP-

9-2 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.32 0.29 4257.10 

OHCTKP-

9-3 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.28 0.26 4285.44 
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Table 8 (continued) 

OHCTKP-

9-4 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.40  0.36  4633.06  

OHCTKP-

10-1 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.27 

0.27 

0.24 

0.25 

4012.23 

4139.03 

OHCTKP-

10-2 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.26 0.24 3703.47 

OHCTKP-

10-3 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.25 0.22 3726.75 

OHCTKP-

10-4 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.31 0.28 5113.66 

OHCTKP-

11-1 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.25 

0.30 

0.23 

0.27 

5649.49 

4503.19 

OHCTKP-

11-2 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.29 0.26 4293.04 

OHCTKP-

11-3 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.27 0.24 4836.64 

OHCTKP-

11-4 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.31 0.28 3756.80 

OHCTKP-

11-5 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.36 0.32 3979.99 

OHCTKP-

14-1 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.30 

0.30 

0.27 

0.27 

5251.57 

4563.41 
OHCTKP-

14-2 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.33 0.30 4527.13 

OHCTKP-

14-3 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.27 0.24 3911.53 

OHCTKP-

16-1 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.28 

0.31 

0.26 

0.28 

3222.49 

3804.41 

OHCTKP-

16-2 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.30 0.27 4396.97 
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Table 8 (continued) 

OHCTKP-

16-3 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.35  0.32  3793.79  

OHCTKP-

18-1 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.30 

0.30 

0.27 

0.27 

4971.62 

4504.48 

OHCTKP-

18-2 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.30 0.27 4037.34 

OHCTKP-

19-1 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.30 

0.30 

0.27 

0.27 

4561.42 

4832.39 
OHCTKP-

19-3 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.27 0.25 5003.49 

OHCTKP-

19-4 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.31 0.28 4932.25 

OHCTKP-

20-1 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.25 

0.29 

0.23 

0.26 

4155.75 

3794.48 
OHCTKP-

20-2 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.28 0.25 3862.17 

OHCTKP-

20-3 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.33 0.30 3365.53 

OHCTKP-

26-1 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.29 

0.32 

0.26 

0.29 

6278.40 

5139.46 

OHCTKP-

26-2 

2 

PtrPAL2

,4,5; 

PtrHCT6 

(OE) 

0.35 0.32 4000.52 

Median of 

all 

OHCTKP  

2 

PtrPAL2

,4,5; 

PtrHCT

6 (OE) 

0.30 0.30 0.27 0.27 4462.05 4535.47 

WT5-1 2 N/A 0.28 

0.30 

0.26 

0.27 

4836.64 

5178.82 WT5-2 2 N/A 0.30 0.27 5936.63 

WT5-3 2 N/A 0.31 0.28 4763.19 

OC5KP-5-

1 

3 

PtrPAL2

,4,5; 

PtrCAld

5H2 

(OE) 

0.34 0.34 0.31 0.31 6311.85 5808.69 
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Table 8 (continued) 

OC5KP-5-

2 

3 

PtrPAL2

,4,5; 

PtrCAld

5H2 

(OE) 

0.33  0.30  5305.54  

OC5KP-9-

1 

3 

PtrPAL2

,4,5; 

PtrCAld

5H2 

(OE) 

0.34 0.34 0.31 0.31 5440.83 5440.83 

OC5KP-

13-1 

3 

PtrPAL2

,4,5; 

PtrCAld

5H2 

(OE) 

0.32 

0.32 

0.29 

0.29 

5714.15 

5567.56 

OC5KP-

13-2 

3 

PtrPAL2

,4,5; 

PtrCAld

5H2 

(OE) 

0.33 0.30 5477.61 

OC5KP-

13-3 

3 

PtrPAL2

,4,5; 

PtrCAld

5H2 

(OE) 

0.30 0.28 5510.93 

OC5KP-

15-1 

3 

PtrPAL2

,4,5; 

PtrCAld

5H2 

(OE) 

0.33 

0.33 

0.30 

0.29 

4550.28 

5469.56 

OC5KP-

15-2 

3 

PtrPAL2

,4,5; 

PtrCAld

5H2 

(OE) 

0.31 0.28 4692.64 

OC5KP-

15-3 

3 

PtrPAL2

,4,5; 

PtrCAld

5H2 

(OE) 

0.31 0.28 6545.44 

OC5KP-

15-4 

3 

PtrPAL2

,4,5; 

PtrCAld

5H2 

(OE) 

0.35 0.31 6089.87 

OC5KP-

19-1 

3 

PtrPAL2

,4,5; 

PtrCAld

5H2 

(OE) 

0.34 

0.34 

0.31 

0.31 

5351.57 

5570.99 

OC5KP-

19-2 

3 

PtrPAL2

,4,5; 

PtrCAld

5H2 

(OE) 

0.34 0.31 5790.42 

OC5KP-

20-1 

3 

PtrPAL2

,4,5; 

PtrCAld

5H2 

(OE) 

0.32 0.33 0.29 0.29 6824.49 5591.87 



197 

 

Table 8 (continued) 

OC5KP-

20-2 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.32 

 

0.28 

 

5831.55 

 

OC5KP-

20-3 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.29 0.26 5529.57 

OC5KP-

20-4 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.38 0.34 4181.85 

OC5KP-

24-1 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.31 

0.31 

0.28 

0.28 

6887.25 

5768.36 

OC5KP-

24-2 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.31 0.27 4649.46 

OC5KP-

30-1 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.33 

0.31 

0.29 

0.28 

5832.84 

5541.56 

OC5KP-

30-2 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.30 0.27 5738.86 

OC5KP-

30-3 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.31 0.28 5052.99 

OC5KP-

33-1 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.34 

0.31 

0.31 

0.28 

5041.65 

4624.34 

OC5KP-

33-2 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.25 0.23 4001.53 

OC5KP-

33-3 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.30 0.27 5244.08 

OC5KP-

33-4 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.35 0.32 4554.08 
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Table 8 (continued) 

OC5KP-

33-5 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.29  0.26  4280.35  

OC5KP-

36-1 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.33 

0.34 

0.30 

0.31 

6081.62 

6799.81 

OC5KP-

36-2 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.30 0.28 5580.82 

OC5KP-

36-3 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.35 0.32 6698.70 

OC5KP-

36-4 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.37 0.34 8838.10 

OC5KP-

38-1 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.31 

0.32 

0.29 

0.29 

6792.72 

6089.45 

OC5KP-

38-2 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.36 0.33 6527.27 

OC5KP-

38-3 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.29 0.26 4948.35 

OC5KP-

39-1 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.32 

0.33 

0.29 

0.30 

4767.93 

4745.76 

OC5KP-

39-2 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.34 0.31 4723.59 

Median of 

all OC5KP 

3 

PtrPAL2,

4,5; 

PtrCAld

5H2 

(OE) 

0.32 0.33 0.29 0.29 5510.93 5569.28 

WT6-1 3 N/A 0.37 

0.36 

0.33 

0.33 

6790.64 

6930.78 WT6-2 3 N/A 0.34 0.31 6713.75 

WT6-3 3 N/A 0.37 0.33 7287.97 
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Table 8 (continued) 
Median of 

all WT  

1,2, 

and 3 
N/A 0.32 0.33 0.29 0.30 5448.44 5907.71 

Average of 

all WT  

1,2, 

and 3 
N/A 0.32 0.33 0.29 0.30 5691.91 6005.77 

 

Growth characteristics 

Most CRISPR-edited P. trichocarpa showed little to no change in growth characteristics 

compared to wildtype controls (Figure 10s and t). For the KP245 lines, a slight reduction in tree 

height and stem diameter by ~11% compared to wildtype was observed (Figure 11h; Table 9). The 

extent of growth reduction was captured by the predictive model (Figure 11h). According to the 

global sensitivity analysis, overexpression of PtrHCT6 should restore the change in tree growth 

observed in the KP245 lines (Figure 11h and i). The OHCTKP CRISPR-lines showed small 

improvements in height (4%) and diameter (1%) compared to KP245 (Figure 11h and i; Table 9). 

Overexpression of PtrCAld5H2 in the OC5KP lines did not show drastic changes in growth traits 

compared to wildtype. However, the growth traits were more similar to KP245 lines compared to 

the wildtype (Figure 11h and i; Table 9). 

The only edited P. trichocarpa line that showed drastically reduced growth was KP245-3 

(58.5% of wildtype height). The growth reduction is unlikely to be associated with the CRISPR 

editing of the target genes (PtrPAL2 and PtrPAL4,5), but rather due to the indirect effects of the 

untargeted monolignol genes. The transcript expression of PtrPAL1 and PtrPAL3 were 

significantly downregulated in KP245-3 (Table 9), which may have impacted the growth 

characteristics of this line. 
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Table 9. Growth measurements of 6-months old greenhouse-grown trees. 

Line ID  Batch  Target genes Height (cm) Diameter (cm) 

KP245-1-1 1 PtrPAL2,4,5 223.0 13.1 

KP245-1-2 1 PtrPAL2,4,5 231.0 13.5 

KP245-1-3 1 PtrPAL2,4,5 203.0 11.1 

KP245-2-1 1 PtrPAL2,4,5 265.0 14.2 

KP245-2-2 1 PtrPAL2,4,5 228.0 15.0 

KP245-3-1 1 PtrPAL2,4,5 148.0 11.7 

KP245-4-1 1 PtrPAL2,4,5 228.0 14.2 

KP245-4-2 1 PtrPAL2,4,5 218.0 11.9 

KP245-5-1 1 PtrPAL2,4,5 181.0 9.7 

KP245-5-2 1 PtrPAL2,4,5 212.0 14.6 

KP245-6-1 1 PtrPAL2,4,5 222.0 13.8 

KP245-7-1 1 PtrPAL2,4,5 236.0 14.0 

KP245-8-1 1 PtrPAL2,4,5 230.0 12.9 

KP245-8-2 1 PtrPAL2,4,5 232.0 14.4 

KP245-9-1 1 PtrPAL2,4,5 238.0 14.1 

KP245-9-2 1 PtrPAL2,4,5 229.0 13.4 

KP245-9-3 1 PtrPAL2,4,5 222.0 13.4 

KP245-10-1 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-

2-1 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 305.0 12.5 

OHCTKP-

2-2 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 220.0 10.9 

OHCTKP-

2-3 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 272.0 12.5 

OHCTKP-

4-1 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
306.0 13.5 

OHCTKP-

4-2 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
282.0 11.8 

OHCTKP-

4-3 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 260.0 10.7 

OHCTKP-

9-1 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
308.0 13.4 

OHCTKP-

9-2 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
315.0 14.3 

OHCTKP-

9-3 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
280.0 11.6 

OHCTKP-

9-4 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 230.0 11.5 
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Table 9 (continued) 

OHCTKP-

10-1 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
306.0 13.2 

OHCTKP-

10-2 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
295.0 12.5 

OHCTKP-

10-3 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
298.0 11.2 

OHCTKP-

10-4 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 250.0 11.1 

OHCTKP-

11-1 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
317.0 13.8 

OHCTKP-

11-2 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
310.0 14.1 

OHCTKP-

11-3 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
295.0 12.8 

OHCTKP-

11-4 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 288.0 13.4 

OHCTKP-

11-5 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 250.0 13.0 

OHCTKP-

14-1 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
306.0 12.4 

OHCTKP-

14-2 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
272.0 12.0 

OHCTKP-

14-3 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
240.0 11.2 

OHCTKP-

16-1 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
302.0 13.0 

OHCTKP-

16-2 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
295.0 12.5 

OHCTKP-

16-3 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 285.0 12.8 

OHCTKP-

18-1 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
316.0 13.9 

OHCTKP-

18-2 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
282.0 12.7 

OHCTKP-

18-3 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
228.0 10.1 

OHCTKP-

19-1 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
300.0 12.3 

OHCTKP-

19-2 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
230.0 9.8 

OHCTKP-

19-3 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
298.0 12.0 

OHCTKP-

19-4 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
318.0 14.3 

OHCTKP-

20-1 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
307.0 12.8 

OHCTKP-

20-2 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
298.0 12.0 

OHCTKP-

20-3 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 280.0 12.6 

OHCTKP-

26-1 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 
304.0 12.2 

OHCTKP 

median 2 

PtrPAL2,4,5; 

PtrHCT6 (OE) 295.0 12.5 
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Table 9 (continued) 

WT5-1 2 N/A 312.0 13.4 

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 

OC5KP-5-1 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 317.0 13.2 

OC5KP-5-2 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 274.0 10.7 

OC5KP-9-1 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 334.0 12.9 

OC5KP-9-2 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 282.0 12.8 

OC5KP-9-3 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 248.0 7.0 

OC5KP-13-

1 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 317.0 12.5 

OC5KP-13-

2 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 270.0 10.7 

OC5KP-13-

3 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 278.0 11.4 

OC5KP-15-

1 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 248.0 9.7 

OC5KP-15-

2 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 280.0 10.5 

OC5KP-15-

3 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 220.0 9.5 

OC5KP-15-

4 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 330.0 14.6 

OC5KP-19-

1 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 341.0 12.6 

OC5KP-19-

2 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 298.0 11.9 

OC5KP-20-

1 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 282.0 14.3 

OC5KP-20-

2 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 278.0 10.6 

OC5KP-20-

3 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 265.0 10.1 

OC5KP-20-

4 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 262.0 13.0 

OC5KP-24-

1 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 302.0 12.1 

OC5KP-24-

2 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 265.0 12.5 

OC5KP-30-

1 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 310.0 11.4 

OC5KP-30-

2 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 323.0 11.5 

OC5KP-30-

3 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 302.0 10.8 

OC5KP-33-

1 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 270.0 10.3 
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Table 9 (continued) 

OC5KP-33-

2 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 275.0 10.3 

OC5KP-33-

3 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 305.0 15.1 

OC5KP-33-

4 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 260.0 11.7 

OC5KP-36-

1 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 318.0 13.0 

OC5KP-36-

2 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 278.0 11.0 

OC5KP-36-

3 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 275.0 11.7 

OC5KP-36-

4 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 288.0 11.8 

OC5KP-38-

1 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 315.0 12.3 

OC5KP-38-

2 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 300.0 12.4 

OC5KP-38-

3 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 280.0 10.5 

OC5KP-39-

1 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 290.0 11.5 

OC5KP-39-

2 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 245.0 11.2 

OC5KP-39-

3 3 

PtrPAL2,4,5; 

PtrCAld5H2 (OE) 210.0 9.4 

OC5KP 

median 3 

PtrPAL2,4,5; 

PtrCAld5H2 

(OE) 280.0 11.5 

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 

all WT  

1, 2, 

and 3 N/A 315.7 14.3 

Average of 

all WT  

1, 2, 

and 3 N/A 308.0 14.7 

 

Micropulping 

Both the transgenic woods from our previous study (Wang et al., 2018) and CRISPR-edited 

wood were subjected to micro pulping to assess the impact of lignin content and composition on 

pulp yield. The pulping results are in Tables 10 and 11. The pulp yield constant was calculated 

using the pulp yield and Kappa number according to the Kleppe equation (Kleppe, 1970). As 

shown in Figure 14, the pulp yield constant exhibited a negative correlation with lignin content in 
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wood for both transgenic wood and CRISPR wood, indicating that reducing lignin is beneficial to 

improve the pulp yield. 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 techno-economic analysis. The amount of pulp produced per 1 bone dry metric ton of log at 

different lignin levels is shown in Figure 15 

 

Table 10. Micro pulping data of transgenic wood from our previous study (Wang 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 number Yield constant A 

i20-5 9.9% 

61.7% 13 59.6% 

60.6% 13 58.5% 

i24-5 16.5% 

57.6% 26 53.4% 

58.1% 30 53.3% 

i29-L 18.5% 

58.1% 35 52.5% 

56.6% 32 51.5% 

i69-13 13.40% 

59.1% 19 56.10% 

59.0% 18 56.10% 

NSF3-WT 23.20% 

52.7% 36 46.90% 

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 using (Kleppe, 1970). 

Tree ID 

Lignin content in 

wood 

S/G 

ratio 

Pulp 

yield 

Pulp Kappa 

number 

Yield constant 

A 

OC5KP-

24 

16% 

3.20 56.5% 27 52.2% 

57.0% 26 52.8% 

KP245-

8 

16% 

2.76 56.2% 24 52.3% 

 56.5% 21 53.1% 

WT5-2 22% 

 54.5% 39 48.3% 

2.84 56.3% 35 50.8% 

WT6-1 20% 

 54.5% 21 51.2% 

2.65 55.2% 22 51.8% 

OC5KP-

36 

19% 

 56.7% 24 52.9% 

3.98 56.2% 19 53.2% 
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Figure 14. Correlation between lignin content in wood and pulp yield constant. a: Transgenic wood, CRISPR modified 

wood and wildtype wood; b: Eucalyptus wood, original data were retrieved from published literature and replotted 

replotted (Miranda and Pereira, 2002; Gomide et al., 2005; Neiva et al., 2015). 

 

 

 

 

 

 

 

 

 

 

 

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 lignin content 

The impact of lignin content (at S/G of 2.8) on pulp manufacturing cost at constant 

production is shown in Figure 16a. Lignin content mainly affects the direct cost at constant 

production, specifically, fiber, chemicals, and energy. When using low lignin wood, less wood 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 wood generates 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 are 421.7, 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 at constant 

production.  

The impact of lignin content on net present value was also evaluated (Figure 16b). 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% lignin, 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 of pulp (a and c) and the 

net present value of the mill (b and d) at constant production. a and c: 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 increased slightly resulting in a 

decreased net present value; b and d: 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. 

 

 

  

 

Figure 1 
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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, 2.8, 6.0, and 9.0) are shown in Figure 16c. 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 with increasing 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 on net present value is shown in Figure 16d. The cost saving 

by increasing lignin S/G ratio 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 mills operate with the recovery boiler being the operational bottleneck for 

production capacity (Figure 17a). Consequently, there is tremendous potential to increase the 

production of pulp using modified wood that debottlenecks the recovery boiler. When CRISPR 

edited low lignin and/or high S/G wood is used, the 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 increase the 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 Figure 17b 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 there is no cost-saving 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 reducing the lignin content. 

 

Figure 17. Mill operation capacity analysis. a: the operation capacity of each section in the mill when using wood 

with 28% lignin at S/G ratio of 2.8 (base case); b: impact of lignin content in wood on operation capacity of recovery 

boiler and power boiler; c, 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 different lignin 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 potential for all lignin levels and all S/G levels was calculated as shown in Figure 17d. 

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 financial performance for incremental 

production scenario since they were modest modifications (achievable based on the predictive 

model informed gene strategies). 

The comparison of pulp manufacturing cost for constant production and incremental 

production (using natural gas as supplementary energy) is shown in Figure 18a. The cost-saving 

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 linked to production 

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 scenarios, reducing lignin had more benefit on cost saving 

than increasing S/G ratio. 

 

 

 

 

 

 

 

 

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 different lignin 

content and S/G ratios is shown in Figure 18b. 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, the net present 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, respectively. 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 rather than natural 

gas as shown in Figure 19  

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Pulp cost and net present value at different lignin content and S/G ratio, and at constant production or 

incremental production (Biomass as supplementary energy). 

 






































































































































































































