
ABSTRACT 

COFRE VEGA, CARLOS. Expanding the Frontiers of Genome Editing: Innovations in CRISPR-

Cas Systems for Forestry Applications (Under the direction of Dr. Jack Wang and Dr. Rodolphe 

Barrangou). 

 

 

Genome editing offers revolutionary possibilities for sustainable forestry. This study uses 

CRISPR-Cas systems to address the problem of modifying the composition and amount of lignin 

in trees, a major barrier for efficient wood fiber production. The study goes beyond single-gene 

methods by using multiplex CRISPR editing. Predictive modeling evaluated over 69,000 gene-

editing strategies, identifying seven gene combinations to improve Populus trichocarpa lignin 

characteristics. Improvements in the efficiency and sustainability of fiber production were 

demonstrated experimentally, which showed notable increases in the carbohydrate-to-lignin ratio, 

decreased lignin concentration, and sustained growth performance. 

The study also highlights the use of transgene-free CRISPR approaches with ribonucleoprotein 

complexes, which avoid foreign DNA incorporation, addressing regulatory and ecological 

concerns in Pinus taeda, Abies fraseri and Eucalyptus GloNi, developing and optimizing protocols 

to overcome recalcitrance of forest species for transgene-free genome editing. These methods offer 

precise, efficient, and more publicly acceptable genetic improvements for forestry species. The 

findings underscore the critical role of genome editing in advancing the bioeconomy and 

mitigating climate change through the development of trees optimized for industrial applications. 

By addressing challenges such as species-specific genome complexity, editing efficiency, and 

regeneration bottlenecks, this work establishes CRISPR-Cas systems as powerful tools for 

sustainable forestry and environmental conservation. 
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Chapter 1   

 

Introduction 

 

Importance of forests on a global scale 

 

Forests are essential to the Earthôs ecosystems, representing one of the most important terrestrial 

biomes. They cover approximately 31% of the global land area and play vital roles in biodiversity 

conservation, climate regulation, and the provision of ecosystem services that sustain countless 

species, including humans. Forests are integral to the global carbon cycle, absorbing an estimated 

7.6 gigatons of CO2 annually through photosynthesis (Harris et al., 2021). This sequestration 

significantly offset anthropogenic emissions, where in 2022, ~36 gigatons of CO2 were emitted 

from fossil fuel consumption and cement production (Liu et al., 2023), positioning forests as one 

of the most effective natural climate mitigation tools.  

 

Economically, forestry and wood products contribute around USD $600 billion annually to the 

global economy through timber, non-timber products, and ecosystem services. The pulp and paper 

industry alone supports millions of jobs worldwide, producing essential products like packaging, 

tissue, and paper. It is estimated that there will be an increase in demand for these products by 135-

184 million tons in 2065 (Johnston & Radeloff, 2019). Forest-based bioproducts such as 

bioplastics, bioenergy, and pharmaceuticals are also becoming increasingly important as the world 

transitions to a bio-based economy. 
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From a social perspective, forests are vital for the livelihoods of billions of people, including 

indigenous communities whose cultures and traditions are deeply intertwined with forest 

ecosystems. Sustainable forest management can empower these communities while preserving 

their cultural heritage. Moreover, it is estimated that around 33 million people globally were 

employed in the forest sector, accounting for 1% of total employment across all economic activities 

worldwide (Lippe et al., 2022), further highlighting the importance of forests. 

 

Forests are a natural source renewable materials, making them central to overcoming 

environmental challenges posed by fossil fuel dependency (Okolie et al., 2021). Innovations in 

lignocellulosic biomass utilization have created opportunities to produce biofuels, biodegradable 

materials, and other alternative green products. In 2015, the United Nations (UN) announced 17 

Sustainable Development Goals (SDGs) with 169 associated targets (UN, 2015), in which forests 

play a major role in many of these goals, such as life on land, clean water and conservation, climate 

action, end poverty, affordable and clean energy, decent work and economic growth, and others, 

as observed by many authors and institutions globally (Baumgartner 2019; Carr et al., 2021; Ma 

et al., 2022; Aguayo et al., 2023). 

 

Despite their importance, forests face numerous threats. Annually, 10 million hectares of forested 

land are lost (FAO, 2020) due to agricultural expansion, urban development, and illegal logging 

across all continents (Cespedes et al., 2023; Chen et al., 2024; Singhal et al., 2024). Additionally, 

forests are increasingly vulnerable to extreme weather events, wildfires, and changing 

precipitations patterns. Degradation of forests, caused by overharvesting and poor management 

practices, reduces forest health, affecting biodiversity, and diminish wood productivity. These 
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threats underscore the urgent need for innovations in sustainable forestry and advanced 

biotechnologies to preserve and enhance forest ecosystems. Moreover, the development of 

commercial plantations and technologies to improve productivity while ensuring responsible 

forestry practices can reduce deforestation pressure over native species and be part of the 

mitigation actions against climate change and other threats.  

 

Challenges in Forestry 

 

The forestry sector is at a critical juncture, tasked with meeting rising global demands for wood 

products and ecosystem services while addressing sustainability concerns. 

 

Pressure from Climate Change 

 

Forests are both victims and mitigators of climate change. Rising temperatures and altered 

precipitation patterns disrupt tree growth cycles and reduce forest resilience. The frequency and 

intensity of natural disturbances are exacerbated by climate change, with profound implications 

for forest ecosystems. For instance, the mountain pine beetle (Dendroctonus ponderosae) outbreak 

in British Columbia during the 1990s and 2000s, fueled by warmer winters, affected over 18 

million hectares of forest, and reduced the merchantable pine volume by 0.5 million hectares by 

2012 (Dhar et al., 2016; Kurz et al., 2008). 

Rising temperatures and prolonged dry seasons have escalated wildfire occurrences globally. 

Northern Europe experienced unprecedented wildfire activity during the summer of 2018, burning 

up to 20 times the ten-year average. A 2014 study projected that if warming continues, wildfires 
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could become the primary driver of deforestation in temperate regions, surpassing agricultural land 

conversion (Malhi et al., 2008; Lindner et al., 2010). Conversely, in tropical forests, wetter 

conditions due to climate change have slightly reduced the burned area over recent decades, though 

these forests face other threats such as biodiversity loss and altered precipitation patterns (Malhi 

et al., 2008). Rising temperatures and changing precipitation patterns significantly impact forest 

productivity and health. Higher temperatures increase evapotranspiration, causing water deficits 

and moisture stress. This is particularly detrimental to young plants, shallow-rooted species, and 

forests on poor soils. Prolonged growing seasons may exacerbate water scarcity, reducing tree 

growth and resilience. Furthermore, climate change affects critical biogeochemical processes, 

including soil respiration, nitrogen cycling, and litter decomposition, altering nutrient availability 

and forest dynamics (Leakey et al., 2009; Allen et al., 2010).  

 

Climate-induced changes in forest composition and productivity have direct implications for the 

forest sector. Severe disturbances, such as hurricanes, droughts, and pest outbreaks, can reduce 

timber availability, disrupt ecosystem services like water regulation and soil protection, and 

increase vulnerability to social and economic stresses. Additionally, ecosystem services essential 

for local communities, such as biodiversity management and carbon storage, are increasingly at 

risk (Anderegg et al., 2015). As temperatures rise, species distributions are shifting, with many 

tree species migrating to higher altitudes and latitudes. These shifts may alter forest composition, 

potentially leading to mismatches between trees and their optimal growing conditions. This 

reconfiguration can affect forest functions, including carbon storage and habitat provision, with 

cascading effects on biodiversity and ecosystem resilience (Schelhaas et al., 2010; Pe¶uelas et al., 

2013). 
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Industrial Bottlenecks 

 

The forest industry is a cornerstone of sustainable resource management, harnessing woody 

feedstocks to produce essential products like paper, timber, textile, and biofuels (Dubozet et al., 

2013; Bewg et al., 2018; Jang et al., 2021). However, the sector faces critical industrial bottlenecks, 

particularly concerning the processing of lignocellulosic biomass. High lignin content in wood 

presents technical, economic, and environmental challenges for industries reliant on cellulose 

extraction (Sulis et al., 2023). Addressing these bottlenecks is crucial to improving sustainability, 

efficiency, and the industry's overall environmental footprint. 

 

Lignin, a complex phenolic polymer that provides structural support and rigidity to plant cell walls, 

constitutes 20ï30% of wood biomass (Wang et al., 2018) . While it plays an essential role in tree 

physiology, its recalcitrance poses challenges for industrial processes such as pulp and paper 

manufacturing (De Meester et al., 2022). Delignification, the process of removing lignin to access 

cellulose and hemicelluloses, is energy-intensive and relies on harsh chemical treatments, 

including the use of sulfur-based compounds. These processes contribute to greenhouse gas (GHG) 

emissions, water pollution, and chemical waste, which are major environmental concerns (Boerjan 

et al., 2003; Chakar and Ragauskas, 2004).  

 

The environmental footprint of delignification is substantial. Pulp mills emit pollutants such as 

dioxins, furans, and volatile organic compounds (VOCs), alongside considerable CO2 and methane 

emissions (Rajan et al., 2024). These emissions contribute to global warming and air quality 
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degradation. Additionally, the economic costs associated with energy consumption and waste 

treatment in delignification processes strain industry profitability (Smook 2002). For instance, 

integrating advanced technologies, such as enzymatic treatments, has the potential to reduce these 

impacts but often involves high initial capital investments, limiting their widespread adoption 

(Makepa and Chinobo, 2024). 

 

Over the past few decades, significant advancements in biotechnology and molecular biology have 

aimed to industrial challenges associated with lignin in the forestry sector, including the adoption 

of transgenics and lately, genome editing using CRISPR. In the 1990s, genetic engineering efforts 

focused on downregulating key lignin biosynthetic enzymes, including cinnamyl alcohol 

dehydrogenase (CAD) and caffeic acid O-methyltransferase (COMT), in species like poplar 

(Populus spp.) and these modifications led to reduced lignin content or modified lignin 

composition, leading to improved pulping efficiency by decreasing the energy and chemicals 

required for lignin removal (Boerjan et al., 1997). Subsequent research in the 2000s aimed at 

altering lignin composition to enhance its digestibility. For instance, overexpressing the ferulate 5-

hydroxylase (F5H) gene in aspen (Populus tremuloides) modified the syringyl-to-guaiacyl ratio in 

lignin, resulting in a polymer more amenable to chemical degradation (Franke et al., 2000). 

Additionally, suppression of 4-coumarate-CoA ligase (4CL) and shikimate hydroxycinnamoyl 

transferase (HCT) reduced lignin biosynthesis while maintaining plant growth and biomass 

(Boerjan et al., 1996).  

 

In recent years, CRISPR-Cas9 technology has revolutionized lignin engineering by enabling 

precise and multiplexed genome editing. Researchers have simultaneously targeted multiple lignin 
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biosynthetic genes in poplar using CRISPR-Cas9, achieving tailored reductions in lignin content 

and alterations in its composition without negatively affecting growth rates (Sulis et al., 2023). 

This approach offers an exciting opportunity to reduce industrial processing costs and improve 

environmental sustainability in pulping (for more detail, see Chapter 2). These advances 

demonstrate how targeted genetic modifications of lignin biosynthetic pathwaysðby controlling 

lignin genes, as well as key transcription factors, can yield trees with desirable traits for industrial 

applications (Patzlaff et al., 2003; Goicoechea et al., 2005; Zhong et al., 2009; Legay et al., 2010; 

McCarthy et al., 2010; Tian et al., 2013; Wang et al., 2014; Li et al., 2015; Xu et al., 2017; Yang 

et al., 2017; Chen et al., 2019; Gui et al., 2019). Collectively, these efforts have paved the way for 

more efficient and sustainable utilization of lignocellulosic biomass in the forestry industry. 

 

Emerging technologies, including biotechnological methods like enzymatic delignification and 

genetic engineering of lignocellulosic feedstocks, show promise in reducing lignin-related 

bottlenecks (Sulis et al., 2025). However, these innovations are not yet widely implemented due 

to technical limitations, regulatory hurdles, and public perception concerns regarding genetically 

modified organisms (GMOs). Moreover, the development of efficient lignin valorization 

techniques -converting lignin into valuable chemicals or biofuels- remains a significant challenge. 

Current technologies struggle to economically separate and refine lignin into high-value products, 

leaving most lignin as a low-value byproduct burned for energy (Ali et al., 2024).  

 

Tree breeding for productive, sustainable and resilient forests 
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The necessity of trees with desired traits, such as low content of lignin, increased productivity, 

resistance to pests and others, led to the generation of tree breeding programs for numerous species. 

These tree breeding programs have made significant strides over the decades, evolving from 

classical selection methods to modern genomic tools. Early efforts focused primarily on timber 

yield, emphasizing traits such as growth rates and wood quality. However, conventional breeding 

programs often struggled with inefficiency, extended timelines due to long generation cycles, and 

limited ability to address complex traits like pest resistance or climate adaptability (White et al., 

2007; Aitken et al., 2008). The cost, time, and labor intensity of these methods have been persistent 

challenges (Grattapaglia et al., 2015). 

 

Despite these limitations, breeding programs have advanced considerably. Marker-assisted 

selection (MAS) and genomic selection (GS) have enabled the accelerated identification of 

desirable genotypes, particularly in species like Eucalyptus, which are pivotal to the forestry 

industries in Brazil, Chile, southeast Asia, and Australia (Resende et al., 2017; Balocchi et al., 

2023). These molecular techniques have accelerated breeding cycles and improved precision but 

remain constrained by high implementation costs and reliance on existing genetic material for 

selection. 

  

A global shift towards sustainability has also driven programs to focus on resilience to climate 

change. For instance, Douglas fir (Pseudotsuga menziesii) breeding in North America prioritizes 

adaptability to variable precipitation and temperature regimes (Aitken et al., 2008). In tropical 

forests, multi-trait selection emphasizes ecosystem services alongside productivity, underscoring 

the dual goals of sustainable forestry and biodiversity conservation (Bouvet et al., 2022). However, 
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sustaining genetic diversity in breeding programs continues to pose a challenge. Over-reliance on 

elite clones, while enhancing productivity, can inadvertently reduce population resilience to pests 

and diseases. This underscores the importance of integrating traditional selection methods with 

genomic tools to safeguard long-term sustainability (Neale & Kremer, 2011, Balocchi et al., 2023). 

 

Building on these efforts, transgenics emerged as a promising solution, offering advantages over 

conventional breeding. Through precise genetic modifications, transgenics can introduce 

beneficial traits such as herbicide resistance, pest deterrence, and drought tolerance directly into 

trees, bypassing the lengthy breeding cycles of traditional methods. For instance, transgenic 

poplars engineered for reduced lignin content have shown potential to lower processing costs and 

environmental impact in the paper and biofuel industries (Pilate et al., 2002). However, challenges 

persist, including regulatory hurdles, public acceptance, and potential ecological risks. Addressing 

these issues is critical to fully realizing the benefits of transgenic organisms in forestry. 

 

CRISPR as a tool for tree improvement  

 

The discovery and application of CRISPR-Cas systems represent a breakthrough in forest 

biotechnology. Initially uncovered as a bacterial immune mechanism against phage infections, 

CRISPR's potential was first elucidated in 2007 (Barrangou et al., 2007), which demonstrated its 

role in adaptive immunity through the targeted degradation of viral DNA. This groundbreaking 

work paved the way for its application in genome editing, which was further advanced in 2012 

when CRISPR-Cas9 was successfully adapted as a molecular tool for precise genetic modifications 

(Jinek et al., 2012). The forestry sector quickly capitalized on these advances, for instance, in 2015 
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with the first demonstration CRISPR-Cas9 machinery in poplar trees (Fan et al., 2015) and further 

applying CRISPR in subsequent years to engineer poplars for reduced lignin content, improving 

wood processing efficiency and reducing environmental impacts (Tsai and Xue, 2015; An et al., 

2020; Hoengenaert et al., 2023 Sulis et al., 2023). This application exemplifies the versatility of 

CRISPR in targeting specific genes responsible for key traits, such as wood properties, pest 

resistance, and abiotic stress tolerance, with unprecedented precision (Cao et al., 2016; Bewg et 

al, 2018; Strauss et al., 2022). CRISPR functions as a powerful tool for genome editing in 

transgenic approaches, enabling precise and targeted modifications in plant genomes. In this 

approach, the CRISPR-Cas9 system typically requires the stable transformation of plant cells with 

a construct encoding the Cas9 protein and one or more guide RNA (gRNA) designed to target 

specific DNA sequences. These constructs are often introduced into plant cells via Agrobacterium 

tumefaciens-mediated transformation or particle bombardment and has been demonstrated to be a 

useful tool in plant transformations for more than a decade (Feng et al., 2013; Li et al., 2013; 

Nekrasov et al, 2013; Shan et al 2013; Xie and Yang, 2013). Once expressed, the Cas9 protein 

forms a complex with the gRNA, leading to site-specific cleavage of the target DNA. The plant's 

endogenous repair mechanisms, either non-homologous end joining (NHEJ) or homology-directed 

repair (HDR), then repair the break, enabling genetic edits at precise genomic loci (Bortesi and 

Fischer, 2015). 

 

The transgenic approach using CRISPR is advantageous for introducing traits such as disease 

resistance or improved stress tolerance, as demonstrated in rice, where CRISPR was used to 

enhance blast resistance through targeted mutagenesis of the OsSWEET genes (Li et al., 2018). 

Similarly, transgenic poplars modified with CRISPR-Cas9 constructs have been developed for 
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reduced lignin content, showcasing improved industrial properties (Sulis et al., 2023). Despite 

these advancements, challenges persist, including potential off-target effects, the stable integration 

of CRISPR constructs into plant genomes, and the regulatory complexities surrounding transgenic 

organisms (Alariqi et al., 2025). These hurdles necessitate meticulous design and testing to ensure 

precise editing and minimal unintended consequences. Advances in transient expression systems 

and refined Cas9 variants offer promising solutions for addressing these challenges while 

maintaining the transformative potential of CRISPR in plant biotechnology. 

 

Transgene-free CRISPR opportunities in forestry  

 

CRISPR-based transgene-free genome editing offers an innovative solution to address challenges 

in forest species breeding. Unlike transgenic approaches, this method employs transient delivery 

systems to introduce CRISPR-Cas components without leaving foreign DNA in the genome (Wada 

et al, 2020; Najafi et al., 2023). This approach begins with designing the gRNA to match the target 

DNA sequence in the plant genome. The ribonucleoprotein (RNP) complex, encompassing Cas 

and guide RNA (gRNA) is then delivered into plant cells using methods like protoplast 

transfection, particle bombardment, or nanoparticle-mediated delivery (Demirer et al., 2021; 

Zhang et al., 2021). Upon entry, the RNP identifies the complementary target site in the genome 

via base pairing between the gRNA and the target DNA sequence. The Cas9 protein then cleaves 

the DNA at the specified site, creating a double-strand break (DSB). The plant's inherent DNA 

repair mechanisms subsequently process the DSB. NHEJ, an error-prone repair pathway, often 

introduces insertions or deletions (indels) at the break site, disrupting gene function and achieving 
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gene knockouts. Alternatively, HDR, which requires a supplied DNA repair template, enables 

precise edits, though this pathway is less efficient in most plant cells (Bortesi and Fischer, 2015). 

 

Transgene-free CRISPR-Cas9 genome editing using ribonucleoproteins (RNPs) has been applied 

successfully in multiple studies on woody species, showcasing its potential while also highlighting 

the associated challenges (Fan et al., 2020; Park et al., 2021; Pavese et al., 2022). This method 

involves delivering pre-assembled complexes of Cas9 protein and guide RNA into plant 

protoplasts using techniques like polyethylene glycol (PEG)-mediated transfection. For example, 

in chestnut (Castanea sativa), researchers targeted the phytoene desaturase (PDS) gene to create 

a visually evident albino phenotype, demonstrating successful editing with an efficiency of 21% 

and establishing a baseline for further editing attempts (Pavese et al., 2022). 

 

In hybrid poplar (Populus alba Ĭ P. glandulosa), the PagSAP1 gene was targeted using RNP 

complexes with efficiencies ranging from 0.88% to 2.87%, depending on the gRNA design. 

Notably, these experiments used protoplasts derived from leaf tissues, and though editing 

efficiencies were sufficient to detect mutagenesis, the lack of successful regeneration into full 

plants underlines a major bottleneck (Park et al., 2021). Similarly, in grapevine and apple, targeted 

editing was achieved for genes associated with disease susceptibility, such as MLO-7 in grapevine 

and DIPM-1, DIPM-2, and DIPM-4 in apple, with mutation rates up to 6.9% for apple. However, 

no regeneration of full plants was reported, highlighting challenges in regenerating protoplasts into 

viable, genetically edited trees (Malnoy et al., 2016). 
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The use of transgene-free CRISPR-Cas9 approaches in tree species represents a major 

advancement over conventional tree breeding and older biotechnological methods. By utilizing 

ribonucleoproteins (RNPs) to directly edit genomes without integrating foreign DNA, this method 

addresses many limitations inherent in traditional practices and earlier genetic modification 

techniques, offering precision, efficiency, and adaptability that were previously unattainable. 

 

One of the primary advantages of transgene-free CRISPR approaches is the speed and precision 

of genetic improvements. Conventional tree breeding is time-intensive, often requiring decades to 

observe and select for desirable traits due to the long lifecycle of trees (White and Carson, 2004). 

In contrast, CRISPR allows for the target modification of specific genes within a single generation, 

dramatically accelerating the breeding process.. This rapid pace is particularly valuable in 

addressing urgent challenges such as climate change and emerging pests. 

Compared to traditional genetic modification, which relies on stable transformation methods 

involving the integration of foreign DNA, transgene-free CRISPR eliminates the need for 

transgenic constructs (Zhang et al., 2020; Yang et al., 2024). This avoids the regulatory and public 

acceptance hurdles associated with genetically modified organisms (GMOs). Regulatory agencies 

often impose stringent requirements on transgenic plants due to ecological concerns such as 

horizontal gene transfer and unintended effects on non-target species. By avoiding the introduction 

of foreign DNA, transgene-free edits can be indistinguishable from natural mutations, reducing 

ecological risks and facilitating approval for use in commercial forestry. 

 

Another significant advantage is the precision of CRISPR over older mutagenesis techniques. 

Traditional mutation breeding involves exposing plants to radiation or chemicals to induce random 
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genetic changes, resulting in a high likelihood of unintended effects (Bado et al., 2023). Transgene-

free CRISPR edits are precise and predictable, targeting specific sequences with minimal off-target 

modifications (Hahn and Nekrasov, 2018; Guo et al., 2023). This reduces the risk of undesirable 

traits emerging alongside beneficial changes, making CRISPR a more reliable tool for tree 

improvement. 

 

Multiplex gene editing using CRISPR offers remarkable efficiency and precision for 

simultaneously targeting multiple genes, a feat that is highly challenging and labor-intensive with 

other techniques (Minkenberg et al, 2017, Abdelrahman et al., 2021; Sulis et al., 2023; Sagawa et 

al., 2024). Unlike conventional breeding or traditional genetic modification, where manipulating 

multiple traits requires successive rounds of crossing or sequential transformations, CRISPR 

enables the simultaneous editing of several loci in a single experiment. This is achieved by 

designing multiple guide RNAs (gRNAs) targeting different genes and delivering them alongside 

the Cas9 protein (Sulis et al., 2023). For example, transgenic multiplex editing has been used to 

modify several genes in plants related to disease resistance and metabolic pathways, significantly 

reducing the time required to achieve complex trait modifications (Mubarik et al., 2021; Sulis et 

al., 2023). In contrast, conventional methods like RNA interference (RNAi) or chemical 

mutagenesis are less precise, often resulting in off-target effects and requiring extensive screening 

to isolate the desired mutants (Carthew and Sontheimer, 2009; Franceschini et al., 2014; 

Casacuberta et al., 2015). Moreover, RNAi typically reduces gene expression in a transient manner 

rather than introducing stable heritable genetic changes, limiting its long-term effectiveness.  
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The advantages of multiplex CRISPR editing are particularly pronounced in polygenic traits, 

where modifying multiple genes is essential to achieve the desired phenotype (Bollier et al., 2021; 

Lorenzo et al., 2023; Sulis et al., 2023). This capability accelerates genetic improvements and 

expands the scope of feasible edits, making CRISPR a game-changer for species with complex 

genomes, such as trees. However, challenges such as optimizing gRNA design to minimize off-

target activity and ensuring efficient delivery to all target loci remain areas for further development 

(Guo et al., 2023; Naeem and Alknbashi, 2023; Sherkatghanad et al., 2023). Nonetheless, the 

ability to perform multiplex editing in a single step with CRISPR highlights its transformative 

potential compared to conventional methods. 

 

Challenges of CRISPR in tree species 

Species-Specific Challenges 

 

The application of transgene-free CRISPR-Cas in forestry is complicated by differences between 

gymnosperms and angiosperms. Gymnosperms, such as pine and spruce, typically have very large 

and complex genomes. These genomes often include high proportions of repetitive DNA 

sequences, which complicates the design of effective guide RNAs (gRNAs) and increases the 

difficulty of achieving precise edits. Furthermore, gymnosperms are characterized by long 

reproductive cycles, making it challenging to evaluate edits and their phenotypic effects over time. 

While angiosperms like poplar and Eucalyptus have smaller and less repetitive genomes, they still 

present challenges such as varying levels of efficiency in editing across species and genotypes. 

This disparity necessitates highly tailored protocols for both groups, which increases the time and 
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resources required for research (for more details, see Chapter 4) (Neale & Kremer, 2011; Elorriaga 

et al., 2021; Marques et al., 2025). 

 

Recalcitrance to Editing 

 

Low editing efficiency remains a major hurdle in applying transgene-free CRISPR-Cas to forest 

species (Fan et al., 2021; Park et al., 2021; Pavese et al., 2022). Factors contributing to this issue 

include difficulties in delivering RNPs into plant cells and the transient nature of RNPs, which 

limits the time window for effective genome editing. Additionally, the design of gRNAs plays a 

critical role; poorly optimized gRNAs can result in off-target effects or reduced on-target cleavage 

(Wang et al., 2020; Bhowmik et al., 2021). Editing efficiency can also be affected by the inherent 

complexity of tree genomes, particularly in polyploid or highly heterozygous species. Multiplex 

editing, essential for modifying polygenic traits, exacerbates these issues as it requires multiple 

gRNAs to function simultaneously, often leading to further reductions in overall efficiency (Woo 

et al., 2015). 

 

One of the primary obstacles to transgene-free CRISPR applications in plants is the low editing 

efficiency compared to others such as bacteria and mammals. Chemical modifications have 

emerged as a solution to enhance the stability of gRNAs and therefore increase RNP cleavage 

activity. For instance, the incorporation of 2ǋ-O-methyl or 2ǋ-fluoro ribose substitutions in gRNAs 

significantly increases resistance to nuclease activity, preserving the functional integrity of the 

modified gRNAs (Hendel et al., 2015, Ryan et al., 2018, OôReilly et al., 2019). These 

modifications improve editing efficiency in mammalian systems by maintaining high levels of 
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active guide molecules, and the same principles could be applied to plant cells to address their 

unique challenges. 

 

Another major limitation in plant genome editing is off-target cleavage, which can result in 

unintended genetic changes and complicate phenotypic outcomes (Guo et al., 2023; Naeem and 

Alknbashi, 2023; Sherkatghanad et al., 2023). Modifications such as phosphorothioate linkages at 

the termini of gRNAs have been shown to mitigate off-target effects in human cells by enhancing 

the specificity of guide-target binding (Donohoue et al., 2021). These chemical enhancements alter 

the structural dynamics of the RNA-DNA duplex, making off-target interactions less favorable. 

For plants, where precision is critical for traits like disease resistance and stress tolerance, these 

modifications could ensure that edits are both accurate and efficient. 

 

In addition to chemical modifications, the use of chimeric RNA-DNA guides offers a promising 

avenue to enhance specificity and efficiency. These hybrid guides, which incorporate DNA 

nucleotides into the RNA sequence, have demonstrated reduced off-target activity while 

maintaining robust on-target cleavage in human cell lines (Kartje et al., 2018, Donohoue et al., 

2021). By altering the geometry of the RNA-DNA duplex, chimeric guides destabilize off-target 

complexes, thereby enhancing specificity. This approach could be particularly advantageous in 

plant systems with repetitive or highly homologous genomic regions, such as those found in 

gymnosperm trees, where off-target activity is more likely. 

 

Structural modifications to the seed region of gRNAs also play a pivotal role in optimizing editing 

efficiency. In mammalian cells, maintaining an A-form helical structure has been shown to enhance 
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guide stability and Cas9 activity (Ryan et al., 2017, Kartje et al., 2018). Similarly, modifications 

to the sugar-phosphate backbone of gRNAs can fine-tune interactions with the Cas9 protein, 

improving the overall editing performance (Rueda et al., 2017, OôReilly et al., 2019). These 

structural adjustments could help overcome the inherent recalcitrance of certain plant species to 

genome editing, enabling the development of more robust editing protocols. 

 

Conformational control of Cas9 through engineered guides is another strategy that has shown 

promise in other systems and could address specific challenges in plants. By designing guides that 

modulate the conformational dynamics of Cas9, researchers have improved the discrimination 

between target and non-target sites (Palermo et al., 2018, Donohoue et al., 2021). This approach 

reduces the likelihood of off-target cleavage and enhances the precision of edits. For transgene-

free plant editing, this could be a critical advancement, ensuring that edits are limited to intended 

loci while avoiding collateral damage in the genome. 

 

The success of these strategies in human and mammalian cells highlights their potential 

applicability to plants. For example, chemically modified gRNAs have been used to achieve high 

editing efficiency in human primary cells, including T cells and hematopoietic stem cells (Hendel 

et al., 2015, Donohoue et al., 2021). These systems face challenges analogous to those in plants, 

such as high nuclease activity and the need for precise editing. Similarly, chimeric RNA-DNA 

guides have been successfully applied in therapeutic contexts to achieve ultra-specific editing 

(Kartje et al., 2018, Donohoue et al., 2021). Adapting these modifications to plant-compatible Cas 

proteins and delivery systems could significantly enhance editing outcomes in agricultural and 

forestry applications (For more details, see Chapter 3). 
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Recalcitrance to Regeneration of Plants  

 

The inherent recalcitrance of many forest species to in vitro regeneration presents a significant 

obstacle to the application of transgene-free CRISPR-Cas9 genome editing, particularly when 

utilizing ribonucleoproteins (RNPs) (Pak and Li, 2022). Traditional regeneration methods, such as 

somatic embryogenesis and organogenesis, often exhibit low efficiency and are highly genotype-

dependent in these species, complicating the recovery of whole plants from edited cells 

(Babaeianjelodar et al., 2025). This challenge is further compounded by the transient nature of 

RNPs, which degrade rapidly within the cellular environment, necessitating prompt and efficient 

regeneration to capture the desired genetic modifications (Pak and Li, 2022). 

 

To address these limitations, researchers are exploring alternative strategies, including the 

identification of novel cell types or tissues with enhanced regenerative capacities. Protoplasts 

(plant cells devoid of cell walls) have emerged as a promising target for CRISPR-Cas9 RNP 

delivery due to their amenability to direct uptake of macromolecules (Fan et al., 2020; Yin et al., 

2021, Pavese et al., 2022). For example, successful DNA-free genome editing has been achieved 

in grapevine by delivering CRISPR-Cas9 RNPs into protoplasts isolated from embryogenic callus, 

followed by regeneration into whole plants (Najafi et al., 2023). Similarly, in cabbage, 

optimization of RNP delivery into protoplasts has led to efficient gene editing without the 

integration of foreign DNA (Lee et al., 2020).  

 

While these methods are promising, their application to forest species requires overcoming 

challenges related to protoplast isolation and regeneration, which are often inefficient in woody 
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plants (Reed and Bargmann 2021; Scintilla et al., 2022; Ochatt et al., 2025). Meristematic cells 

and immature embryos represent other promising targets for CRISPR-Cas9 editing (Hamada et al., 

2018; Ellison et al., 2020; Kumagai et al., 2021; Chen et al., 2022). These tissues, characterized 

by their high mitotic activity and developmental plasticity, may provide more reliable regeneration 

pathways post-editing. By focusing on such tissues, researchers can leverage their natural 

totipotency to improve the recovery of edited plants. However, adapting these tissues for genome 

editing introduces a further complexity: delivery methods for CRISPR-Cas9 RNPs must be 

tailored to the specific characteristics of the target cell type. 

 

These strategies highlight the importance of integrating tissue-specific delivery methods with 

regeneration protocols to overcome the challenges of applying transgene-free genome editing in 

forest species. By focusing on the interplay between innovative tissue targets and adapted delivery 

methods, researchers can significantly improve the feasibility of CRISPR-Cas9 RNP-mediated 

editing in recalcitrant forest species. This dual approach promises to unlock new opportunities for 

precision editing in forestry, paving the way for advancements in trait improvement, conservation, 

and sustainable resource management. 

 

Regulatory Challenges 

 

Although transgene-free CRISPR approaches avoid introducing foreign DNA, they are not 

universally exempt from regulatory oversight. Inconsistent global policies contribute to 

uncertainty, increased costs, and delayed deployment of genome-edited trees. In countries like the 

United States, Canada, Argentina, Brazil, Chile, Japan, and Australia, gene-edited plants without 



21 

 

foreign DNA are generally not classified as GMOs, allowing for case-by-case evaluation or 

product-based regulation (Clark and Hobbs, 2023). This creates a more favorable environment for 

the commercialization of CRISPR-edited trees. Officially, the European Union follows a process-

based framework, regulating all gene-edited organisms (regardless of transgene presence) under 

GMO laws (Clark and Hobbs, 2023). However, the European Parliament is currently under a 

legislation process to ease regulation of plants produced using new genomic techniques such as 

CRISPR-mediated genome edited plants (EPRS, 2024) . While proposals have emerged to ease 

restrictions on non-transgenic edits, the current system still imposes significant barriers. China 

leads in CRISPR research but lacks a clear regulatory path distinguishing gene-edited plants from 

traditional GMOs, creating uncertainty (Clark and Hobbs, 2023). Similarly, Africaôs regulatory 

frameworks remain generally underdeveloped. Overall, the global regulatory landscape for 

CRISPR-edited trees remains fragmented. Harmonized, science-based policies, especially those 

recognizing the distinction between transgene-free and transgenic modifications, could greatly 

accelerate the adoption of genome editing in forestry (Clark and Hobbs, 2023). 

 

Long Lifecycles and Validation Challenges 

 

The transformative power of transgene-free CRISPR-Cas gene editing lies in its ability to make 

precise and targeted modifications in tree genomes without introducing foreign DNA. However, 

the realization of its full potential requires extensive validation to ensure that the desired traits are 

stable and beneficial over the long lifecycle of trees. Field testing under diverse environmental 

conditions remains indispensable for confirming the safety, stability, and performance of gene-

edited trees. This is where predictive models, such as the one presented in by Sulis et al. (2023), 
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play a critical role by significantly reducing the number of combinations that need to be tested (for 

more detail, see Chapter 2). 

 

Predictive models, powered by multi-omics integration and artificial intelligence, allow 

researchers to simulate the impacts of gene edits before initiating costly and time-intensive 

experimental trials. Sulis et al. demonstrated the application of a predictive framework to multiplex 

CRISPR editing strategies in Populus trichocarpa. This model evaluated 69,123 potential gene-

editing combinations targeting 21 genes involved in lignin biosynthesis, ultimately narrowing the 

field to seven highly promising strategies. This process highlighted the efficiency of predictive 

tools in reducing unnecessary experimental trials and focusing resources on edits most likely to 

yield optimal wood traits, such as reduced lignin content and improved carbohydrate-to-lignin 

ratios. 

 

Multiplex editing, which targets multiple genes simultaneously, presents additional challenges in 

balancing the desired traits while minimizing unintended effects (Sulis et al., 2023). Predictive 

models help address these complexities by estimating the combinatorial effects of edits on 

metabolic processes, gene and protein interactions, leading to phenotypic traits (Wang et al., 2018; 

Matthews et al., 2021). By prioritizing edits with the greatest potential for success, these models 

enhance resource efficiency and specificity while reducing the risk of negative outcomes. 

 

While predictive modeling is indispensable for guiding the design of gene-editing strategies, it 

complements rather than replaces validation through field trials. Trees encounter a wide range of 

environmental factors, including drought, pests, and soil variability, that cannot be fully accounted 



23 

 

for in silico. Empirical testing under real-world conditions remains essential to ensure that edited 

traits translate into practical and sustainable benefits. Together, predictive models and field testing 

form a robust pipeline that maximizes the efficiency and reliability of transgene-free CRISPR-Cas 

tree breeding, paving the way for innovative applications in sustainable forestry. 
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Abstract 

The domestication of forest trees for a more sustainable fiber bioeconomy has long been hindered 

by the complexity and plasticity of lignin, a biopolymer in wood that is recalcitrant to chemical 

and enzymatic degradation. Here, we show that multiplex CRISPR editing enables precise woody 

feedstock design for combinatorial improvement of lignin composition and wood properties. By 

assessing every possible combination of 69,123 multigenic editing strategies for 21 lignin 

biosynthesis genes, we deduced seven different genome editing strategies targeting the concurrent 

alteration of up to six genes and produced 174 edited poplar variants. CRISPR editing increased 

the wood carbohydrate-to-lignin ratio up to 228% that of wild type, leading to more-efficient fiber 

pulping. The edited wood alleviates a major fiber-production bottleneck regardless of changes in 

tree growth rate and could bring unprecedented operational efficiencies, bioeconomic 

opportunities, and environmental benefits. 
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Introduction 

 

Wood is the most abundant carbon biomass on Earth and the major source of sustainable green 

fibers (1). Globally, å315 billion metric tons of carbon are stored as wood, representing å57% of 

the biogenic carbon sink (Bar-On et al., 2018). The biomass supplies >170 million metric tons of 

virgin fibers annually (RISI, 2022) to meet the growing demand for renewable tissue, paper, 

packaging, textile, and other fiber products, including structural materials (Xiao et al., 2021). 

Despite the importance of wood fibers, their production has remained largely limited to 

undomesticated forest trees with often suboptimal wood properties that hamper production 

efficiency. The propensity for efficient isolation of cellulosic fibers from wood is largely 

determined by the content and composition of lignin (Ralph et al., 1997; Chen et al., 2007; 

Vanholme et al., 2013), one of three major components of wood (Pettersen, 1984). Lignin is a 

phenolic polymer that cross-links with cellulose and hemicelluloses in the secondary cell walls of 

vascular plants (Sarkanen et al., 1971; Li et al., 2014). The polymer in angiosperm wood is formed 

by free radical polymerization of three major monolignol precursors, 4-coumaryl, coniferyl, and 

sinapyl alcohols, which form the p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units in 

lignin (Freudenberg et al., 1965; Boerjan et al., 2003; Valholme et al., 2010). The monolignols are 

biosynthesized from phenylalanine through a series of enzymatic reactions in a metabolic grid 

consisting of at least 11 enzyme families and 24 metabolites (Wang et al., 2018). The pathway is 

mediated by hundreds of regulatory influences, encompassing transcriptional (Chen et al., 2019), 

translational (Matthews et al., 2020), and posttranslational regulations (Wang et al., 2015; Sulis 

and Wang, 2020); enzymeïenzyme interactions (Chen, 2014; Wang et al., 2019); and metabolic 

regulations (Wang et al., 2014; Wang et al., 2019). More than five decades of research have 
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extensively investigated the individual components of lignin biosynthesis and determined the 

effects of their perturbation on lignin content and composition in diverse plant species (Chen et 

al., 2007; Ragauskas et al., 2014; Wang et al., 2018). However, these efforts have predominantly 

focused on the modification of single genes or gene families, whereas the combinatorial effects of 

multigenic perturbations have remained elusive. Here, we show that strategic multiplex CRISPR 

editing of monolignol biosynthesis genes improves wood properties beyond what can be achieved 

by editing single genes or gene families and debottlenecks a key operational constraint in industrial 

pulp mills. These improvements substantially increase fiber production capacity while reducing 

the global warming potential of pulp mills, leading to a more sustainable and efficient fiber 

bioeconomy. 

 

Multiplex genome editing strategies for concurrent wood trait improvement 

 

Gene targets for multiplex genome editing were identified using our established predictive model 

for monolignol biosynthesis (Wang et al., 2018; Wang et al., 2019; Matthews et al., 2020; 

Matthews et al., 2021). The model predicts the transduction of quantitative relationships from gene 

transcript abundances to absolute enzyme abundances, pathway metabolic fluxes, and 25 wood 

chemical and physical properties. Using the predictive model, we explored 69,123 sets of 

multigenic editing strategies to reveal the extent to which individual wood properties can be 

modified through multiplex editing of monolignol genes (Fig. 1, A and B). The 69,123 strategies 

encompass 48,831 gene combinations that represent all possible permutations of loss-of-function 

editing of up to six genes, and 20,292 gene combinations that target the combinatorial editing of 

up to three genes and/or overexpression of one gene (data S1A). For each gene combination, the 
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model estimated the corresponding abundances of monolignol enzymes, pathway metabolic 

fluxes, and 25 wood properties. Targeting multiple genes expanded the range of phenotypic 

variation attainable by genome editing compared with single-gene edits (Fig. 1C and data S1B). 

For example, multigenic editing could reduce lignin content to 50.7% of the wild-type level, 

whereas single-gene edits only reduced lignin content to 61.3% of the wild-type level (Fig. 1C and 

data S1B).  

 

Wood with low lignin content and a high syringyl-to-guaiacyl (S/G) ratio is ideal for fiber 

production (Santos et al., 2011). We mined all 69,123 strategies to identify gene combinations that 

are predicted to reduce lignin content by at least 15% and increase the carbohydrate-to-lignin (C/L) 

ratio by at least 200% and that have a higher S/G ratio than wild type. The C/L ratio is an indicator 

of the potential maximum cellulosic yield for wood fiber (Wang et al., 2018). The strategies must 

also have predicted growth characteristics (e.g., tree height) that are comparable to (>75%) or 

exceed those of wild-type controls. Of the 69,123 strategies, only 347 (0.5%) matched the 

aforementioned criteria in lignin content, C/L and S/G ratios, and tree growth (Fig. 1B and data 

S1C), highlighting the need to mine such strategies to practically test the most-promising 

combinations. All 347 strategies target at least two monolignol genes, and 99.7% of the strategies 

target at least three genes (Fig. 1D and data S1C). The number of target genes affirms the need for 

a multigenic approach to improve fiber traits in Populus trichocarpa. Lignin gene families that 

most frequently appeared in these 347 strategies were C3H (coumarate 3-hydroxylase), 

CCoAOMT (caffeoyl-CoA O-methyltransferase), AldOMT (aldehyde O-methyltransferase), PAL 

(phenylalanine ammonia-lyase), C4H (cinnamate 4-hydroxylase), and CAD (cinnamyl alcohol 

dehydrogenase) (Fig. 1E). 
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Fig. 1. Identification of multiplex CRISPR editing strategies to improve wood fiber traits. (A) 

Three-dimensional scatterplot of predicted lignin content, S/G ratio, and tree growth (stem 

diameter) for 69,123 genome editing strategies. (B) Venn diagram of the 69,123 strategies showing 

the relationships between predicted lignin content, S/G ratio, C/L ratio, and tree growth (height). 

(C) Distribution of lignin content in single-gene and multigene editing strategies. (D) The total 

number of target genes in the selected 347 strategies. (E) The frequency of each monolignol gene 

in the 347 strategies. (F to I) Global sensitivity analysis of wild-type (a), single-gene editing (b to 

d), and multigene editing (e to k) strategies for lignin content (F), S/G ratio (G), C/L ratio (H), and 

tree growth (height) (I). For additional information, see fig. S1. 
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We then performed sensitivity analysis for these gene families to examine the robustness of fiber 

trait improvements in response to varying transcript abundances of nontargeted monolignol genes 

(Fig. 1, F to I; fig. S1; and data S2 and S3) and selected seven strategies for editing in P. 

trichocarpa. The seven strategies (table S1) encompassed various numbers of target genes (from 

three to six) and were selected on the basis of the extent and robustness of predicted improvement 

in fiber traits (reduced lignin, increased S/G and C/L ratios, and good growth) (data S2 and S3). 

The selected strategies showed a predicted reduction in lignin content of up to 35% compared with 

wild type (Fig. 1F and data S3). S/G and C/L ratios increased up to 248 and 215%, respectively 

(Fig. 1, G and H, and data S3), with no change in tree height (Fig. 1I and data S3). 

 

Generating genetic diversity in poplar using CRISPR 

 

To test the seven strategies in planta for their modulation of wood properties for fiber production, 

a multiplex CRISPR construct (Ueta et al., 2017) was assembled for each strategy and delivered 

into P. trichocarpa using Agrobacterium tumefaciens (Song et al., 2006) (figs. S2 to S4, data S4, 

and tables S2 and S3). We generated 174 independent lines of multiplex CRISPRïedited P. 

trichocarpa, including 78 lines that target the concurrent editing of three monolignol genes, 20 

lines that target four genes, 41 lines that target five genes, and 35 lines that target six genes. The 

edited lines exhibited varying extents of loss-of-function mutations of the target genes (Fig. 2A, 

fig. S5, and data S5). Biallelic loss-of-function editing of all target genes was obtained in P. 

trichocarpa for strategies that target the concurrent editing of three or four genes (Fig. 2A, fig. S5, 

and data S5). For strategies that target five or six genes, none of the 76 edited lines showed 

complete loss-of-function editing of both alleles in all target genes. Nonetheless, we identified 
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several lines (e.g., J-7 and K-28) that harbor substantial editing of most target genes (fig. S5 and 

data S5). The frequency of biallelic edits varied between target genes, ranging from 86.1% for 

PtrPAL4 and PtrPAL5 to 9.3% for PtrCCoAOMT2 (Fig. 2B). Most edits consisted of small 

insertions and deletions (INDELs) of 1 to 3 nucleotides (nt) in the immediate vicinity of the 

targeted cleavage site (Fig. 2, C and D, and fig. S6). However, deletions of up to 19 nt were also 

occasionally observed (Fig. 2D). No off-target edits were detected in our edited lines (table S4). 

We used RNA sequencing to evaluate two potential xylem-expressing off-target genomic loci in 

12 edited P. trichocarpa lines (data S6). The absence of detectable off-target editing suggests that 

genome editing is highly specific in P. trichocarpa. The broad variation in the editing profiles of 

target genes in our 174 edited lines created genetic diversity in monolignol biosynthesis not present 

in nature (Fig. 2, E to H). Such genetic diversity enables an exploration of how multigenic pathway 

perturbations can combinatorially regulate wood formation and wood utilization, as well as 

enhance genetic diversity. 



53 

 

 

Fig. 2. Genetic diversity in multiplex CRISPRïedited P. trichocarpa. (A) Percentage INDELs of 

each target gene in the 58 CRISPR-edited P. trichocarpa lines targeting the concurrent editing of 

three monolignol genes (PtrPAL2, PtrPAL4, and PtrPAL5). (B) Average percentage INDELs of the 

target monolignol genes in the 174 edited P. trichocarpa lines. (C and D) Most-frequent CRISPR-

Casïmediated mutations in PtrPAL2 (C) and PtrPAL4 and PtrPAL5 (D). Stem cross sections of 

wild-type (E) and CRISPR-edited H-19-3 trees (F), with the H-19-3 tree showing distinct red 

coloration of the xylem. (G) Six-month-old greenhouse-grown CRISPR-edited and wild-type P. 

trichocarpa. (H) Harvested stem segments from CRISPR-edited and wild-type P. trichocarpa. 
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Phenotypic characterization of multiplex CRISPRïedited poplar 

 

Multiplex editing of monolignol genes in poplar substantially altered the chemical and physical 

properties of the wood (Fig. 3, A to D; fig. S7; and data S7 to S10), as predicted by the lignin 

model (fig. S8 and table S5). Stem wood of 6-month-old wild-type P. trichocarpa contains 20.9% 

lignin and has a C/L ratio of 3.0 (data S7). In the multiplex-edited wood, lignin content is reduced 

by up to 49.1%, and the C/L ratio increased up to 228%, compared with wild type (Fig. 3, E and 

F, and data S7, determined as averages across 65 lines). Two-dimensional nuclear magnetic 

resonance spectroscopy (2D NMR) (Fig. 3, G to J, and figs. S9 to S11) revealed that multigenic 

strategies also modulated lignin composition, increasing the S/G ratio from 2.7 in wild type to as 

high as 4.0 in the edited lines (Fig. 3C and data S8). As expected, lines harboring single-gene edits 

showed either no reduction or a mild reduction in lignin content (0.1 to 12.6%) (e.g., lines G-7, I-

17, and K-9; fig. S12 and data S5 and S7). The most significant lignin reductions were observed 

in edited trees that harbor four to six gene edits, but strategies that targeted three genes also showed 

significant lignin reductions of up to 32% (Fig. 3E, fig. S12, and data S7). Edited lines with 

significant changes in wood chemical properties predominantly harbored a single-allele loss-of-

function mutation in PtrC3H3 combined with the mutation of either one or both alleles of 

PtrAldOMT2 and PtrCAD1 (fig. S12). Wood elasticity was not significantly different between 

wild-type and genome-edited P. trichocarpa, except for two lines (E-9 and G-25), which had 

reduced wood elasticity (fig. S7 and data S9). No change in wood density greater than 15.1% 

(detection limit due to the large technical and biological variation; see materials and methods in 

the supplementary materials) of the wild-type level was observed in the edited P. trichocarpa (data 

S9). Several CRISPR-edited lines with significant reductions in lignin content showed a reduction 
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in tree growth (e.g., I-1, J-25, and K-6) (Fig. 3, D and K; figs. S7 and S12; and data S7 and S10). 

Some multiplex genome editing strategies can circumvent certain shortcomings inherent to typical 

single-knockout strategies that often have undesirable phenotypic effects on combinations of tree 

characteristics and wood properties. Moving forward, it will be necessary to monitor the impact of 

the genome editing outcomes on the tree phenotypic properties and traits relevant to the industry 

in long-term field trials. 
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Fig. 3. Phenotypic variation in CRISPR-edited and wild-type P. trichocarpa. (A to D) Distribution 

of lignin content (A), C/L ratio (B), S/G ratio (C), and tree growth (height) (D) in CRISPR-edited 

and wild-type P. trichocarpa. Blue and red colors stand for CRISPR-edited lines and wild-type 

control measurements, respectively. Pink represents the overlapped regions of the blue (CRISPR-

edited lines) and red (wild-type controls) bars. Lignin, C/L ratio, and growth data are from E, F, 

G, H, I, J, and K constructs. S/G ratio data are from E, F, and G constructs. Average lignin content 

(E) and C/L ratio (F) of selected CRISPR-edited lines with improved fiber traits. Error bars 

represent one standard error of up to three biological replicates. (G to J) 2D NMR 13C-1H 

(heteronuclear single quantum coherence) correlation spectra (side-chain and aromatic regions) of 

wild type [(G) and (H)] and the G-27 edited line (see fig. S8 for other edited lines). Contours in 

these regions were used to estimate the distribution of lignin interunit linkages and lignin 

composition, namely S/G/H ratios, as well as p-hydroxybenzoate (PB). ppm, parts per million. (K) 

Quantitative relationship between lignin content and wood volume in CRISPR-edited and wild-

type P. trichocarpa. 
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Projected industrial benefits of debottlenecking fiber production 

 

Kraft pulping is the dominant process for industrial wood fiber production (Kleppe, 1970; Gierer, 

1980; Bijok et al., 2022). To understand the techno-economic impacts of CRISPR-edited wood on 

kraft pulping, we used a Carolina Pulp and Paper (CPP) mill model (fig. S13) based on an existing 

industrial Brazilian pulp mill with an annual production of 1.24 million tons of pulp. Pulp yield 

and production efficiency may be significantly increased by multiplex editing of monolignol genes 

(Fig. 4, A and B), as evidenced by micropulping wood with varying lignin content and 

composition. Reducing lignin content proportionally increases pulp yield and could reduce the 

usage of pulping chemicals (Fig. 4, A and B; figs. S14 to S17; and tables S6 to S8) that are 

undesirable from an environmental standpoint. Furthermore, low-lignin wood could reduce the 

solid content of black liquor, thereby debottlenecking the recovery boiler, arguably the most crucial 

and rate-limiting energetic component of pulp mills (Fig. 4, C to E, and fig. S18). The 

debottlenecking then enables an incremental production potential of the pulp mill by up to 40% 

(Fig. 4, C to E, and fig. S18). Additionally, increasing the C/L ratio in wood means that less 

biomass is required to provide the same amount of cellulose (fig. S17). The benefits of increasing 

the S/G ratio encompassed the reduction of pulping chemicals and energy savings on chemical 

recovery (figs. S16 and S18). Tremendous financial benefits may be obtained by reducing lignin 

from 28% to 16% and by increasing the S/G ratio from 2.8 to 4.0 (figs. S19 to S21). Such changes 

are predicted to increase the net present value (at a 14% hurdle rate) from ī$359.3 million to 

$1047.1 million USD for pulp mills using natural gas as supplementary energy, and from $269.2 

million to $1856.9 million USD for mills using biomass as supplementary energy (figs. S19, C and 

D, S20, and S21). Notably, some of these benefits are achieved even in cases of biomass reduction 
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because of industrial operational efficiency gains (figs. S20 and S21). Although the magnitude of 

the financial gains is forecasted, accuracy will eventually be determined by the physiological 

attributes of the harvested trees at industrial scale. 

 

Fig. 4. Techno-economic analysis and global warming potential of CRISPR-edited wood in 

industrial kraft pulping. (A) Correlation between lignin content and pulp yield in CRISPR-edited 

and wild-type P. trichocarpa. (B) Paper disks produced from CRISPR-edited P. trichocarpa. (C) 

The impact of varying lignin content and S/G ratio on the incremental production potential of an 

industrial kraft pulp mill. (D and E) Operational capacity of different components of an industrial 

kraft pulp mill using wood with 28% lignin (D) or 16% lignin (E) at an S/G ratio of 2.8. (F) Total 

life-cycle GWP of producing pulp from 1 BDMT log. The scenarios include varied S/G ratios (2.8, 

4.0, or 6.0), lignin content (28 or 16%), and production modes (constant or incremental). 
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Sustainability impact of optimized fiber production 

 

The pulp and paper industry is a major contributor to greenhouse gas emissions. The US 

Environmental Protection Agency reported 35 million metric tons of CO2 equivalent emissions 

from the pulp and paper industry in the US in 2020 (EPA, 2021). Globally, the annual direct CO2 

emissions from pulp and paper production reached 168 million metric tons (IEA, 2020). We 

assessed the impacts of CRISPR-edited wood on the carbon footprint of pulp production. Life-

cycle global warming potential (GWP) was estimated for pulp production from 1 bone dry metric 

ton (BDMT) of CRISPR-edited wood and compared with that of wild-type wood. For a pulp mill 

powered by natural gas, reducing lignin content from 28% to 16% decreases the GWP by up to 

8% (Fig. 4F, figs. S22 to S26, and tables S9 and S10), and increasing the S/G ratio from 2.8 to 4.0 

leads to a further 10% reduction in the GWP per BDMT of logs processed (Fig. 4F, figs. S22 to 

S26, and tables S9 and S10). Altogether, incremental pulp production using edited wood with 

reduced lignin and an increased S/G ratio could reduce GWP by up to 20% (Fig. 4F, figs. S22 to 

S26, and tables S9 and S10), providing substantial benefits to environmental conservation and 

climate change mitigation. These results provide insights into the potential of genome editing 

technologies for tree improvement, which may be further corroborated in field trials in relevant 

environmental conditions. This study illustrates how strategic multiplex editing to alter wood 

composition could enable more-sustainable fiber production with remarkable operational  

efficiencies, bioeconomic value creation, and tangible environmental benefits. 
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Materials and Methods 

 

Predictive modeling in monolignol biosynthesis to identify gene targets for editing fiber trait 

improvements 

 

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 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., 2020a; Matthews et al., 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. 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 
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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. We 

iteratively search through all possible gene combinations to select strategies that are estimated to 

yield lignin content less than 85% of wildtype, S/G ratio higher than 100% of wildtype, C:L ratio 

higher than 200% of wildtype, and growth (tree height) higher than 75% of wildtype.  

 

To reveal the most relevant genes associated with improvements in fiber traits, we ranked the 21 

monolignol genes based on their frequency in the strategies that showed concurrent improvements 

in fiber traits. For the 10 highest ranking genes, we then performed a permutation of 768 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. 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). Seven strategies having diverse number of target genes (3 to 6 genes) and 

best predicted fiber trait improvements were selected for multiplex editing in P. trichocarpa. The 

seven selected strategies were each validated using a large-scale sensitivity analysis by 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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Lignin and growth data from 36 CRISPR-lines (93 CRISPR-edited trees) and 12 wildtype controls 

were used to validate the predictive model-informed CRISPR-editing strategies (table S5). The 

data encompassed phenotypic measurements from multiplex CRISPR-lines harboring at least one 

fully edited and one partially edited target genes from lines targeting the PtrPAL genes (strategies 

E, F, and G) or PtrC3H3, AldOMT2, and PtrCAD1 (strategies H, I, J, and K). For single-gene 

editing, CRISPR-lines harboring high editing frequency only at one monolignol biosynthetic genes 

(PtrPAL2, PtrC3H3, and PtrC4H1) were selected for the comparisons. For each group of trees 

(table S5), the co-relationship of the predicted results median (dataset S3) and average of 

phenotypic measurements (datasets S7 and S10) was evaluated.  

 

Growth condition of P. trichocarpa 

 

P. trichocarpa genotype Nisqually-1 was used for all experiments. Trees were grown in İ Miracle-

Gro Soil (Scotts Miracle-Gro products, Maysville, OH, USA) and İ Metro-Mix 200 (Sun Gro, 

Bellevue, WA, USA) in a greenhouse with 16 h light/8 h dark cycles with supplement lighting of 

~300 ÕE mī2 sī1 for six months (Song et al., 2006). The height, diameter, and stem basal volume 

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/) based on the P. trichocarpa genome Ver. 4.1 (JGI). The gRNAs with high-
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specificity scores (table S2) that target the 5ô end of the coding sequence were chosen for functional 

validation using in vitro cleavage assays. Briefly, DNA template for each gRNA was generated 

using PCR containing 20 mM of in vitro transcription gRNA primer, 20 mM BS6 primer, 1 ÕM 

T25_long primer, and 1 ÕM BS7 primer (table S3). 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 Õg of purified 

recombinant SpCas9, 4 Õg 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.  

 

Assembly of multiplex CRISPR plasmids 

gRNAs (table S2) 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 

S3 (fig. S2). The amplified gRNA target sequences were assembled by Golden-Gate cloning 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 
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confirmed by Sanger-sequencing using primers specific for the vector backbone and gRNA (table 

S3).  

 

To produce transgene constructs for target gene overexpression, two DNA cassettes were 

synthesized (Genewiz, USA). The first cassette (4CL3P-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) (dataset S4). Restriction sites of SbfI, BamHI, ApaI, EcoRI, 

BglII, XhoI were added to 5ô or 3ô regions of the Ptr4CL3P, 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 (dataset S4). 

To assemble the 4CL3P-PtrCAld5H2-NosT, the PtrHCT6 CDS was replaced by PtrCAld5H2 using 

the restriction sites BglII and XhoI. The DNA cassettes (4CL3P-PtrHCT6-NosT and 4CL3P-

PtrCAld5H2-NosT) were then isolated from pUC57 plasmid using ApaI and inserted into the 

pMgP237-2A-gfp CRISPR-plasmid containing the PtrPAL2 and PtrPAL4|5 gRNAs using T4 

DNA-ligase (New England Biolabs, USA) to generate the F and G constructs (fig. S2). 

 

The xylem-specific promoter Ptr4CL3P 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 Ptr4CL3P driving a green fluorescent protein (gfp), and the 

percentage of fluorescent SDX protoplasts was counted 12 h post-transfection. Protoplasts 
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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 leaves of 174 CRISPR-lines was extracted using the Quick-DNAÊ 

Plant/Seed Miniprep Kit (Zymo Research, USA). PCR using the Q5È High-Fidelity DNA 

Polymerase (New England Biolabs, USA) and primers AtU6(666)-F and Cas9(975)-R (table S3) 

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 targeting gene edits. For the CRISPR-lines genotyped by Sanger (58 lines encompassing the E, 

F, and G constructs), the amplified target genes were cloned into pMiniT 2.0 vector using the 

NEBÈ 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 CRISPR-

lines genotyped by deep-amplicon sequencing (116 CRISPR-lines encompassing the H, I, J, and 
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K constructs), PCR-amplified target genes were purified using DNA Clean & Concentrator-25 

(Zymo Research, USA) and analyzed by 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 

(http://www.rgenome.net/cas-analyzer). 

 

Based on the type and frequency of gene edits, 65 CRISPR-lines were selected for molecular and 

phenotypic characterization. Up to five vegetatively propagated copies of each edited P. 

trichocarpa line were grown in a greenhouse for 6 months. The stem-differentiating xylem (SDX) 

tissues of 42 trees were collected for RNA extraction. Wood samples of the 155 CRISPR-edited 

and 12 wildtypes trees were collected for quantification of modulus of elasticity (MOE), wood 

density, lignin and sugars contents, and lignin composition (sections below). The transgenic trees 

were grown in four different batches (1, 2, 3, and 4), 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-seq. SDX was 

scraped from the surface of the debarked stems using single-edge razor blades. The collected 

tissues were frozen and ground into powder in liquid nitrogen. 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 using a Bioanalyzer 2100 (Agilent RNA 6000 Nano Kit). The library construction was 
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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. The 

trimmed reads were mapped to the P. trichocarpa v4.1 reference genome (JGI) using the STAR 

aligner v.2.5.2b. Unique gene hit counts were calculated by using FeatureCounts from the Subread 

package v.1.5.2. Transcript abundance was expressed as transcript per million (TPM) (dataset S6). 

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. 

 

Analysis of off-target editing in P. trichocarpa harboring multigenic editing of PtrPAL2, PtrPAL4, 

and PtrPAL5 

 

CRISPOR software (http://crispor.tefor.net/) was used to estimate the most probable off-target 

genes for the two guides used to edit PtrPAL2 (gRNA_P2(36)) and PtrPAL4|5 (gRNA_P45(34)) 

(table S4). The RNA-seq reads from 12 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.  

 

Wood chemistry analysis of CRISPR-edited and wildtype P. trichocarpa 

 

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 
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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 (TAPPI T 222). 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 83.9% (% = g/100 g 

dry wood) for wildtype trees. 

 

Quantification of lignin composition and interunit linkages in wildtype and edited P. trichocarpa 

 

2D HSQC NMR was used to quantify the lignin composition and interunit linkages (fig. S9) 

according to the whole-cell-wall method (Wang et al., 2018). 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.  

 

For 2D HSQC NMR, ~ 40 mg of each ball milled sample was directly introduced into a 5 mm 

NMR tube with addition of 500 ÕL of premixed DMSO-d6/Pyriding-d5 (4:1). The NMR sample 

was sonicated for 1-6 h in an ultrasonic bath until a homogenous gel was obtained. The 2D HSQC 
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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 abundances of interunit linkages were measured by integrating the CŬ/HŬ contours 

and expressed on the basis of the sum of (ɓ-O-4ô) + (ɓ-5ô) + (ɓ-ɓô) + (ɓ-1ô) levels (Ralph et al., 

1997). 

 

Quantification of wood physical properties 

 

The specific gravity and modulus of elasticity (MOE) of wood samples from 84 CRISPR-edited 

and 9 wildtype trees were measured as described below. 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.  

 

Modulus of elasticity (MOE) 

 

Stem sections (20 cm) were cut from the base of each CRISPR-edited line and wildtype tree. The 

samples were air-dried and then placed in a humidity chamber at 65% relative humidity and 20ÁC. 

The stem sections were then tested at a span-to-depth ratio of 15 and analyzed using a three-point 
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static bending test using an MTS Insight universal mechanical tester to measure the MOE, 

following our established procedure (Kasal et al., 2007, doi:10.1515/HF.2007.054). 

 

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 specific gravity 

using water displacement method. Samples were weighed before and after drying in an oven 

overnight at 103 Ñ 2ÁC. The specific gravity was calculated according to ASTM standards D2395. 

 

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-edited lines to those of the wildtype P. trichocarpa. 

 

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 the 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 
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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 ÁC 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. The fiber quality analysis was performed according to ISO 16065 method. The 

X-ray diffraction to determine the crystallinity of the fibers was performed as described in (Wu et 

al., 2021). The measurement of 2ɗ ranged from 5Á to 50Á at a scanning speed of 5Á/min and a step 

size of 0.02Á. The XRD diffraction pattern was corrected by subtracting the carefully recorded 

background. 

 

Techno-economic analysis (TEA) 

 

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. 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 
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in this TEA was estimated according to our previous study on transgenic polar (Wang et al., 2018) 

as shown in table S6. Wildtype Eucalyptus was assumed to have 28% lignin as the base case of 

analysis. Four levels of S/G ratio, 1.0, 2.8 (base case), 6.0, and 9.0, were also included to evaluate 

the impacts of lignin S/G ratio. 

 

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 (Pettersen, 1984) 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 (Wang et al., 2019) 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 (Wang et al., 2019) at a higher S/G ratio. Equation 2 was 

derived using published data (Gomide et al., 2005; Nawawi et al., 2017) to calculate required active 

alkaline.  

 

Equation 2: AA% = (49.604 Ĭ Lignin% + 4.963) Ĭ (S/G)-0.209 

 



74 

 

The economic impacts of CRISPR-modified wood were simulated using the Carolina Pulp and 

Paper (CPP) mill model developed at North Carolina State University. The CPP mill model was 

developed and evolved over the past 15 years 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. 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 fig. S13. 

 

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. 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 risk of growth changes for the edited trees was also assessed through 

sensitivity analysis. 

 

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 
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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 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-years timeframe with a tax rate of 15% and a 14% 

hurdle rate. 

 

Life cycle carbon footprint analysis 

  

This study follows ISO 14067 to quantify the life cycle Global Warming Potential (GWP) 

emissions of produced pulp and compare the impacts of varied lignin content, S/G ratios, and fuel 

sources on carbon footprint results. The system boundary is cradle-to-gate as shown in fig. S26, 

including biomass production, transportation, and pulp production. Upstream burdens of 

producing chemicals and fuels used in each life stage are included. The functional unit is 1 bone 

dry metric ton (BDMT) of produced log (without bark) from forest. In this study, Life Cycle 

Inventory (LCI) data were collected from the literature, ecoinvent database, and the GREET 

model. To assess the environmental impacts of the Greenhouse Gas (GHG) emissions, the GWP 

characterization factors for 100-year time horizon are used following the IPCC method (i.e., 1 for 

CO2, 30 for fossil-based CH4, 28 for biogenic-based CH4, 265 for N2O). The mass and energy 
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balance of the pulp mill are derived from mill model for techno-economic analysis. Biogenic- and 

fossil-based GHG emissions are tracked separately in this study based on the sources of carbon to 

present a fuller picture of carbon footprint.  

 

Biomass production and transportation 

 

Biomass production produces the log used for pulp production along with residues and bark as 

potential energy sources. This stage contains forest growth, site preparation and planting, 

fertilization, and harvest logging. These components cover the sources of CO2 sequestration and 

GHG emissions in biomass production. Forest growth sequesters carbon from the atmosphere and 

stores in the biomass as biogenic carbon, while forest operations (i.e. site preparation and planting, 

fertilization, and harvest logging) emit the fossil-based GHG emissions. The GHG emissions from 

forest operations are assessed on the consumption of fuels and chemicals (table S9). LCI data 

including upstream burdens of these fuels and chemicals are derived from the ecoinvent database 

V.3. The emission factors are derived from the GREET model. In this study, the rotation length is 

7 years. After each rotation, log is debarked and transported to the pulp mill. Transportation 

distance (table S10) is estimated based on the biomass availability depending on varied cases and 

the LCI data of transportation is derived from the GREET model (https://greet.es.anl.gov).  

 

Pulp production 

In the pulp mill, life cycle GHG emission sources majorly consist of chemicals (i.e., bleaching 

chemicals, ClO2 generator chemicals, and Kraft mill make up chemicals) and energy generation 

(i.e. recovery boiler, lime kiln, and power boiler) that generate on-site GHG emissions. The 
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chemical usage and energy generation data are acquired from the mill model for techno-economic 

analysis. The upstream burdens of producing chemicals are based on ecoinvent database V.3. For 

energy generation, it is necessary to track the biogenic- and fossil-based GHG emissions 

separately. The recovery boiler that burns strong black liquor and the calcination in the lime kiln 

that calcines the CaCO3 from the caustic plant, generate biogenic-based GHG emissions. The 

energy supply for lime kiln is natural gas which emits fossil-based GHG emissions. For the power 

boiler, two energy source cases are explored, natural gas case and biomass case. Hence, the GHG 

emission type (fossil or biogenic) depends on the case selection. Since there is potentially surplus 

electricity as the byproduct, system expansion method is adopted to avoid allocation, following 

the guidance of ISO 14067. Table S10 shows an example of input data per 1 BDMT log in natural 

gas and biomass cases (28% lignin content, S/G ratio 2.8, and constant production). 
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Supplementary Text 

 

Screening genome editing 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., 2018, Wang et al., 2019; Matthews et al., 2020; Matthews et al., 2021). 

The model captures the quantitative relationships linking gene transcript abundances to 

phenotypic traits using sparse maximum likelihood, mass-balance kinetics, and machine-learning 

algorithms. The model informs how changing the expression of individual monolignol genes or 

combinations thereof affect protein abundance, metabolic flux and 25 wood properties, including 

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

 

The most relevant genes associated with concurrent improvement in fiber traits were PtrC3H3, 

PtrAldOMT2, PtrCCoAOMT2, PtrPAL2, PtrCCoAOMT1, PtrCCoAOMT3, PtrC4H1, and 

PtrCAD2 (Fig. 1E). PtrPAL2, PtrPAL4 and PtrPAL5 are the major xylem-specific genes belonging 

to PAL gene family, and the genes have been shown to be functionally redundant (Shi et al., 2010). 

Therefore, we also included PtrPAL4, and PtrPAL5 in the set of selected genes. PtrCAD2 has low 

transcript abundance in stem-differentiating xylem (SDX) tissue compared to PtrCAD1 (Shi et al., 

2010), so both PtrCAD genes were included in the list of candidate genes to evaluate the impact 
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of loss-of- function edits in PtrCAD family. Then, every combination (768) of the subset of 

selected genes limiting the concurrent edits from three to six targeting genes was used for a small-

scale sensitivity analysis (dataset S2). The sensitivity analysis for all 768 gene strategies determines 

how sensitive or resistive the trait improvements are to variation in the transcript abundances of 

the non-target monolignol genes. 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 (dataset S2A-D). Seven genome editing strategies were selected based on the diversity 

number concurrent edits (from three to six), presence or absence of target gene overexpression, 

and levels of fiber improvements (dataset S2E-H). 

 

The selected gene combinations that consistently lead to fiber trait improvements were KO of 

PtrPAL2 and PtrPAL4|5 (E); OE of PtrHCT6 coupled with KO of PtrPAL2 and PtrPAL4|5 (F); KO 

of PtrC3H3, PtrAldOMT2, PtrCAD1 (H); KO of PtrC3H3, PtrC4H1, PtrAldOMT2, PtrCAD1 (I); 

KO of PtrC3H3, PtrC4H1, PtrCCoAOMT1, PtrAldOMT2, PtrCAD1 (J); KO of PtrC3H3, 

PtrCCoAOMT1, PtrCCoAOMT2, PtrCAD1, PtrCAD2, PtrAldOMT2 (K). To confirm the predicted 

fiber trait improvements, a global sensitivity analysis of selected strategies was performed and 

compared to single-gene editing strategies (dataset S3A and B). For the multiplex editing 

strategies, the fiber trait improvements were consistent in between the small-scale and global 

sensitivity analysis (datasets S2 and S3). As expected, single-gene edits did not improve 

phenotypic traits compared to the wildtype (Figs. 1F-I, fig. S1A-F, and dataset S3). 

PtrCAld5H gene family is involved in the conversion from guaiacyl lignin (G-subunits) to syringyl 

lignin (S-subunits) in angiosperms (Wang et al., 2018). In order to increase S/G ratio in CRISPR-

lines with reduced lignin content, a strategy containing the overexpression of the PtrCAld5H2 
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coupled with concurrent edits of PtrPAL2 and PtrPAL4|5 (G) was included. Together, the seven 

multigenic strategies were selected for genome editing in P. trichocarpa (table S1). 

 

Promoter and gRNA validations 

 

To overexpress PtrHCT6 and PtrCAld5H2 in the F and G strategies, a xylem-specific Ptr4CLP3 

(13) 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 (fig. S3). 

 

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 (fig. S4A-I). Two gRNAs showed poor in vitro activity, namely gRNA_C3H3(1) (targeting 

PtrC3H3) and gRNA_CCOAOMT2(1) (targeting PtrCCoAOMT2) (fig. S4G and I). These poor 

performing gRNAs were then discarded. The remaining 16 gRNAs showed specific and complete 

cleavage of their target genes in vitro. We selected gRNA_P2(36), 

gRNA_P45(34),gRNA_CD1(32), gRNA_C3H3(3), gRNA_ALDOMT2(2), 

gRNA_CCOAOMT1(2), gRNA_CCOAOMT2(3) for generating the multiplex CRISPR 
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constructs, based on their low off-target scores and positions nearer to the start codon (table S2). 

 

Phenotypic characterization of CRISPR-edited P. trichocarpa 

 

Wood composition 

 

To analyze the impacts of CRISPR-editing on lignin biosynthesis, we analyzed the wood chemical 

composition of 65 CRISPR-edited P. trichocarpa lines and 12 wildtypes. Wildtype wood contains 

on average 20.9% of lignin, 44.4% glucose, 12.4% xylose, 3.5% mannose, and 2.6% galactose (% 

= g/100 g dry wood), with a total C/L ratio of 3.0 (dataset S7). The multiplex CRISPR-edited P. 

trichocarpa showed significant alterations in the wood chemical composition compared to the 

wildtype as expected by the predictive model. We observed a variation in the lignin content that 

ranged from 11.4% to 24.2%. C/L ratio varied from 2.6 to 6.6, total carbohydrates varied from 

51.8% to 75.1%, glucose ranged from 38.4% to 55.3%, xylose from 8.7% to 16.0%, mannose from 

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

 

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 8 wildtypes P. trichocarpa wood samples was performed (figs. S10 

and S11; dataset S8). Wildtype lignin composed on average 72.2% S-subunits, 26.5% G-subunits, 
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1.3% H-subunits, and 3.6% p-hydroxybenzoic acid (on an S + G + H = 100% basis) (dataset S8). 

In the CRISPR-edited P. trichocarpa lines, S-subunits ranged from 67.1 to 78.7%, and G- subunits 

ranged from 19.8 to 30.7% (fig. S7 and dataset S8). The changes in subunit composition led to an 

increase in S/G ratio from 2.7 (wildtype) to 4.0 (Fig. 3C and dataset S8). H-subunits and p-

hydroxybenzoic acid content were increased in the edited lines, reaching 3% and 7.5% of the lignin 

composition, respectively (fig. S7 and dataset S8). As expected, no major changes were observed 

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

 

Growth characteristics 

 

We measured the growth traits of 153 CRISPR-edited and 12 wildtype P. trichocarpa. Wildtype 

height ranged from 242 to 368 cm (average: 312.5 cm) and stem basal diameter from 12.7 to 

16.1 mm (average: 14.4 mm). CRISPR lines showed a broader variation than wildtype controls in 

height (148ï348 cm) and stem diameter (7ï15.1 mm) (Fig. 3D, fig. S7 and dataset S10). These 

growth measurements do not encompass a few lines (e.g., H-2, H-5, K-22, and K-28; dataset S5) 

with complete loss-of-function of PtrC3H3 because such edits affected the survivability of the 

trees in the greenhouse. In contrast, CRISPR-edited lines with partial loss-of-function edits for 

PtrC3H3 (e.g., H-4, H-19, I-1, I-5, J-32, K-6, K-9, K-13, K-23, and K-32; dataset S5) proliferated 

in the greenhouse. Line K-9 only harbored partial loss-of-function editing of PtrC3H3, which 

resulted in a 4% reduction in lignin content (fig. S12 and dataset S7). On the other hand, the partial 

loss-of-function of PtrC3H3 in combination with the editing of additional genes such as 

PtrAldOMT2 and PtrCAD1 (see lines K-6, I-1, H-4, I-5, H-19, J-32, and K-23) resulted in more 

significant reductions in lignin content, ranging from 10-49% (fig. S12 and dataset S7). These 
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results illustrate the importance of harnessing a multigene approach to achieve desirable trait 

combinations in tree growth and wood properties. 

 

Micro-pulping and technoeconomic analysis of using CRISPR-edited wood in a pulp mill 

 

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 shown in tables S7 and S8. Pulp yield constant was calculated using 

the pulp yield and Kappa number according to the Kleppe equation (Kleppe, 1970). The pulp yield 

constant exhibited a negative correlation with lignin content in wood for both transgenic wood and 

CRISPR wood (Figs. 4A and fig. S14), indicating that reducing lignin is beneficial to improving 

the pulp yield. The range of fiber dimensions observed between the CRISPR-edited lines and 

wildtype wood samples are unlikely to have a major impact of paper quality (Horn, 1978) (fig. S15). 

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 fig. S17. 

 

Impact of changing lignin content 

 

The impact of lignin content (at S/G of 2.8) on pulp manufacturing cost at constant production is 

shown in fig. S16A. Lignin content mainly affects the direct cost at constant production, 

specifically, fiber, chemicals, and energy. When using low lignin wood, less wood is needed to 
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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 boiler. 

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 

410.0, 418.7, and 423.7 USD/Mt of pulp, respectively. These results indicate there is no benefit 

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

 

The impact of lignin content on net present value was also evaluated (fig. S16B). As expected, the 

net present value decreased due to the increasing pulp manufacturing cost. The base case has a net 

present value of $ -359.3 million USD, whereas the net present value decreased to $ -434.0 million 

USD for 16% lignin and $ -476.9 million USD for 8% lignin, respectively. In conclusion, solely 

reducing lignin content at constant production is not beneficial because of the high penalty on 

energy cost due to the reduction of black liquor solids in the recovery boiler (fig. S16B). 

 

Impact of changing S/G ratio 

 

The impact of S/G ratio was estimated using 28% lignin wood. The pulp manufacturing cost at 

five levels of S/G ratios (1.0, 2.8, 4.0, 6.0, and 9.0) are shown in fig. S16C. Only chemicals and 

energy costs were affected by the 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 (fig. S16C). The overall pulp 

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

fig. S16D. The cost saving by increasing lignin S/G ratio permits the net present value to increase 

up to $ -328.0, $ -290.9 and $ -259.6 million USD for S/G ratio of 4.0, 6.0 and 9.0, respectively. 

Clearly, at constant production, increasing S/G ratio is a better approach than reducing lignin 

content (fig. S16D). 

 

Mill  capacity 

 

Most Kraft pulp mills operate with the recovery boiler being the operational bottleneck for 

production capacity (Fig. 4C and D). Consequently, there is tremendous potential to increase the 

production of pulp using modified wood that debottlenecks the recovery boiler. When CRISPR 

edited low lignin and/or high S/G wood is used, the 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 Fig. 4C-E, and fig. S18A and B. 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%. 

Meanwhile, the operation load of the power boiler increased from 54% of capacity to 77% (fig. 

S18A). 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 (fig. S18B), but not as much as reducing 
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the lignin content. 

 

Incremental production 

 

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

capacity to the extent where power boiler becomes the new bottleneck. The incremental production 

potential for all lignin levels and all S/G levels was calculated as shown in Fig. 4E. 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 4.0 and 6.0 were selected to evaluate the financial performance for incremental 

production scenario since they were modest modifications (achievable based on the predictive 

model informed gene strategies). 

 

The comparison of pulp manufacturing cost for constant production and incremental production 

(using natural gas and biomass as supplementary energy) is shown in fig. S19. 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 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. 
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Sensitivity analysis on tree growth 

 

Tree growth changes affect the area of forest to supply the required wood and the transportation 

distance from forest to pulp mills. The risk of tree growth changes was assessed through a 

sensitivity analysis for both constant and incremental production as shown in figs. S20 and S21. 

An increase in tree growth (+15% of wildtype) resulted in less forest land and shorter 

transportation, hence, cheaper fiber. On the other hand, a decrease in tree growth caused an 

increased cost in fiber. The major risk associated with decreasing tree growth exists in the constant 

production scenario when using gas as supplementary energy. Whereas the financial benefits from 

incremental production had better risk tolerance for decreasing tree growth, since the net present 

values were still higher than the net present value of using wildtype wood (28% lignin, S/G ratio 

of 2.8, base case). 



89 

 

 

Fig. S1. Global sensitivity analysis of wildtype (a), CRISPR single-gene editing (bïd), and 

CRISPR multigenic editing (eïk) strategies targeting monolignol genes. b: PtrCAD1 (KO). c: 

PtrCAld5H2 (KO). d: PtrHCT6 (KO). e: PtrPAL2, PtrPAL4|5 (KO). f: PtrPAL2, PtrPAL4|5 (KO), 

PtrHCT6 (OE). g: PtrPAL2, PtrPAL4|5 (KO), PtrCAld5H2 (OE). h: PtrC3H3, PtrCAD1, 

PtrAldOMT2 (KO). i: PtrC3H3, PtrCAD1, PtrAldOMT2, PtrC4H1 (KO). j: PtrC3H3, PtrCAD1, 

PtrAldOMT2, PtrC4H1, PtrCCoAOMT1 (KO). k: PtrC3H3, PtrCAD1, PtrCAD2, PtrAldOMT2, 

PtrCCoAOMT1, PtrCCoAOMT2 (KO). (A) Total carbohydrates. (B) Glucose. (C) Xylose. (D) 

Density. (E) Height. (F) Diameter. 
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Fig. S2. 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 

ligated in the ApaI RE site into the pMgP237-2A-gfp. 
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Fig. S3. Promoter activity validation in xylem cells from P. trichocarpa. SDX protoplasts isolated 

from P. trichocarpa were transfected with pUC19-4CL3P-gfp plasmid (A). Transfected protoplast 

cells with pUC19-CaMV35S-gfp were used as positive control (B). Non-transfected protoplasts 

were used as negative control (C). The frequency of GFP positive cells were counted 16 h post- 

transfection. 
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Fig. S4. 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 show the uncut target genes. The complete information about the gRNAs can be 

accessed in table S2. 



93 

 

 

Fig. S5. Editing range in CRISPR-lines. (A-E): Heat map representing the editing percentage of 

monolignol genes from all 116 CRISPR-lines targeting PtrAldOMT2, PtrC3H3, PtrCAD1 (A), 

PtrAldOMT2, PtrC3H3, PtrC4H1, PtrCAD1 (B), PtrAldOMT2, PtrC3H3, PtrC4H1, PtrCAD1, 

PtrCCoAOMT1 (C), PtrPAldOMT2, PtrC3H3, PtrCAD1, PtrCAD2, PtrCCoAOMT1, and 

PtrCCoAOMT2 (D). 
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Fig. S6. Most common mutations found in the target monolignol genes. (A-G) PtrC3H3 (A), 

PtrC4H1 (B), PtrAldOMT2 (C), PtrCAD1 (D), PtrCAD2 (E), PtrCCoAOMT1 (F), and 

PtrCCoAOMT1 and 2 (G). 
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Fig. S7. Phenotypic variation in CRISPR-lines and wildtype P. trichocarpa trees. (A) Total 

carbohydrates. (B) Glucose. (C) Xylose (D) Galactose. (E) Mannose. (F) S-subunits. (G) G- 

subunits. (H) H-subunits. (I) PB-Subunits. (J) Interunit linkages AŬ. (K) Interunit linkages BŬ; 

(L)  Interunit linkages CŬ. (M) Interunit linkages SDŬ. (N) Interunit linkages X1ɔ. (O) Density (P) 

MOE. (Q) Diameter. Total carbohydrates, Glucose, Xylose, Galactose, Mannose, and Diameter 

data are from E, F, G, H, I, J, and K constructs. S-subunits, G-subunits, H-subunits, PB-Subunits, 

Interunit linkages AŬ, Interunit linkages BŬ, Interunit linkages CŬ, Interunit linkages SDŬ, 

Interunit linkages X1ɔ, Density, and MOE data are from E, F, and G constructs. See datasets S7- 

S10. 
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Fig. S8. Scatterplots of the phenotypic variations captured by the machine-learning predictive 

model and experimental data measured from greenhouse-grown trees for (A) lignin content and 

(B) stem basal diameter. The median from predicted results (dataset S3) and the average of 

phenotypic measurements from wildtype, single-gene editing, and multigene editing groups of 

trees were used for the comparisons (datasets S7 and S10). The line IDs, grouping of lines, and 

number of trees used for the lignin and diameter measurements are represented in table S5. Lignin 

content and growth (diameter) predictions showed a strong co-relationship with the measured 

results across different complexities of genome-editing strategies. 
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Fig. S9. Lignin interunit linkages and aromatic units. 
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Fig. S10. Partial short range 13C-1H (HSQC) correlation spectra (side chain regions) of ball milled 

cell wall (color coded according to fig. S9). (A-W) CRISPR-edited lines. (X-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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Fig. S11. Partial short range 13C-1H (HSQC) correlation spectra (aromatic region) of ball milled 

cell wall (color coded according to fig. S9). (A-W) CRISPR-edited lines. (X-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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Fig S12. Genotypes of selected CRISPR-edited poplar lines and their impacts on relative lignin 

content and tree growth (height and stem basal diameter) compared to the wildtype level. Average 

phenotypic results across biological replicates (if available) were used as examples of what can be 

achieved when targeting particular combinations of monolignol genes. *Half of the alleles display 

loss-of-function edits. 
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Fig. S13. Process diagram of a typical Kraft pulp mill. 
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Fig. S14 Correlation between lignin content in wood and pulp yield constant. (A) Transgenic wood 

(Wang et al., 2018), CRISPR modified wood, and wildtype wood controls (see tables S6ïS8). (B) 

Eucalyptus wood, original data were retrieved from published literature (Neiva et al., 2015) and 

replotted. 
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Fig. S15. Fiber quality (A) and crystallinity (B) of pulp samples from selected CRISPR-edited and 

wildtype trees. 



107 

 

 

Fig. S16. 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 B) 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. (C 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. Note: 

the internal rate of return was around 13.3%, thus, net present values at 14% hurdle rate were 

negative. 



108 

 

 

 

Fig. S17. Amount of pulp produced per bone dry metric ton of log at different lignin content in 

wood. 
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Fig. S18. Mill operation capacity analysis. (A) Impact of lignin content in wood on operation 

capacity of recovery boiler and power boiler. (B) Impact of S/G ratio on operational capacity of 

recovery boiler and power boiler. 
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Fig. S19. Pulp cost (A and B) and net present value (C and D) at different lignin content and S/G 

ratio, and at constant production or incremental production using natural gas as supplementary 

energy (A and C) and biomass as supplementary energy (B and D). 
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Fig. S20. Sensitivity analysis of edited trees growth rate on pulp cost and net present value at different lignin content and S/G ratio, and 

at constant production (A-E) and incremental production (F-J) when using natural gas as supplementary energy. 
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Fig. S21. Sensitivity analysis of edited trees growth rate on pulp cost and net present value at different lignin content and S/G ratio, and 

at constant production (A-E) and incremental production (F-J) when using biomass as supplementary energy. 
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Fig. S22. Total life cycle GWP of producing pulp from 1 BDMT log. The scenarios include varied 

S/G ratios (2.8, 4.0 or 6.0), lignin content (28% or 16%), energy sources (natural gas or biomass), 

and production modes (constant or incremental). Overall, choosing biomass as energy source 

significantly reduces the net GWP by 159-263% per 1 BDMT log. In biomass cases, reducing the 

lignin content from 28% to 16% leads to a 12-14% GWP reduction. In natural gas cases, for S/G 

ratio 2.8, this lignin content reduction decreases GWP by 5%. For S/G ratio 6.0, GWP increases 

3-5% due to larger natural gas demand gap. Throughout all the scenarios, increasing S/G ratio from 

2.8 to 6.0 decreases the GWP by 2-33%. Switching the production mode has minor impacts on 

GWP by 1-3%. 
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Fig. S23. Total fossil- and biogenic-based GWP of using 1 BDMT log. The scenarios include 

varied S/G ratios (2.8, 4.0, or 6.0), lignin content (28% or 16%), energy sources (natural gas or 

biomass), and production modes (constant or incremental). Gray bars represent the total fossil 

based GWP; green bars represent the total biogenic GWP; blue bars represent the net GWP (same 

as the results shown in fig. S22). The decomposition of total fossil-based GWP is shown in fig. 

S24; the decomposition of total biogenic-based GWP is shown in fig. S25. Selecting biomass as 

energy source decreases the total fossil based GWP by 69%. Decreasing lignin content leads to 

overall lower total biogenic-based GWP mainly due to more pulp is produced per 1 BDMT log for 

lower lignin content log. At the same time, decreasing lignin content can raise the total fossil-based 

emissions because of higher fossil energy consumption and lower electricity credit (fig. S24). 

Changing S/G ratio from 2.8 to 6.0 impacts little on the total biogenic-based GWP but decreases 

the total fossil-based GWP by 5-11%. 
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Fig. S24. Fossil-based GWP of using 1 BDMT log. The decomposition of total life-cycle fossil- 

based GWP (gray bars in Fig. S23) consists of energy consumption, chemicals, wastewater 

treatment, and electricity credit. The largest component is the fossil emissions from energy 

generation in pulp mill (including power boiler and lime kiln), accounting for 76-78% in natural 

gas cases and 26-47% in biomass cases. Decreasing lignin content in natural gas cases enlarges 

the fossil emission from energy generation by 17-24% due to more produced pulp and higher 

energy demand. However, in biomass cases, decreasing lignin content decreased the fossil 

emission from energy generation by 29-30%. The reason is that decreasing lignin content leads to 

lower black liquor amount and lower lime required in caustic plant, and then lower energy demand 

in the lime kiln. 
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Fig. S25. Biogenic-based GWP of using 1 BDMT log. The decomposition of total life-cycle 

biogenic-based GWP (green bars in Fig. S24) consists of the CO2 sequestration in log and 

purchased biomass, emissions from burning biomass and black liquor, and lime kiln. Decreasing 

the lignin content from 28% to 16% can reduce the CO2 sequestration in log due to lower carbon 

content and biogenic GWP from black liquor. Changing S/G ratio has minor impact on biogenic 

GWP results on the basis of 1 BDMT log. 
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Fig. S26. System boundary of producing pulp from 1 BDMT log. The life-cycle stages include 

biomass production, transportation, and pulp production. Upstream burdens of producing the 

chemicals and fuels are included. 
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Table S1. Multigenic strategies selected for genome editing in P. trichocarpa 

 

Strategy name Target genes 

E PtrPAL2, PtrPAL4|5 (KO) 

F PtrPAL2, PtrPAL4|5 (KO) 
PtrHCT6 (OE) 

G PtrPAL2, PtrPAL4|5 (KO) 
PtrCAld5H2 (OE) 

H PtrC3H3, PtrAldOMT2, PtrCAD1 (KO) 

I PtrC3H3, PtrC4H1, PtrAldOMT2, PtrCAD1 (KO) 

J PtrC3H3, PtrC4H1, PtrCCoAOMT1, PtrAldOMT2, PtrCAD1 (KO) 

K PtrC3H3, PtrCCoAOMT1, PtrCCoAOMT2, PtrCAD1, PtrCAD2, 
PtrAldOMT2 (KO) 
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Table S2. Designed gRNAs to target the lignin genes. Red letters denote the PAM site. 

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 TTCTGTCAGGACTCAT 

GCACTGG 

7-26 bp 62 98 ṉ E, F, and G 

gRNA_P2(37) PtrPAL2 ACCCCAATGACCCCTT 

GAACTGG 

50-69 bp 99 98   

gRNA_P2(38) PtrPAL2 CTGTCAGAGGAGGCTC 

GAGTTGG 

229-248 bp 65 99   

gRNA_P45(33) PtrPAL4 and 

PtrPAL5 

TTTTGTCAAGATTCAC 

GCAATGG 

7-26 bp 49 98   

gRNA_P45(34) PtrPAL4 and 

PtrPAL5 

ACTAATGACCCTTTGA 

ACTGGGG 

52-71 bp 49 98 ṉ E, F, and G 

gRNA_P45(35) PtrPAL4 and 

PtrPAL5 

GCAATTGCTAGCCGTG 

ACGTTGG 

193-212 33 97   

gRNA_CD1(30) PtrCAD1 CTGAAACAGAGTGGGC 

TAAGAGG 

529-548 bp 98 99   

gRNA_CD1(31) PtrCAD1 TGGCATGTCACACTAT 

CCTATGG 

174-193 bp 99 99   

gRNA_CD1(32) PtrCAD1 TTGTGGTGAGAATTCC 

TGATGGG 

434-453 bp 97 99 ṉ H, I, J, 

and K 

gRNA_CD2(1) PtrCAD2 GTAGGAGACAAAGTAG 

GCGTGGG 

268-287 bp 96 96   

gRNA_CD2(2) PtrCAD2 GATAACATGCCGCTTG 

ACGGTGG 

460-479 bp 100 100 ṉ K 

gRNA_CD2(3) PtrCAD2 GATGAACCCGGCAAGC 

ATATCGG 

541-560 bp 96 99   

gRNA_C3H3(1) PtrC3H3 TTTGGGAGAGAAAAGC 

TCAAGGG 

383-402 bp 88 93   

gRNA_C3H3(3) PtrC3H3 GAGCCCACTCTGCAAA 

GCACCGG 

147-166 bp 100 100 ṉ H, I, J, 

and K 

gRNA_C3H3(5) PtrC3H3 CTACGCTTCAAGCTCC 

CACCAGG 

67-86 bp 99 99   

gRNA_C4H1(1) PtrC4H1 GGACAGGTATAGGACC 

TGGAGGG 

102-121 bp 98 98 ṉ I and J 

gRNA_C4H1(2) PtrC4H1 GACATCTTCCTCCTTCG 

TATGGG 

199-218 bp 95 98   

gRNA_C4H1(4) PtrC4H1 CCTCCTCAAAACAATC 

CCATTGG 

509-258 bp 80 99   

gRNA_ALDOMT  

2(2) 

PtrAldOMT2 CAAATTCTTGACCAAG 

AACGAGG 

336-355 bp 93 96 ṉ H, I, J, 

and K 

gRNA_ALDOMT  

2(3) 

PtrAldOMT2 TAGCCAGGAGGCGCAA 

GATACGG 

237-256 bp 82 99   

gRNA_ALDOMT  

2(4) 

PtrAldOMT2 TCTTCATCTGATACCTG 

AGTTGG 

34-53 bp 98 99   

gRNA_CCOAO 

MT1(2) 

PtrCCoAOMT1 ATGCATGAAGGAGCTC 

AGGGAGG 

132-151 bp 98 99 ṉ J 

gRNA_CCOAO 

MT1(3) 

PtrCCoAOMT1 CGGAGAGGAACAGCA 

AAGCCAGG 

12-31 bp 97 98   

gRNA_CCOAO 

MT1(4) 

PtrCCoAOMT1 ATGGAGATCGGTGTTT 

ACACTGG 

250-269 bp 97 99   

gRNA_CCOAO 

MT2(1) 

PtrCCoAOMT2 AGGCTCTCTTGGGTAC 

ACACTGG 

110-129 bp 93 100   

gRNA_CCOAO 

MT2(2) 

PtrCCoAOMT1 

and 
PtrCCoAOMT2 

GCAAAGTGATGCTCTT 

TACCAGG 

72-91 bp 49 98   

gRNA_CCOAO 

MT2(3) 

PtrCCoAOMT1 

and 
PtrCCoAOMT2 

AAGAGAGCCTGAATGC 

ATGAAGG 

120-139 bp 50 98 ṉ K 
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Table S3. Primer sequences and usage descriptions. 

Primer  name Sequence (5ô Ÿ 3ô) Usage 

gRNA_P2(36)-IT 
TAATACGACTCACTATAGTCTGTCAGGACTCATGCACGTTTAAGAGCTATG 

CTGGAAACAGCATAGCAAGTTTAAATAAGG In vitro transcription 

gRNA_P2(37)-IT 
TAATACGACTCACTATAGACCCCAATGACCCCTTGAACGTTTAAGAGCTAT 

GCTGGAAACAGCATAGCAAGTTTAAATAAGG 
In vitro transcription 

gRNA_P2(38)-IT 
TAATACGACTCACTATAGCTGTCAGAGGAGGCTCGAGTGTTTAAGAGCTAT 
GCTGGAAACAGCATAGCAAGTTTAAATAAGG In vitro transcription 

gRNA_P45(33)-IT 
TAATACGACTCACTATAGTTTTGTCAAGATTCACGCAAGTTTAAGAGCTAT 
GCTGGAAACAGCATAGCAAGTTTAAATAAGG In vitro transcription 

gRNA_P45(34)-IT 
TAATACGACTCACTATAGACTAATGACCCTTTGAACTGGTTTAAGAGCTAT 

GCTGGAAACAGCATAGCAAGTTTAAATAAGG 
In vitro transcription 

gRNA_P45(35)-IT 
TAATACGACTCACTATAGGCAATTGCTAGCCGTGACGTGTTTAAGAGCTAT 

GCTGGAAACAGCATAGCAAGTTTAAATAAGG 
In vitro transcription 

gRNA_C3H3(1)-IT 
TAATACGACTCACTATAGTTTGGGAGAGAAAAGCTCAAGTTTAAGAGCTAT 

GCTGGAAACAGCATAGCAAGTTTAAATAAGG 
In vitro transcription 

gRNA_C3H3(3)-IT 
TAATACGACTCACTATAGGAGCCCACTCTGCAAAGCACGTTTAAGAGCTAT 

GCTGGAAACAGCATAGCAAGTTTAAATAAGG 
In vitro transcription 

gRNA_C3H3(5)-IT 
TAATACGACTCACTATAGCTACGCTTCAAGCTCCCACCGTTTAAGAGCTAT 
GCTGGAAACAGCATAGCAAGTTTAAATAAGG In vitro transcription 

gRNA_C4H1(1)-IT 
TAATACGACTCACTATAGGGACAGGTATAGGACCTGGAGTTTAAGAGCTAT 
GCTGGAAACAGCATAGCAAGTTTAAATAAGG In vitro transcription 

gRNA_C4H1(2)-IT 
TAATACGACTCACTATAGGACATCTTCCTCCTTCGTATGTTTAAGAGCTATG 
CTGGAAACAGCATAGCAAGTTTAAATAAGG In vitro transcription 

gRNA_C4H1(4)-IT 
TAATACGACTCACTATAGCCTCCTCAAAACAATCCCATGTTTAAGAGCTAT 

GCTGGAAACAGCATAGCAAGTTTAAATAAGG 
In vitro transcription 

gRNA_CD1(30)-IT 
TAATACGACTCACTATAGCTGAAACAGAGTGGGCTAAGGTTTAAGAGCTAT 

GCTGGAAACAGCATAGCAAGTTTAAATAAGG 
In vitro transcription 

 

gRNA_CD1(31)-IT 

TAATACGACTCACTATAG 

TGGCATGTCACACTATCCTAGTTTAAGAGCTATGCTGGAAACAGCATAGCA 
AGTTTAAATAAGG 

 

In vitro transcription 

 

gRNA_CD1(32)-IT 

TAATACGACTCACTATAG 

TTGTGGTGAGAATTCCTGATGTTTAAGAGCTATGCTGGAAACAGCATAGCA 
AGTTTAAATAAGG 

 

In vitro transcription 

gRNA_CAD2(1)-IT 
TAATACGACTCACTATAGGTAGGAGACAAAGTAGGCGTGTTTAAGAGCTAT 
GCTGGAAACAGCATAGCAAGTTTAAATAAGG In vitro transcription 

gRNA_CAD2(2)-IT 
TAATACGACTCACTATAGGATAACATGCCGCTTGACGGGTTTAAGAGCTAT 

GCTGGAAACAGCATAGCAAGTTTAAATAAGG 
In vitro transcription 

gRNA_CAD2(3)-IT 
TAATACGACTCACTATAGGATGAACCCGGCAAGCATATGTTTAAGAGCTAT 

GCTGGAAACAGCATAGCAAGTTTAAATAAGG 
In vitro transcription 

gRNA_AldOMT2(2)-IT 
TAATACGACTCACTATAGCAAATTCTTGACCAAGAACGGTTTAAGAGCTAT 

GCTGGAAACAGCATAGCAAGTTTAAATAAGG 
In vitro transcription 

gRNA_AldOMT2(3)-IT 
TAATACGACTCACTATAGTAGCCAGGAGGCGCAAGATAGTTTAAGAGCTAT 

GCTGGAAACAGCATAGCAAGTTTAAATAAGG 
In vitro transcription 

gRNA_AldOMT2(4)-IT 
TAATACGACTCACTATAGTCTTCATCTGATACCTGAGTGTTTAAGAGCTATG 
CTGGAAACAGCATAGCAAGTTTAAATAAGG In vitro transcription 

gRNA_CCoAOMT1(2)-IT 
TAATACGACTCACTATAGATGCATGAAGGAGCTCAGGGGTTTAAGAGCTAT 
GCTGGAAACAGCATAGCAAGTTTAAATAAGG In vitro transcription 

gRNA_CCoAOMT1(3)-IT 
TAATACGACTCACTATAGCGGAGAGGAACAGCAAAGCCGTTTAAGAGCTA 
TGCTGGAAACAGCATAGCAAGTTTAAATAAGG In vitro transcription 

gRNA_CCoAOMT1(4)-IT 
TAATACGACTCACTATAGATGGAGATCGGTGTTTACACGTTTAAGAGCTAT 

GCTGGAAACAGCATAGCAAGTTTAAATAAGG 
In vitro transcription 

gRNA_CCoAOMT2(1)-IT 
TAATACGACTCACTATAGGCAAAGTGATGCTCTTTACCGTTTAAGAGCTAT 

GCTGGAAACAGCATAGCAAGTTTAAATAAGG 
In vitro transcription 
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Table S3 (continued). 

gRNA_CCoAOMT2(2)-IT 
TAATACGACTCACTATAGAGGCTCTCTTGGGTACACACGTTTAAGAGCTAT 

GCTGGAAACAGCATAGCAAGTTTAAATAAGG 
In vitro transcription 

gRNA_CCoAOMT2(3)-IT 
TAATACGACTCACTATAGAAGAGAGCCTGAATGCATGAGTTTAAGAGCTAT 
GCTGGAAACAGCATAGCAAGTTTAAATAAGG In vitro transcription 

BS6 
AAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCC 
TTATTTAAACTTGCTATGCTGTTTCCAGC 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 
TTGGGTCTCGTGCAGTTCTGTCAGGACTCATGCACGTTTTAGAGCTAGAAA TAGCA gRNA cloning into pMgP237- 

gfp CRISPR-plasmid 

gRNA34R(P45)-GG 
TTGGGTCTCCAAACCAGTTCAAAGGGTCATTAGTCTGCACCAGCCGGGAAT 
CGAA 

gRNA cloning into pMgP237- 
gfp CRISPR-plasmid 

F4A_tgRNA_C3H3(3) 
TTGGGTCTCGTGCAGAGCCCACTCTGCAAAGCACGTTTTAGAGCTAGAAAT 
AGCA 

gRNA cloning into pMgP237- 
gfp CRISPR-plasmid 

R4A_tgRNA_CAD1(32) TTGGGTCTCCTTCTCACCACAACTGCACCAGCCGGGAATCGAA 
gRNA cloning into pMgP237- 
gfp CRISPR-plasmid 

F4A_tgRNA_CAD1(32) 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) 
TTGGGTCTCCAAACCGTTCTTGGTCAAGAATTTGCTGCACCAGCCGGGAAT 
CGAA 

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 
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Table S3 (continued). 

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 

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 
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Table S4. 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 E-1 Acyl-CoA-sterol O- 

acyltransferase 1 
(Potri.001G260700) 

TTGTGTCAGGACTCATGCAC  

GAG 

19.72 0.129630 3 0 

PtrPAL2 E-4 Acyl-CoA-sterol O- 
acyltransferase 1 

(Potri.001G260700) 

TTGTGTCAGGACTCATGCAC  

GAG 

19.72 0.129630 1 0 

PtrPAL2 F-8 Acyl-CoA-sterol O- 

acyltransferase 1 

(Potri.001G260700) 

TTGTGTCAGGACTCATGCAC  

GAG 

19.72 0.129630 4 0 

PtrPAL2 F-12 Acyl-CoA-sterol O- 

acyltransferase 1 
(Potri.001G260700) 

TTGTGTCAGGACTCATGCAC  

GAG 

19.72 0.129630 3 0 

PtrPAL2 F-17 Acyl-CoA-sterol O- 
acyltransferase 1 

(Potri.001G260700) 

TTGTGTCAGGACTCATGCAC  

GAG 

19.72 0.129630 3 0 

PtrPAL2 G-2 Acyl-CoA-sterol O- 

acyltransferase 1 
(Potri.001G260700) 

TTGTGTCAGGACTCATGCAC  

GAG 

19.72 0.129630 3 0 

PtrPAL2 G-9 Acyl-CoA-sterol O- 

acyltransferase 1 

(Potri.001G260700) 

TTGTGTCAGGACTCATGCAC GAG 19.72 0.129630 15 0 

PtrPAL2 G-13 Acyl-CoA-sterol O- 
acyltransferase 1 

(Potri.001G260700) 

TTGTGTCAGGACTCATGCAC  
GAG 

19.72 0.129630 12 0 

PtrPAL2 G-16 Acyl-CoA-sterol O- 

acyltransferase 1 
(Potri.001G260700) 

TTGTGTCAGGACTCATGCAC  

GAG 

19.72 0.129630 5 0 

PtrPAL2 G-25 Acyl-CoA-sterol O- 

acyltransferase 1 

(Potri.001G260700) 

TTGTGTCAGGACTCATGCAC  

GAG 

19.72 0.129630 10 0 

PtrPAL2 G-28 Acyl-CoA-sterol O- 

acyltransferase 1 
(Potri.001G260700) 

TTGTGTCAGGACTCATGCAC  

GAG 
19.72 0.129630 7 0 

PtrPAL2 G-29 Acyl-CoA-sterol O- 

acyltransferase 1 
(Potri.001G260700) 

TTGTGTCAGGACTCATGCAC  

GAG 

19.72 0.129630 6 0 

PtrPAL4 

and 
PtrPAL5 

E-1 Phenylalanine ammonia- 

lyase 2 (Potri.008G038200) 

CCCAATGACCCCTTGAACTG  

GGG 

1.37 0.348013 276 0 

PtrPAL4 

and 
PtrPAL5 

E-4 Phenylalanine ammonia- 

lyase 2 
(Potri.008G038200) 

CCCAATGACCCCTTGAACTG  

GGG 
1.37 0.348013 383 0 

PtrPAL4 
and 
PtrPAL5 

F-8 Phenylalanine ammonia- 

lyase 2 
(Potri.008G038200) 

CCCAATGACCCCTTGAACTG  

GGG 

1.37 0.348013 448 0 

PtrPAL4 

and 
PtrPAL5 

F-12 Phenylalanine ammonia- 

lyase 2 (Potri.008G038200) 

CCCAATGACCCCTTGAACTG  

GGG 

1.37 0.348013 125 0 

PtrPAL4 
and 
PtrPAL5 

F-17 Phenylalanine ammonia- 
lyase 2 

(Potri.008G038200) 

CCCAATGACCCCTTGAACTG  
GGG 

1.37 0.348013 168 0 

PtrPAL4 
and 
PtrPAL5 

G-2 Phenylalanine ammonia- 

lyase 2 
(Potri.008G038200) 

CCCAATGACCCCTTGAACTG  

GGG 

1.37 0.348013 354 0 

PtrPAL4 

and 
PtrPAL5 

G-9 Phenylalanine ammonia- 

lyase 2 (Potri.008G038200) 

CCCAATGACCCCTTGAACTG  

GGG 

1.37 0.348013 505 0 

PtrPAL4 
and 
PtrPAL5 

G-13 Phenylalanine ammonia- 
lyase 2 

(Potri.008G038200) 

CCCAATGACCCCTTGAACTG  
GGG 

1.37 0.348013 508 0 

PtrPAL4 
and 
PtrPAL5 

G-16 Phenylalanine ammonia- 

lyase 2 
(Potri.008G038200) 

CCCAATGACCCCTTGAACTG  

GGG 

1.37 0.348013 630 0 

PtrPAL4 

and 
PtrPAL5 

G-25 Phenylalanine ammonia- 

lyase 2 (Potri.008G038200) 

CCCAATGACCCCTTGAACTG  

GGG 

1.37 0.348013 661 0 

PtrPAL4 
and 
PtrPAL5 

G-28 Phenylalanine ammonia- 
lyase 2 

(Potri.008G038200) 

CCCAATGACCCCTTGAACTG  
GGG 

1.37 0.348013 467 0 

PtrPAL4 
and 
PtrPAL5 

G-29 Phenylalanine ammonia- 

lyase 2 
(Potri.008G038200) 

CCCAATGACCCCTTGAACTG  

GGG 

1.37 0.348013 475 0 
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Table S5. CRISPR-lines selected for comparing model predicted and experimentally measured 

phenotypic traits. For the multigene editing, all the selected lines harbor a high editing frequency 

in at least two of the PtrPAL genes (strategies E, F, and G) or in at least two of the monolignol 

biosynthetic genes (PtrC3H3, AldOMT2, and PtrCAD1) (strategies H, I, J, and K). For the single- 

gene editing, the selected lines harbor a high editing frequency at only one monolignol biosynthetic 

gene (PtrPAL2, PtrC3H3, or PtrC4H1). 

 
Line ID 

CRISPR group 

classification 

Number of trees analyzed 

 

 
Wildtype 

 

N/A 

Lignin content (n=12) Diameter 

(n=12) 

E-1  

 

 

 

 

 

 

 

 
 

 

 

 
Multigene editing of 

PtrPAL2, PtrPAL4, and 
PtrPAL5 

(E, F, and G) 

 

 

 

 

 

 

 

 

 
 

 

 

 

Lignin content (n=28) Diameter 

(n=76) 

E-2 

E-3 

E-4 

E-5 

E-6 

E-7 

E-8 

E-9 

E-10 

F-2 

F-6 

F-7 

F-8 

F-10 

F-12 

F-13 

F-15 

F-17 

G-2 

G-9 

G-13 

G-16 

G-22 

G-25 

G-27 

G-28 

G-29 

H-4 

Multigene editing of 

PtrC3H3, PtrAldOMT2, 

and PtrCAD1 

(H, I, J, and K) 

Lignin content (n=10) Diameter 

(n=10) 

H-19 

I-1 

I-5 

K-6 

G-7 Single-gene editing of 
PtrPAL2, PtrC3H3, and 

PtrC4H1 

Lignin content (n=5) Diameter (n=7) 
I-17 

K-9 
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Table S6. 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% 

Note: Wildtype Eucalyptus was assumed to have 28% lignin as the base case of analysis. 
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Table S7. 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 

the Kleppe equation. 

 

Tree ID 

Target genes Lignin content in 

wood 

Pulp 

yield 

Pulp Kappa 

number 

Yield constant 

A 

i20-5 

 

PtrC3H3 (KD) 
9.9% 

61.7% 13 59.6% 

60.6% 13 58.5% 

i24-5 

 

PtrCCoAOMT1, 

PtrCCoAOMT2 (KD) 

16.5% 

57.6% 26 53.4% 

58.1% 30 53.3% 

i29-L 

 

PtrCAld5H1, 

PtrCAld5H2 (KD) 

18.5% 

58.1% 35 52.5% 

56.6% 32 51.5% 

i69-13 

 

PtrC3H3,PtrC4H1,PtrC

4H2 (KD) 

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 S8. 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 

Target genes Lignin content 

in wood 

S/G 

ratio 

Pulp yield 

Pulp Kappa 

number 

Yield constant 

A 

E-8-2 

 

PtrPAL2, 

PtrPAL4|5 (KO) 

 

16% 2.76 

56.2% 24 52.3% 

56.5% 21 53.1% 

G-16-1 

PtrPAL2, 

PtrPAL4|5 (KO); 

PtrCAld5H2 (OE) 

16% 3.20 

56.5% 27 52.2% 

57.0% 26 52.8% 

G-27-1 

 

PtrPAL2, 

PtrPAL4|5 (KO); 

PtrCAld5H2 (OE) 

19% 3.98 

56.7% 24 52.9% 

56.2% 19 53.2% 

WT2-2 

 

- 

22% 2.84 

54.5% 39 48.3% 

56.3% 35 50.8% 

WT3-1 

 

- 

20% 2.65 

54.5% 21 51.2% 

55.2% 22 51.8% 
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Table S9. Fuel usage, chemical usage, and key assumptions in biomass production. 

 

 Unit  Value 

Diesel consumption in fertilization application kg/ha a 7.5 

Diesel consumption in planting kg/ha 23.4 
Diesel consumption in site preparation kg/ha 72.0 

Diesel consumption in logging kg/m3 log 1.7 

Nitrogen fertilizer usage kg N/ha 200.0 

Phosphorus fertilizer usage kg P2O5/ha 143.0 
Potassium fertilizer usage kg K2O/ha 75.3 

Herbicide usage (glyphosate) kg ha-1 1.4 

Aboveground biomass yield BDMT/ha 157.9 

Planting density per ha 625 
a 1 ha = 10,000 m2   
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Table S10. An example of inputs for pulp production on 1 BDMT log basis (28% lignin content, 

S/G ratio 2.8, and constant production). 

Inputs Natural  gas case Biomass case 

Feedstock   

Log (BDMT) 1.00 1.00 

Purchased biomass (BDMT) 0.03 0.45 

Bleaching chemicals   

Sodium hydroxide (kg) 10.26 10.26 

Sulfuric acid (kg) 8.64 8.64 

Methanol (kg) 0.54 0.54 

Oxygen (kg) 21.61 21.61 

Magnesium sulfate (kg) 4.63 4.63 

Hydrogen peroxide (kg) 1.23 1.23 
ClO2 generator chemicals   

Sodium chlorate (kg) 10.73 10.73 

Sulfuric acid (kg) 6.59 6.59 

Hydrogen peroxide (kg) 1.23 1.23 

Methanol (kg) 0.54 0.54 

Kraft mill makeup chemicals   

Sodium Hydroxide (kg) 8.89 8.89 

Sodium Sulfate (kg) 5.31 5.31 

Sodium Hydrosulfide (kg) 8.07 8.07 

Lime (kg) 0.57 0.57 

Energy demand   

Natural gas (MJ) 7220.24 1336.92 

Net electricity (kWh) -144.05 -338.22 

Transportation   

Transportation distance (km) 12.88 12.88 
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Abstract 

 

Climate change profoundly impacts the health, productivity, and resilience of forest ecosystems 

and threatens the sustainability of forest products and wood-based industries. Innovations to 

enhance tree growth, development, and adaptation offer unprecedented opportunities to strengthen 

ecosystem resilience and mitigate the effects of climate change. Here, we established a method for 

protoplast isolation, purification, and CRISPR-Cas ribonucleoprotein (RNP) delivery in Pinus 

taeda and Abies fraseri as a step towards accelerating the genetic improvement of these coniferous 

tree species. In this system, purified protoplasts could be isolated from somatic embryos with up 

to 2 Ĭ 106 protoplasts/g of tissue and transfected with proteins and nucleotides, achieving delivery 

efficiencies up to 13.5%. The delivery of functional RNPs targeting phenylalanine ammonia lyase 

in P. taeda and phytoene desaturase in A. fraseri yielded gene editing efficiencies that reached 2.1% 

and 0.3%, respectively. This demonstration of RNP delivery for DNA-free genome editing in the 

protoplasts of P. taeda and A. fraseri illustrates the potential of CRISPR-Cas to enhance the traits 

of value in ecologically and economically important tree species. The editing system provides a 

foundation for future efforts to regenerate genome-edited forest trees to improve ecosystem health 

and natural resource sustainability. 

Keywords: CRISPR; genome editing; protoplasts; conifers 
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Introduction 

 

Forests occupy more than 31% of Earthôs terrestrial area and are the major determinants of soil 

composition, biodiversity, atmospheric carbon concentrations, and microclimate [1,2]. In addition, 

forests are critical for the economy of many countries as a source of wood for construction lumber, 

as well as pulp and paper [3]. However, climate change has severely threatened forestry. Increasing 

temperatures, CO2 concentration, and changes in precipitation patterns will likely reduce forest 

productivity, affecting timber supply. The pulp and paper manufacturing sectors are considered 

one of the main sources of greenhouse gas release. In 2021, it was estimated that this industry 

emitted 24.8 million metric tons of CO2 in the US [4]. The significant impact of pulp and paper 

production on the environment is associated with the complexity of the lignocellulosic biomass. 

Due to its physicochemical properties, lignin is a barrier to the isolation of cellulosic fibers by 

chemical pulping. Wood feedstocks with less lignin or more-degradable lignin can reduce the 

carbon footprint in the chemical pulping process [5,6]. Genetically manipulated wood feedstocks 

with changes in lignin content and composition showed improvements in pulp yield and could 

mitigate the emission of CO2 resulting from pulping by up to 20% [6]. In the southeastern US, 

Pinus taeda (Loblolly pine) is the most prominent source of timber and kraft pulp, and its 

plantations correspond to the largest forest-tree-planted areas of the country [7]. The genetic 

manipulation of P. taeda wood composition could greatly contribute to more sustainable pulp and 

paper production. 

 

Global climate change impacts also extend to native tree populations, increasing the risk of 

extinction for multiple forest species. Temperature warming facilitates the rapid spread of local 
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and invasive pests to new vulnerable biomes, such as high-elevation forests, leading to drastic 

ecological consequences [8,9]. For example, Abies fraseri (Fraser fir) is the most popular 

Christmas tree species in the US and endemic to the high-elevation ecosystems of the Southern 

Appalachian Mountains [10]. Studies predict the native A. fraseri populations have a significant 

risk of extinction due to the increase in global temperatures. Also, A. fraseri survival is threatened 

due to its extreme susceptibility to insect and disease threats including Phytophthora root rot and 

the balsam woolly adelgid (BWA) [11,12,13]. The development of resistant A. fraseri genotypes 

through genetic manipulation could prevent further population decrease in this conifer species in 

the Southern Appalachian Mountains. 

 

One of the primary bottlenecks in conifer biotechnology is the functional characterization of genes 

involved in key traits, such as wood formation and stress responses. This is critical to identify 

target genes and inform genome editing strategies. The exceptionally large genome sizes of 

conifersðranging from 9 to 35 Gbpðand the abundance of large repetitive sequences, present 

substantial challenges for whole-genome sequencing and consequently gene discovery and 

validation [14,15]. In particular, non-model species such as A. fraseri remain largely unexplored 

at the functional genomics level. Developing efficient tools to characterize gene function is crucial 

for accelerating genetic improvement efforts. In Populus spp., for instance, protoplast-based 

systems have been successfully employed to investigate transcription factors regulating wood 

formation, underscoring the potential of protoplasts as a platform for functional genomics studies 

[16,17,18]. 
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The use of CRISPR-Cas ribonucleoprotein (CRISPR-RNP) delivery presents a powerful and 

precise approach for gene editing in plant systems. This method enables rapid, transgene-free 

genetic modifications by directly introducing pre-assembled CRISPR-RNP complexes into 

protoplasts. PEG-mediated transfection of the CRISPR-RNPs has been successfully applied in 

various plant species, including wild tobacco (Nicotiana attenuata), lettuce (Lactuca sativa), and 

potato (Solanum tuberosum) [19,20]. While CRISPR-RNP delivery has gained traction in crop 

research, its application in forest trees remains largely unexplored. Notable exceptions include 

studies demonstrating CRISPR-driven mutations in rubber tree (Hevea brasiliensis) [21] and 

chestnut (Castanea sativa) [22]. Both studies targeted the mutation of a phytoene desaturase (PDS) 

gene. PDS is involved in the biosynthesis pathway of chlorophyll, carotenoids, and gibberellin 

[23]. Loss-of-function edits to PDS results in an albino phenotype, and it has been broadly 

employed for the validation of the CRISPR-Cas genome editing method across several plant 

species, including cabbage (Brassica oleracea), oilseed rape (Brassica napus), banana (Musa 

spp.), and rice (Oryza sativa) [24,25,26]. In conifers, however, research on CRISPR-Cas-based 

genome editing is still in its early stages, with reports limited to Larch (Larix kaempferi) [27] and 

Pinus radiata [28]. In addition, protoplast regeneration for both A. fraseri and P. taeda remain to 

be developed. Expanding CRISPR-RNP delivery to conifer species could provide a transformative 

tool for functional genomics and genetic improvement in these ecologically and economically vital 

trees. 

 

In this study, we evaluated protoplast isolation and CRISPR-RNP delivery efficiency in P. taeda 

and A. fraseri. By systematically optimizing protoplast isolation and transfection procedures, we 

established conditions suitable for efficient CRISPR-RNP transfection and targeted gene knockout. 
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CRISPR-induced mutations were detected in RNP-transfected protoplasts from both species, 

demonstrating the feasibility of this approach for genome editing in conifers. Given the ecological 

and economic significance of P. taeda and A. fraseri, establishing a reliable genome editing 

platform through CRISPR-RNP delivery in protoplasts could accelerate the development of 

climate-resilient forest trees and more sustainable bioproducts. Traits such as improved wood 

quality, enhanced disease resistance, and increased tolerance to abiotic stress could be efficiently 

engineered using this transgene-free system, ultimately contributing to the mitigation of climate 

change impacts on forestry [29,30]. 

 

Results 

 

CRISPR-sgRNA Design for Knockout of the P. taeda PAL Gene 

 

Improvements in wood quality can be achieved through the manipulation of the monolignol 

biosynthesis pathway and the consequent reduction in lignin content in trees [31]. The intricate 

nature of monolignol biosynthesis hinders the ability of traditional hypothesis-driven approaches 

to quantitatively predict the impact of gene perturbations within the pathway on wood fiber 

properties. To evaluate the most impactful gene families for targeting with CRISPR, we used our 

established predictive model for monolignol biosynthesis [31,32,33,34]. We simulated the impact 

of each monolignol gene family knockout in lignin content. The predictive model simulation has 

shown that the knockout of the Phenylalanine ammonia-lyase (PAL) gene family displays the most 

impactful lignin content reduction among the gene families tested (32%) (Figure S1). PAL is a 

family of enzymes that catalyzes the deamination of phenylalanine to cinnamic acid, controlling 
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the biosynthesis of all phenylpropanoid compounds, including lignin [35,36,37]. Ongoing research 

focusing on optimizing lignin content through PAL manipulation, ensuring wood quality while 

considering the intended applications and overall tree physiology have been demonstrated 

in Populus trichocarpa [6,31]. Given the importance of this family, PtPAL, the only PAL gene 

member identified in P. taeda, was chosen as the target gene. To find potential target regions and 

design CRISPR-sgRNAs for the knockout of PtPAL, we first needed to confirm its gene sequence 

and identify potential allelic variations. Primers were designed for the amplification of the 5ǋ CDS 

portion of PtPAL based on its complete CDS deposited on Genbank (Accession Number: 

U39792.1). The amplicons were sequenced through Sanger and analyzed with alignment tools. 

The sequencing results revealed six SNPs in positions 21, 30, 292, 385, 429, and 532 bp compared 

to the reference sequence. In addition, a 26 bp gap was identified in one of the sequenced reads, 

possibly indicating the presence of more than one variant of PtPAL in the P. taeda genome (Figure 

S2A). 

 

After the confirmation of the PtPAL CDS, we designed five sgRNA sequences to target the 5ǋ end 

of the gene CDS, to ensure the complete deactivation of PtPAL expression. Considering that 

different sgRNAs sequences have variable cleavage efficiencies, we selected sgRNAs to target 

five different positions of the PtPAL 5ǋ region (Figure S2B). The selected sgRNAs displayed the 

highest specificity and efficiency scores in silico according to prediction software analysis (Table 

1). A high specificity minimizes off-target effects, reducing the risk of unintended mutations, while 

a high efficiency ensures effective cleavage at the target site, enhancing the likelihood of successful 

gene disruption [38]. In the CRISPOR prediction tool (https://crispor.gi.ucsc.edu/, access date 10 

March 2025), two methods are employed to evaluate sgRNA efficiency: Doenchô16, which better 
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predicts the efficiency of sgRNAs expressed in vivo under the U6 promoter; and Moreno-Mateos, 

which more accurately predicts the efficiency of sgRNAs expressed in vitro with a T7 promoter. 

Also, all sgRNAs targeted conserved regions within both PtPAL allelic variants and its Genbank 

annotated CDS. To screen for sgRNAs that could drive the cleavage of the designed target 

sequences in vitro, we carried out CRISPR-Cas cleavage assays. The assays showed that all five 

sgRNAs efficiently cleaved PtPAL at the predicted positions (Figure S3A), confirming the 

specificity of the designed sgRNAs to their target sequences in vitro. The cleavage assays 

demonstrated that any of the five sgRNAs screened could potentially be utilized for the knockout 

of PtPAL in vivo through CRISPR-RNP protoplast transfection. Since many factors can affect 

genome editing efficiency in vivo, such as target accessibility, chromatin state, and DNA 

conformation, screening a set of validated sgRNA sequences is essential to achieving genome 

editing in vivo. 

 

Table 1. In silico efficiency and outcome scores for CRISPR sgRNAs designed for P. taeda and A. 

fraseri. 

   Efficiency Scores Outcome Scores 

Name Target 

Sequence 

Position Doenchô16 Moreno - 

Mateos 

Out-of-

frame 

Lindel 

PtPAL_gRNA1  106ï125 55 57 65 84 

PtPAL_gRNA2  230ï249 59 58 65 81 

PtPAL_gRNA3  341ï360 66 60 54 69 

PtPAL_gRNA4  434ï453 51 66 80 77 

PtPAL_gRNA5  479ï498 39 72 62 68 

AfPDS_gRNA1  61ï80 55 50 53 91 

AfPDS_gRNA2  62ï81 59 59 60 77 

AfPDS_gRNA3  110ï129 45 49 63 86 

AfPDS_gRNA4  127ï146 39 57 66 75 
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Initiation of Pinus taeda Somatic Embryogenic Tissue Cultures 

 

Somatic embryogenesis (SE) is a widely established method for the clonal propagation of conifer 

tree species. In this process, the proliferation of zygotic embryos is induced in vitro, allowing for 

the rapid and scalable production of embryogenic tissue (ET) masses [39]. Due to its uniformity 

and totipotency, ET masses are a suitable tissue source for protoplast isolation and transfection. 

SE initiation for P. taeda was performed according to a protocol described by Pullman et al., 2018 

[39]. A total of 2995 seeds harboring zygotic embryos ranked from developmental stages 2 to 4 

[40] were disinfected and dissected. We extracted mega-gametophytes from 1537 seeds, and 

zygotic embryos from the other 1458 seeds. After 80 days of incubation in PTIM medium [39], we 

obtained 79 growing ET lines, which corresponded to 2.63% of the total number of seeds dissected. 

Initiation from megagametophytes displayed a recovery rate of 3.25% while 2% of the zygotic 

embryos produced ET. The wide range of ET lines initiated in this experiment provided us with a 

diversity of genotypes with varying potential for the development of protoplast transfection. 

 

Overnight Cell Wall Digestion Improves Transfection Efficiency of P. taeda Protoplasts 

 

For the initial isolation of the P. taeda SE-originated protoplasts, we adapted the procedures 

described for the isolation of P. trichocarpa xylem protoplasts [41], which demonstrated highly 

efficient protoplast isolation yields. The initial isolation performed under 3 h incubation in CWDS 

resulted in 2 Ĭ 105 protoplasts/gram of ET and displayed a high amount of undigested tissue and 

debris. To increase the proportion of fully digested protoplasts, a protoplast purification step was 

performed using a sucrose gradient (see Section 4 Materials and Methods). Purified protoplasts 
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were resuspended in MMG, transfected with a pUC19-CaMV35S-gfp reporter plasmid, washed, 

and incubated in WI solution. The transfection efficiency was assessed after 16 h, and no GFP-

positive protoplasts were observed (Figure 1A). The abundance of cell debris in the protoplast 

sample was a clear indication that the cell wall digestion step required further optimization. 

 

 

 

Figure 1. Establishment and optimization of the protocol for the efficient isolation and transfection 

of the P. taeda SE-originated protoplasts. In the first optimization step, P. taeda ET from line 21-

103 was digested for protoplast isolation after 3 h (A) and overnight (B) incubation. After 

digestion, protoplasts were purified through a sucrose gradient and transfected with the pUC19-

CaMV35S-gfp reporter plasmid. At the second optimization, protoplasts from the 21-330 SE line 
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were isolated overnight (C), suspended in W5 buffer for pUC19-CaMV35S-gfp plasmid 

transfection, and incubated in W5 for 16 h. In the third optimization, overnight-isolated protoplasts 

(D) were transfected with reporter plasmid in MMG, and incubated in different post-transfection 

buffers, including W5. (E) Flow chart representation of the detailed procedures adopted for each 

optimization step. Transfection efficiencies resulting from each optimization were accessed 

through the transfection of the pUC19-CaMV35S-gfp reporter plasmid, where the GFP-positive 

cell rate was calculated by the proportion of green-fluorescent protoplasts under UV light within 

a total of 500 protoplasts. 

 

To address this issue, we searched for alternative cell wall digestion methods. In Nicotiana 

benthamiana, high yields of the viable protoplasts were obtained through overnight incubation in 

digestion solution supplemented with culture medium [42]. To test this method, we incubated P. 

taeda ET in CWDS2 (CWDS1 supplemented with PTMM) overnight and maintained the same 

steps for the transfection of isolated cells with the reporter plasmid. After digestion, the yield of 

SE-originated protoplasts increased slightly to 2.7 Ĭ 105 protoplasts/gram of SE tissue, and the 

amount of undigested debris considerably decreased (Figure 1B). In addition, despite the extended 

cell wall digestion period, 87% of the protoplasts remained viable after 16 h of incubation (Figure 

S6). The transfection of pUC19-CaMV35S-gfp increased to 5.5%, in comparison with the previous 

experiment (Figure 1E). Overall, the overnight digestion method improved the isolation of viable 

protoplasts from the P. taeda SE masses and increased transfection efficiency. Even though clear 

improvements were obtained, we observed that the transfected protoplasts adopted a shriveled 

shape after 16 h, which was an indication of osmotic imbalance between protoplasts and the 
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buffering conditions provided in WI. Therefore, further optimization of the transfection and post-

transfection steps were still needed. 

 

Transfection Buffer Conditions Affect Protoplast DNA-Uptake Efficiency 

 

To investigate the shriveling condition and optimize the osmotic balance for the P. taeda SE 

protoplasts, we tested a range of buffering conditions during transfection, and post-transfection 

incubation periods. Due to the successful implementation of the protocol steps from Hsu et al., 

2021 [42] in the previous protoplast isolation, we examined whether its transfection settings could 

also improve P. taeda protoplast DNA uptake and recovery. In this protocol, W5 buffer was 

employed as the main solution for all washing and incubation steps during protoplast isolation and 

transfection. To test this, we carried out an overnight digestion of the P. taeda SE masses in 

CWDS2. Isolated protoplasts were then purified through a sucrose gradient and resuspended with 

W5 buffer for transfection with pUC19-CaMV35S-gfp. After transfection, protoplasts were washed 

and incubated in W5, and the transfection efficiency was assessed after 16 h. The isolation yielded 

3.26 Ĭ 105 cells/gram of SE tissue. Most cells exhibited a fully rounded shape, as expected for 

healthy protoplasts, indicating that the W5 composition was ideal for the maintenance of osmotic 

balance in P. taeda protoplasts (Figure 1C). Despite the substantial improvement of the osmotic 

condition, transfection efficiency dropped to 1.2% (Figure 1E). Altogether, these results 

demonstrated that even though W5 provided osmotic stability, it negatively interfered with 

protoplast DNA uptake in the transfection step. 

 

 

https://www.mdpi.com/2223-7747/14/7/996#B42-plants-14-00996
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W5 Buffer Facilitates Post-Transfection Recovery of Protoplasts 

The formulation of ideal conditions that enable protoplasts to undergo survival, recovery, and 

development after transfection is essential for the successful recovery and regeneration of 

CRISPR-RNP-edited protoplast samples. In the previous experiment, albeit with the increase in 

protoplast viability, the transfection efficiency was compromised with the employment of W5 

buffer. At this point, the experiment displaying the highest transfection efficiency was performed 

with MMG as a transfection buffer. Because of that, we decided to test whether the use of MMG 

buffer as a pre-transfection resuspension buffer, in combination with W5 as the post-transfection 

incubation buffer, could rescue the transfection efficiency rates. Protoplasts were isolated 

following the previous procedures, purified and resuspended in MMG, and then transfected with 

reporter plasmid. After transfection, protoplasts were washed with W5, MMG, or PTMM media 

supplemented with 0.5 M mannitol, and incubated overnight in the same respective buffers. The 

observation of GFP fluorescence showed that the protoplasts incubated with W5 displayed a 

transfection efficiency of 13.5% (Figure 1D), the highest among all tested conditions, which were 

4.1% (Figure S4A,B) and 0% for MMG and PTMM-mannitol (Figure S4C,D), respectively. The 

results demonstrate that the employment of MMG in the transfection, and subsequent post-

transfection incubation in W5 considerably enhanced DNA uptake and viability of the P. taeda SE-

originated protoplasts and provided favorable conditions for the transfection of CRISPR-RNP 

complexes and the recovery of CRISPR-edited protoplasts. 
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Genome Editing of PtPAL Through CRISPR-RNP Protoplast Transfection in P. taeda 

 

The parameters established for the isolation and transfection of SE-originated P. taeda protoplasts 

(summarized in Figure 1E) led to an improved transfection efficiency from 0 to 13.5%, which 

enabled the employment of CRISPR-RNPs for gene editing. To target the knockout of PtPAL, we 

individually assembled the CRISPR-RNP complexes harboring the five gRNAs (sgRNA1-5) 

previously designed and validated in vitro for PtPAL cleavage. The assembled CRISPR-RNPs 

were then transfected into the P. taeda SE protoplasts following our isolation and transfection 

method. The transfection of CRISPR-RNPs was separately performed with protoplasts isolated 

from three distinct SE lines. After 72 h post-transfection, CRISPR-driven mutations of all 

five PtPAL target sites were assessed through amplicon sequencing (Genewiz, South Plainfield, 

NJ, USA). We observed that CRISPR-Cas editing efficiencies were considerably variable within 

the different assembled sgRNA and the SE lines transfected. CRISPR-editing events were 

observed for sgRNA1, sgRNA3, and sgRNA4. In contrast, sgRNAs 2 and 5 did not yield any 

editing event in the target positions of these sgRNAs on any of the SE lines. sgRNA3 was the most 

efficient among the sgRNAs used, and generated target editing events regardless of the SE 

protoplast source as well as displaying the highest percentage of INDELs among the SE lines 

tested (0.5 to 2.1%) (Figure 2A). For samples transfected with RNPs for sgRNA1 and sgRNA4, 

editing efficiency ranged from 0ï0.35% 
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Figure 2. CRISPR-mediated PtPAL knockout through the RNP transfection of SE-originated 

protoplasts. P. taeda SE-isolated protoplasts from lines 22-066, 22-068, and 21-334 were isolated, 

and transfected with CRISPR-RNP complexes targeting different regions of the PtPAL gene 

sequence. Samples transfected with CRISPR-RNPs were analyzed through amplicon deep 

sequencing. CRISPR-associated PtPAL variants were observed for samples transfected with 

gRNA3 (A), gRNA1 (B), and gRNA4 (C) where base pairs highlighted in gray represent the PAM 

sites; in blue, insertions; in red, deletions; and in green, base pair exchanges. 

 

CRISPR-sgRNA Design for Knockout of the A. fraseri PDS Gene 

 

To develop a protoplast system for CRISPR-driven genome editing in A. fraseri, we chose to target 

the A. fraseri phytoene desaturase (AfPDS) gene. PDS is involved in the biosynthesis pathway of 

chlorophyll, carotenoids, and gibberellin [23]. 

 

To date, whole-genome sequencing data for A. fraseri, or the closely related Abies species are not 

available. Therefore, to obtain the AfPDS sequence for CRISPR-sgRNA design, we evaluated a 
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transcriptome assembly made using Trinity (Haas et al., 2013) [43] from existing transcriptome 

libraries (BioProject PRJNA357112, BioSample SAMN06133326, Sequence Read Archive, 

NCBIðBethesda, MD, USA). The predicted AfPDS CDS contains 1752 bp and was used as a 

reference for the design of the primers and amplification of a 5ǋ end 215 bp exon fragment. The 

215 bp amplicon was sequenced through Sanger and confirmed to be identical to the 

predicted AfPDS reference sequence. 

After sequence validation, we designed sgRNAs for the AfPDS CRISPR-driven knockout. To do 

that, we used sgRNA predicting software to find sgRNA targeting positions within the 215 bp 

fragment previously validated. From this analysis, we selected four sgRNAs (sgRNA1-4) with the 

highest efficiency and outcome predicting scores to target AfPDS across the 5ǋ region (Table 1). 

To evaluate cleavage efficiency and target specificity of the designed gRNAs, we performed a 

CRISPR-Cas in vitro cleavage assay, using the AfPDS 215 bp fragment as a target template. All 

the sgRNAs were able to cleave AfPDS at the correspondent target positions (Figure S3B). This 

result suggests that despite the lack of a genome sequence for A. fraseri, we could identify 

functional sgRNAs that can be used to target AfPDS cleavage in vivo. 

 

AfPDS Editing in CRISPR-RNP-Transfected A. fraseri Protoplasts 

 

To formulate methods for the isolation and transfection of CRISPR-RNPs into A. 

fraseri protoplasts, we took advantage of an existing A. fraseri in vitro ET collection, developed 

by the Christmas Tree Genetics program at North Carolina State University. ET masses from two-

week old in vitro cultures were embedded in CWDS1 and incubated for 3 h. Following digestion, 

we obtained an ET-originated protoplast yield ranging from 5 Ĭ 104ï3.8 Ĭ 105 protoplast/gram of 
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ET. The digested protoplasts were transfected with CRISPR-RNPs assembled with the four 

previously validated sgRNAs and the pUC19-CaMV35S-gfp reporter plasmid as a transfection 

control. After 16 h of post-transfection incubation, no GFP-fluorescent protoplasts were observed 

in the control sample, indicating very low plasmid delivery efficiency. Remarkably, we detected 

CRISPR-edited AfPDS variants in the protoplast sample transfected with sgRNA4 RNP, with an 

editing efficiency of 0.056% (Supplementary Figure S5). This suggested that RNP delivery may 

occur even if the fluorescence reporter for transfection efficiency is undetectable, and since the 

molecular weight of RNP (190ï200 kDa) is substantially smaller than that of the pUC19-

CaMV35S-gfp reporter plasmid (~2908 kDa), RNPs may be more efficiently delivered into the 

protoplasts. 

 

To improve the transfection efficiency and consequently increase CRISPR editing efficiency, we 

incorporated a sucrose gradient purification step for protoplast isolation. Similarly to P. taeda, we 

aimed to remove the cell debris and partially digested cells from the samples, thereby enriching 

the proportion of healthy protoplasts. To test the effect of protoplast purification, we maintained 

the procedures adopted in the first experiment for protoplast isolation and subsequently performed 

a sucrose gradient with the digested protoplasts. The purification process resulted in a ~50% 

reduction in protoplast yield but enhanced the homogeneity of the protoplasts with substantially 

fewer undigested cells and cell debris. Purified protoplasts were transfected with the CRISPR-

RNPs assembled with the sgRNA collection and the reporter plasmid. We observed that 70% of 

the protoplasts remained viable after transfection, by accessing viability through FDA staining. 

After 16 h, green fluorescence was observed in 3.7% of the pUC19-CaMV35S-gfp-transfected 

protoplasts (Figure 3A,B). Successful CRISPR-Cas editing of AfPDS was observed for three of 
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the four gRNAs tested (sgRNA1-3), with editing efficiencies ranging from 0.052 to 0.25% (Figure 

3CïE). The enrichment of healthy cells in the sample through a protoplast purification method 

improved protoplast transfection, which led to the increased editing efficiency of AfPDS. 

 

 

 

Figure 3. CRISPR-mediated AfPDS knockout through the RNP transfection of SE-originated 

protoplasts. The A. fraseri SE-isolated protoplasts from the 51-0025 line were isolated and 

transfected with CRISPR-RNP complexes targeting different regions of the AfPDS gene sequence. 

Additionally, protoplasts were transfected with the pUC19-GFP reporter plasmid. After 16 h of 

transfection, protoplasts were observed under bright field (A) and UV light (B) for the assessment 

of transfection efficiency. Samples transfected with CRISPR-RNPs were analyzed through 

amplicon deep sequencing. CRISPR-associated AfPDS variants were observed for samples 

transfected with sgRNA1 (C), sgRNA2 (D), and sgRNA3 (E), where base pairs highlighted in 

gray represent the PAM sites; in blue, insertions; and in red, deletions. 
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Discussion 

 

In this study we demonstrated the isolation and transfection of SE-originated protoplasts from P. 

taeda and A. fraseri for a CRISPR-Cas delivery and genome editing proof of concept. For both 

species, we observed that cell wall digestion was a pivotal step for efficient isolation and further 

transfection. In addition, maintaining balanced osmotic pressure was crucial for preserving 

cytoplasmic integrity. Plant cell walls are effective in preventing the bursting or swelling of cells 

caused by external osmotic perturbations [44], and when removed, cells become sensitive to minor 

osmotic changes. Osmotic pressure stabilizers (e.g., glucose, mannitol, and salts) are critical to 

fine-tune the buffer osmotic pressure and reduce the effect of the cell wallôs absence during 

protoplast isolation and proliferation. Different plant tissues and cell types have varying osmotic 

needs, and therefore protoplast osmotic conditions usually require optimization according to the 

source tissue. 

 

We showed that adjustments to the protoplast isolation and purification procedures can enhance 

transfection rates and increase editing efficiency through CRISPR. In P. taeda, we could increase 

the transfection efficiency from 0 to 5.5% by increasing the cell wall digestion time to an overnight 

incubation. In A. fraseri, an additional purification step through a sucrose gradient promoted the 

enrichment of fully digested protoplasts, increasing the transfection efficiency from 0 to 3.7% 

and AfPDS CRISPR-driven mutations from 0.056 to 0.25%. The purification step did not improve 

protoplast yield or viability. Overnight isolation has already been applied for CRISPR genome 

editing in other model plant species. Protoplasts were successfully isolated during overnight cell 

wall digestion in Nicotiana benthamiana [42]. 
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We observed that the presence of magnesium chloride in the transfection reaction might facilitate 

protoplast DNA uptake in P. taeda, since it increased the transfection efficiency from 1.2 to 4.4%, 

compared with the W5 buffer. Studies in oil palm (Elaeis guineensis) protoplasts have shown that 

transfection efficiency proportionally increases with higher concentrations of magnesium chloride 

in the transfection reaction [45], which corroborates with the data we obtained for P. 

taeda protoplast transfection. The buffer composition is also critical for the recovery of transfected 

protoplasts. Our experiments demonstrated that the presence of a carbon source in the post-

transfection incubation medium enriched the yield of GFP-positive cells in the sample, from 4.1 

to 13.5% for samples incubated in MMG and W5, respectively. 

 

Genome editing through the PEG-mediated delivery of CRISPR-RNP complexes has been 

established for many agricultural crop species, including wild tobacco (Nicotiana attenuata), 

lettuce (Lactuca sativa), and potato (Solanum tuberosum) [19,20]. However, reports on CRISPR-

RNP delivery in trees are still limited and lag behind in adoption, and the delivery methods, as 

well as the editing efficiencies, vary broadly according to species. For fruit trees, PEG-mediated 

CRISPR-RNP transfection was explored in apple (Malus domestica), resulting in an editing 

efficiency of up to 6.9%, in banana (Musa spp.) with an editing efficiency up to 0.92%, and in 

grapevine (Vitis vinifera) with an efficiency up to 0.1% [26,46]. Regarding forestry species, editing 

with CRISPR-RNPs yielded up to 20.11% efficiency in rubber tree (Hevea brasiliensis) protoplasts 

and 21.4% in European chestnut (Castanea sativa) protoplasts [21,22]. 

 

Following the establishment of an isolation and transfection protocol for the delivery of CRISPR-

RNP complexes into SE-originated protoplasts, we demonstrated CRISPR-Cas-driven genome 
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editing in P. taeda and A. fraseri. We targeted the knockout of the PtPAL gene in P. taeda at five 

different gene positions and obtained editing efficiencies of up to 2.1%. The PtPAL sgRNA3 

consistently displayed the highest editing efficiency among the sgRNAs tested. For A. fraseri, we 

obtained up to 0.25% efficiency in targeting the mutation of the AfPDS gene, where 

the AfPDS sgRNA3 displayed the highest efficiency. Several factors influence CRISPR-RNP-

mediated editing in protoplasts, including target site accessibility, sgRNA secondary structure, and 

chromatin state. Additionally, increasing transfection efficiency is crucial for enhancing editing 

outcomes. The higher editing efficiencies observed in P. taeda compared to A. fraseri are likely 

due to a greater proportion of transformed protoplasts [47]. 

 

Our findings illustrated CRISPR-RNP delivery as a promising tool for the genome editing of 

conifer species. Further improvements in transfection and CRISPR-editing efficiencies may be 

explored by testing protoplast isolation from ET under different maturation stages, ET pre-

treatments such as drought or cold treatments, or the different compositions of CWD enzymes. 

Also, alternative CRISPR-Cas systems (e.g., Cas12a) could be tested for their protoplast delivery 

and genome editing efficiency [48]. The genetic transformation of A. fraseri and P. taeda primarily 

relies on biolistic and Agrobacterium-mediated methods, though efficiencies remain low 

compared to model plants. For P. taeda, the biolistic transformation of embryogenic callus or 

somatic embryos yields 1 to 5 stable transgenic events per 1000 bombarded embryos [49], 

while Agrobacterium-mediated transformation is less efficient, producing 0.1 to 1 stable 

integration events per 1000 infected embryos [49,50]. Similarly, A. fraseri transformation, though 

less studied, follows comparable protocols, with biolistic methods being the preferred approach 

due to the recalcitrance of conifers to Agrobacterium [51]. Both species face challenges such as 
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low regeneration rates and difficulties in maintaining embryogenic cultures, which limit 

transformation efficiencies. 

 

This protoplast system serves as a platform for functional gene characterization through protoplast 

delivery and transcriptional response analysis, enabling rapid gene function validation and the 

dissection of gene regulatory networks in conifers. It offers a pathway to advancing genetic studies 

on tree growth, development, and adaptation, with implications for enhancing forest resilience, 

sustainability, and productivity. CRISPR-RNP technology could facilitate improvements in stress 

tolerance, disease resistance, and biomass production in coniferous tree species. However, a major 

challenge remains in regenerating edited protoplasts into fully developed trees, which is a critical 

bottleneck that must be addressed to translate these genetic modifications into practical forestry 

applications [52,53]. Further research is essential to optimize regeneration protocols and unlock 

the full potential of CRISPR-based genome editing in conifers. 

 

Methods 

 

Pinus taeda Somatic Embryogenic Tissue Initiation and Maintenance 

 

P. taeda juvenile cones were harvested in July 2021 by the Tree Improvement Program at NCSU, 

at the North Carolina Forest Service seed orchard, localized in Greensboro, NC. Cones were 

collected from 11 distinct P. taeda clones, transported within insulated containers with cold packs, 

and placed in a 4 ÁC cold chamber until dissection. Embryogenic tissue (ET) initiation was 

performed according to the protocol described by Pullman, 2018 [39], with some adaptations. 



159 
 

Immature seeds were removed from each cone and disinfected with the incubation of 10% 

hydrogen peroxide solution for 15 min. After incubation, seeds were rinsed three times with sterile 

distilled water for 30 s and kept at 4 ÁC. For the dissection of the cleaned seeds, intact mega-

gametophytes or zygotic embryos were removed, placed in PTIM medium (Table 2), and incubated 

at 26 ÁC in the dark for at least 60 days. The somatic embryogenic tissue proliferated from the 

dissected embryos was transferred to PTMM medium and maintained at 26 ÁC in dark. For the 

maintenance of the generated SE, young proliferated ET was harvested and placed in a new petri 

dish containing fresh PTMM (Table 2) medium every 10 days during incubation. 

 

Table 2. Media components for SE initiation and maintenance for P. taeda and A. fraseri. 

Media and Components (mg/L) 

  PTIM  PTMM  AFMM  

NH4NO3 200 200 Ė 

KNO3 909.9 900 Ė 

KH2PO4 136.1 130 340 

Ca(NO3)2·4H2O 236.2 230 Ė 

MgSO4·7H2O 246.5 250 394 

Mg(NO3)2·6H2O 256.5 260 Ė 

MgCl2·6H2O 50 100 Ė 

CaSO4·2H2O Ė Ė 37.8 

H3PO4 Ė Ė 373 

KI 4.15 4.15 0.083 

H3BO3 15.5 15.5 2.48 

MnSO4·H2O 10.5 10.5 18.6 

ZnSO4·7H2O 14.668 14.4 5.76 

NaMoO4·2H2O 0.125 0.125 0.103 

CuSO4·5H2O 0.1725 0.125 3.75 

COCl2·6H2O 0.125 0.125 0.012 
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Table 2 (continued). 

NiCl2·6H2O Ė Ė 1.188 

AgNO3 3.398 Ė Ė 

FeSO4·7H2O 13.9 13.9 Ė 

Na2EDTA 18.65 18.65 Ė 

Maltose 15,000 Ė Ė 

Sucrose Ė 15,000 10,000 

Myo-inositol 100 500 1000 

C12H10Mg3O14·9H2O Ė Ė 266 

Casamino acids 500 Ė Ė 

L-glutamine 450 2500 2000 

Thiamine HCl 1 1 1 

Pyridoxine HCl 0.5 0.5 0.5 

Nicotinic Acid 0.5 0.5 0.5 

Glycine 2 2 Ė 

D-xylose 100 Ė Ė 

MES 250 Ė Ė 

Biotin 0.05 Ė Ė 

Folic acid 0.5 Ė Ė 

Vitamin B12 0.1 Ė Ė 

Vitamin E 0.1 Ė Ė 

Ŭ-ketoglutaric acid 100 Ė Ė 

Sodium thiosulfate 1 mM Ė Ė 

NAA 2 Ė Ė 

2,4-D Ė 2 Ė 

BAP 0.63 0.333 1.1 

Kinetin 0.61 Ė Ė 

Abscisic acid Ė 5 Ė 

24-epibrassinolide 2.1 ɛM Ė Ė 

Gellan Gum 5000 5000 3000 
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Table 2 (continued). 

pH 5.7 5.7 5.7 

PTIM: P. taeda initiation media, PTMM: P. taeda maintenance media, AFMM: A. 

fraseri maintenance media. 

 

Abies fraseri Somatic Embryogenic Tissue Initiation and Maintenance 

 

The A. fraseri somatic embryogenic (SE) tissue was acquired from the SE cryopreservation bank 

from the Christmas Tree Genetics Program at NC State. For the present work, the A. fraseri SE 

line 51-0025 was used. The ET was proliferated according to the protocol described by Pullman 

et al., 2016 [54], in which the young ET was transferred every 12 days into a fresh AFMM medium 

(Table 2). 

 

Gene Amplification and Primer Design 

 

Pinus taeda 

 

The established multi-omics integrative model for monolignol biosynthesis in P. 

trichocarpa [31,32,33,34] was used to extrapolate the best targeting gene families for genome 

editing in P. taeda. We simulated the impact of the entire gene familiesô knockout in lignin content. 

The in silico gene 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 nine monolignol gene families were set to either 1%, the minimum transcript 

abundance used to train the model, (i.e., the entire gene family edited for loss-of-function) and 
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100% (i.e., wildtype level). A set of 19 gene expression profiles were simulated using the model 

to estimate changes in the corresponding protein abundance, steady-state metabolic fluxes, and 

lignin content in P. taeda. 

 

The PtPAL gene CDS sequence was obtained from NCBI Genbank (Accession Number: 

U39792.1). Based on this sequence, a set of primers was designed to amplify 576 nt of the PtPAL 5ǋ 

end (Table 3). Genomic DNA from P. taeda was extracted from tree needles with the Quick-DNA 

Plant/Seed Miniprep Kit (Zymo Research, Irvine, CA, USA). 

 

Table 3. List of primers for P. taeda and A. fraseri. 

Name Sequence Purpose 

AfPDS_gRN

A1 

TAATACGACTCACTATAGTTGCCTTTGGACTCAGTGCAGTTTAAGAGCTATGCTG

GAAACAGCATAGCAAGTTTAAATAAGG  

In vitro 

transcription 

AfPDS_gRN
A2 

TAATACGACTCACTATAGTGCCTTTGGACTCAGTGCAAGTTTAAGAGCTATGCTG
GAAACAGCATAGCAAGTTTAAATAAGG  

In vitro 
transcription 

AfPDS_gRN
A3 

TAATACGACTCACTATAGGCAGCAGCAGGCTGGCATCTGTTTAAGAGCTATGCT
GGAAACAGCATAGCAAGTTTAAATAAGG  

In vitro 
transcription 

AfPDS_gRN
A4 

TAATACGACTCACTATAGTCTGGGAGGAGTGAATATTTGTTTAAGAGCTATGCT
GGAAACAGCATAGCAAGTTTAAATAAGG  

In vitro 
transcription 

AfPDS_Forw
ard 

GCGTTTCAAGGGTGGATTC 
AfPDS ampli

fication 

AfPDS_Reve
rse 

GTCCTTTGCAGGTTACATGC 
AfPDS ampli

fication 

AfPDS_Forw

ard_seq 
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCGTTTCAAGGGTGGATTC 

AfPDS NGS 

sequencing 

AfPDS_Reve
rse_seq 

GACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCATGTAACCTGCAAAGGAC 
AfPDS NGS 
sequencing 

PtPAL_gRN
A1 

TAATACGACTCACTATAGCGAGCAGCCAAGGCCATGGAGTTTAAGAGCTATGCT
GGAAACAGCATAGCAAGTTTAAATAAGG  

In vitro 
transcription 

PtPAL_gRN
A2 

TAATACGACTCACTATAGCACTTGCGATCTTCGAGCAAGTTTAAGAGCTATGCT
GGAAACAGCATAGCAAGTTTAAATAAGG  

In vitro 
transcription 

PtPAL_gRN
A3 

TAATACGACTCACTATAGGAAACCAGTAGTGACACCATGTTTAAGAGCTATGCT
GGAAACAGCATAGCAAGTTTAAATAAGG  

In vitro 
transcription 

PtPAL_gRN
A4 

TAATACGACTCACTATAGTGGGCATTTGCCAAGAACTCGTTTAAGAGCTATGCT
GGAAACAGCATAGCAAGTTTAAATAAGG  

In vitro 
transcription 

PtPAL_gRN
A5 

TAATACGACTCACTATAGCCCGGGCTGCCATGCTGGTTGTTTAAGAGCTATGCTG
GAAACAGCATAGCAAGTTTAAATAAGG  

In vitro 
transcription 

PtPAL_Forw
ard 

CAGCAGCAGAAATAACGCA 
PtPAL ampli

fication 

PtPAL_Rever

se 
CTGTTGAATGCGTGGCTGA 

PtPAL ampli

fication 
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Table 3 (continued). 

PtPAL_Forwa

rd_seq 
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAGCAGCAGAAATAACGCA 

PtPAL 
NGS 

sequenci
ng 

PtPAL_Revers
e_seq 

GACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTGTTGAATGCGTGGCTGA 

PtPAL 
NGS 

sequenci
ng 

BS6 
AAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTT

AAACTTGCTATGCTGTTTCCAGC 

In vitro 

transcrip
tion 

BS7 AAAAAAAGCACCGACTCGGTGC 
In vitro 
transcrip

tion 

T25-long GAAATTAATACGACTCACTATAG  
In vitro 
transcrip

tion 

 

To confirm the precise genomic sequence for sgRNA design, the PtPAL gene was amplified with 

Q5 High-Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA, USA), and the 

amplicons were cloned into the pMini 2.0 vector using the NEBÈ PCR Cloning Kit (New England 

Biolabs). Bacterial colonies containing the recombinant plasmid were sequenced through Sanger 

sequencing (Genewiz, South Plainfield, NJ, USA). The sequencing reads were aligned to 

the PtPAL CDS (Accession Number: U39792.1) to find allelic variations. 

 

Abies fraseri 

 

The A. fraseri PDS coding sequence (AfPDS) was obtained from a transcriptome assembly carried 

out by Dr. Jill Wegrzynôs group at the University of Connecticut. RNA-seq reads were screened 

for contaminating sequences not of A. fraseri origin using Kraken2 [55], and trimmed for quality 

and adapter removal using Sickle 1.33 [56]. The clean trimmed reads were assembled using Trinity 

[57], and the assembled contigs annotated using the EnTAP pipeline [58]. In this annotation 
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process, the sequence FraserFir9631 was identified as a probable ortholog of 15-cis-phytoene 

desaturase. 

 

We designed four sets of primers for the amplification of 215 bp from the 5ǋ region of 

the AfPDS gene (Table 3). A. fraseri genomic DNA extraction from the 51-0025 SE 

line, AfPDS gene amplification and cloning, and Sanger sequencing were performed as described 

for P. taeda. 

 

Recombinant SpCas9 Expression and Purification 

 

Streptococcus pyogenes Cas9 (SpCas9) recombinant protein was expressed in Escherichia 

coli Rosetta (DE3) strain (Novagen, Madison, WI, USA) harboring the pMJ915 plasmid [41]. 

Recombinant colonies were pre-inoculated in 3 mL of LuriaïBertani (LB) broth supplemented 

with 50 Õg/mL of ampicillin for 16 h at 37 ÁC/250 rpm. After overnight culture, 1 mL of the pre-

inoculum was inoculated in 1 L of LB broth supplemented with 100 Õg/mL of ampicillin and 

incubated at 37 ÁC/250 rpm until the culture reached the log growth phase (OD600 of 0.4). 

Recombinant SpCas9 (rSpCas9) expression was induced by adding 0.25 mM of isopropylthio-ɓ-

galactoside (IPTG), and the culture was incubated for 16 h at 23 ÁC/250 rpm. The cell culture was 

centrifuged at 5000Ĭ g for 5 min, the supernatant was discarded, and the cell pellet was 

resuspended in 25 mL of 6ĬHis Binding Buffer (NaH2PO4. 50 mM-pH 8.0, and NaCl 500 mM). 

Bacteria lysis was performed through sonication according to the following settings: 7 s ON, 25 s 

OFF, with a total time of 10 min at amplitude 20%. The cell lysate was centrifuged at 5000Ĭ g for 

30 min at 4 ÁC, and the supernatant fraction that contained the rSpCas9 was collected. 
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For the purification of rSpCas9, 6 mL of Ni-NTA His Bind Resin (Millipore, Burlington, VT, USA) 

was pre-washed with 200 mL of 6ĬHis Binding Buffer. Further, the supernatant fraction of the cell 

lysate was loaded into the column and washed with 6ĬHis Wash Buffer (NaH2PO4. 50 mM at pH 

8.0, NaCl 500 mM, and imidazole 20 mM). To elute the purified rSpCas9, 12 mL of 6xHis Elution 

Buffer (NaH2PO4. 50 mM at pH 8.0, NaCl 500 mM, and imidazole 250 mM) was loaded, and the 

flow-through was collected. To desalt the purified rSpCas9, the eluted flow-through was loaded 

into an Amicon Ultra-15 Centrifugal Filter Unit (cut-off, 100 kDa) (Millipore) and washed with 

1ĬPhosphate Buffer Saline (PBS) (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM 

KH2PO4, at pH 7.4). The protein was quantified through a Bradford assay, and stored with 50% 

glycerol at ī20 ÁC. 

 

CRISPR sgRNA Design and CRISPR In vitro Cleavage Assay 

 

The sgRNA design to target PtPAL or AfPDS was performed using CRISPOR prediction tool 

(https://crispor.gi.ucsc.edu/, access date 10 March 2025) [59]. The sgRNAs were chosen according 

to their Moreno-Mateos efficiency scores, which better predicted the efficiency of cleavage of the 

sgRNAs transcribed in vitro [38]. The sgRNAs displaying the highest efficiency and outcome 

scores were chosen from the given list of candidates and functionally validated using in vitro 

cleavage assays [60]. Briefly, the DNA template for each sgRNA was generated by PCR containing 

20 mM of each sgRNA primer, 20 mM BS6 primer, 1 ÕM T25_long primer, and 1 ÕM BS7 primer 

(Table 3). The DNA templates were then used for sgRNA synthesis by in vitro transcription using 

a HiScribeÊ T7 Quick High Yield RNA Synthesis Kit (New England Biolabs). For the in vitro 
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cleavage assay reactions, 7.8 Õg of the rSpCas9 protein, 250 ng of linearized targeting plasmid 

(containing the sequences targeted by the correspondent sgRNAs), and 2 ÕL of the in vitro 

transcribed sgRNAs were incubated at 37 ÁC for 3 h in the reaction buffer (1 mM DDT, 5 mM 

MgCl2, 50 mM phosphate buffer at pH 7.5). DNA fragments from each reaction were purified with 

DNA Clean and Concentrator kit (Zymo Research). Reactions lacking the SpCas9, a sgRNA, or a 

non-specific sgRNA were used as negative controls. The reaction products were assessed by 

electrophoresis on a 1.5% agarose gel. 

 

Protoplast Isolation 

 

Protoplast isolation was performed according to Lin et al. (2014) [41], with modifications. The P. 

taeda ET was harvested and incubated in Cell-wall Digestion Solution 1 (CWDS1; Cellulase R10 

1.5%, Macerozyme R10 0.4%, MES 20 mM at pH 5.7, KCl 20 mM, CaCl2 10 mM, Mannitol 500 

mM, and Bovine Serum Albumin 0.1%) or CWDS2 (CWDS1 supplemented with 0.5Ĭ PTMM 

media) following the proportion of 1:5 (wet tissue:CWDS volume). The digestion solution was 

incubated in a 150 mm petri dish for 3 or 16 h at room temperature in a rocking platform at 40 

rpm. After incubation, the protoplasts were filtered through a sieve cup No. 35 (500 ÕM) (Sigma, 

St. Louis, USA). The petri-dish was washed with 5 mL of W5 solution (Glucose 5 mM, CaCl2 125 

mM, NaCl 154 mM, KCl 5 mM, and MES 2 mM at pH 5.7) diluted with 1Ĭ PTMM media (to a 

final concentration of 0.5Ĭ PTMM) to recover the remaining released protoplasts, and then filtered 

again through the sieve cup. The flow-through was re-filtered twice with 70 and 45 Õm cell 

strainers, respectively. The second flow-through was centrifuged at 360Ĭ g for 5 min in a round 

bottom glass tube. After centrifugation, the supernatant was discarded, and the cell pellet was 



167 
 

resuspended in 5 mL of MMG buffer (Mannitol 500 mM, MgCl2 15 mM, and MES 4 mM at pH 

5.7) diluted with 1Ĭ PTMM media (to a final concentration of 0.5Ĭ PTMM). 

 

For A. fraseri, the ET was harvested and incubated in CWDS1 for 3 h at 26 ÁC/80 rpm. The 

released protoplasts were filtered twice through 70 and 45 Õm cell strainers, respectively. The 

flow-through was centrifuged at 400Ĭ g for 5 min for cell pelleting. Protoplasts were washed with 

5 mL of MMG buffer, centrifuged at 400Ĭ g for 5 min, and resuspended with 2 mL of MMG. 

For protoplast purification, the 2 mL protoplast cell suspension was slowly pipetted on top of 10 

mL of 0.6 M sucrose solution, and centrifuged at 400Ĭ g for 5 min. The protoplast cell layer (upper 

phase) was collected and mixed with 5 mL of either MMG or W5 buffer, and centrifuged at 

400Ĭ g for 5 min. The supernatant was removed, and the cell pellet was resuspended with 1 mL of 

either MMG or W5 solution. 

 

Protoplast samples were analyzed using an LSM 710 laser-scanning microscope (Zeiss, 

Oberkochen, Germany), and the protoplast concentration was assessed using a hemocytometer. 

The P. taeda protoplast viability was assessed using fluorescein diacetate (FDA) staining. After 16 

h of incubation under CWDS, isolated protoplasts were mixed in a 1:1 ratio with a 0.1% FDA 

solution and incubated for 5 min at room temperature. Stained protoplasts were observed under 

UV light using a microscope, and viability was determined by calculating the proportion of 

fluorescent protoplasts out of a total count of 500. The A. fraseri protoplast viability was accessed 

immediately after protoplast transfection, following the same procedures described for the P. 

taeda protoplasts. 
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CRISPR-RNP Transfection 

 

For RNP assembly, 90 Õg of rSpCas9 and 30 Õg of the sgRNAs were mixed in 1Ĭ NEB Buffer 3 

and incubated for either 1 h at 37 ÁC (for P. taeda) or 20 min at 23 ÁC (A. fraseri) as described for 

other species [20,42]. CRISPR-RNPs (100 ÕL) were added to 1 mL of purified protoplasts (1 Ĭ 

105 cells), and then 1.1 mL of PEG-Ca2+ solution (PEG4000 40%, CaCl2 100 mM, mannitol 200 

mM) was added. The transfection reaction was incubated for 15 min at room temperature. The 

transfection reaction was washed with 4.4 mL of either WI (A. fraseri; Mannitol 500 mM, KCl 20 

mM, and MES 4 mM) or W5 (P. taeda) solution, and the protoplasts were centrifuged at 400Ĭ g for 

5 min. The supernatant was discarded, and protoplasts were washed again with 5 mL of WI (A. 

fraseri) or W5 (P. taeda) solution. The protoplasts were centrifuged again under the same 

conditions, and the supernatant was discarded. The cell pellets were resuspended in 1.5 mL of 

either regeneration media (A. fraseri; 1/2Ĭ MS, 1 mg/L NAA, 0.3 mg/L Kinetin, 5 mM MES, 0.5 

M Mannitol) or W5 solution (P. taeda). The transfected protoplasts were incubated for 48 h (A. 

fraseri) or 72 h (P. taeda) in the dark at room temperature before DNA extraction (Figure S7). 

Protoplasts transfected with pUC19-CaMV35S-gfp and ddH20 were used as positive and negative 

transfection controls, respectively. The percentage of GFP-positive protoplasts over the total 

amount of protoplasts after 16 h provided a relative estimation for the transfection efficiency. The 

excitation and emission wavelengths used were 488 nm and 492 to 543 nm, respectively. 

 

 

 

 

https://www.mdpi.com/2223-7747/14/7/996#B20-plants-14-00996
https://www.mdpi.com/2223-7747/14/7/996#B42-plants-14-00996
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CRISPR-Driven Gene Editing Analysis 

 

To detect CRISPR-driven mutations, the genomic DNA from each transfected protoplast sample 

was extracted with Quick-DNA Plant/Seed Miniprep Kit (Zymo Research). The 5ǋ regions 

of PtPAL and AfPDS were amplified with Q5 High-Fidelity DNA Polymerase (New England 

Biosciences). The AfPDS and PtPAL amplicons were purified with DNA Clean and Concentrator 

kit (Zymo Research) and sequenced by amplicon deep sequencing (Genewiz). The sequencing 

results were analyzed with Geneious PrimeÈ 2025.0.3 software. INDEL edits occurring at the 

Cas9 cleavage sites were considered CRISPR-driven mutations. The CRISPR-editing efficiency 

was calculated by dividing the number of edited reads by the total number of sequencing reads 

mapped to the target regions. 

 

Author Contributions 

 

Conceptualization, B.M.M., D.B.S., R.B. and J.P.W.; data curation, B.M.M. and R.W.W.; formal 

analysis, B.M.M. and D.B.S.; funding acquisition, J.G.A.W., R.B. and J.P.W.; investigation, 

B.M.M., D.B.S., B.S. and R.D.T., methodology, B.M.M., D.B.S. and R.D.T., project 

administration, B.M.M. and J.P.W.; resources, C.Y., C.C.-V. and R.W.W.; supervision, B.M.M., 

J.G.A.W., R.W.W. and J.P.W., validation, B.M.M. and J.P.W.; visualization, B.M.M. and J.P.W., 

writingðoriginal draft, B.M.M.; writingðreview and editing, B.M.M., D.B.S., C.C.-V. and J.P.W. 

All authors have read and agreed to the published version of the manuscript. 

 



170 
 

Funding 

 

This research was funded by the North Carolina Specialty Crop Block Grants 20-070-4013 and 

Cooperative State Research Service of the U.S. Department of Agriculture grant NCZ04214. We 

also appreciate funding support from the U.S. National Science Foundation Small Business 

Technology Transfer Program grant 2044721, the North Carolina State University Chancellorôs 

Innovation Fund grant 190549MA, and the North Carolina State University Goodnight Early 

Career Innovator Award (to JPW). 

 

Acknowledgments 

 

We sincerely thank John Frampton, former director of the Christmas Tree Genetic Program at NC 

State University, for providing Abies fraseri somatic embryogenic cultures used in this study and 

for his valuable insights that contributed to our research. 

 

Conflicts of Interest 

 

The authors declare that this study received funding from the U.S. National Science Foundation 

Small Business Technology Transfer Program grant 2044721 to TreeCo Inc. and NC State 

University. TreeCo Inc. was involvement with the design of the study. TreeCo Inc. was not 

involved in data collection, analysis, interpretation, the writing of this article, or the decision to 

submit it for publication. 

 



171 
 

Supplementary Figures 

 

 

 

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

 

We assessed the effect of CRISPR-based knockout targeting on monolignol gene families and 

evaluated their impact on lignin content using our established predictive model for monolignol 

biosynthesis (Wang et al. 2018; Wang et al. 2019; Matthews et al. 2020, 2021). This screening 

aimed to identify gene families that can potentially improve wood properties. 
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Figure S2. Identification PtPAL gene variants in P. taeda and CRISPR sgRNA design. 

 

The 583 bp amplicon of PtPAL gene was sequenced through Sanger. (A) Sequencing results were 

aligned with ClustalW with the PtPAL sequence deposited on Genebank (Accession Number: 

U39792.1). Sequences highlighted in black are completely aligned, in gray partially aligned, and 

in white are not aligned. (B) Schematic representation of the PtPAL 583 bp amplicon, aligned 

with the two identified variants in (red), where SNPs and deletions are represented under the faint 

positions. sgRNA positions are represented in the squares colored by blue (sgRNA1), yellow 

(sgRNA2), green (sgRNA3), pink (sgRNA4) and orange (sgRNA5). 
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Figure S3. CRISPR-Cas9 in vitro cleavage assays. 

 

(A) Electrophoretic analysis of the cleavage assay reactions targeting PtPAL after 3 h incubation, 

where (MM) represents molecular marker; (1) negative control without Cas9 and gRNA; (2) 

negative control without gRNA; (3) negative control without Cas9; (4) positive control reaction 

with Amp_gRNA; (5) gRNA1 reaction; (6) gRNA2 reaction; (7) gRNA3 reaction; (8) gRNA4 

reaction; (9) gRNA5 reaction; (10) negative control with a scramble gRNA. (B) Electrophoretic 

analysis of the cleavage assay reactions targeting AfPDS after 3 h incubation, where (MM) 

represents molecular marker; (1) negative control without Cas9 and gRNA; (2) negative control 

without gRNA; (3) negative control without Cas9; (4) positive control reaction with Amp_gRNA; 

(5) gRNA1 reaction; (6) gRNA2 reaction; (7) gRNA3 reaction; (8) gRNA4 reaction; (9) negative 

control with a scramble gRNA. 
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Figure S4. Protoplasts post-transfection recovery in MMG and PTMM medium. 

 

P. taeda ET-isolated protoplasts of 21-063 line were transfected with a reporter plasmid and 

incubated for 16 hours in MMG (A and B), PTMM medium (C and D). Protoplasts were observed 

in bright field (A and C), and in UV light (B and D) for assessment of transfection efficiencies. 
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Figure S5. CRISPR-mediated AfPDS knockout through RNP transfection of ET-originated 

protoplasts. 

 

A. fraseri protoplasts of 51-0025 line were isolated, and transfected with CRISPR-RNP 

complexes targeting different regions of AfPDS gene sequence. Additionally, protoplasts were 

transfected with pUC19-GFP reporter plasmid. After 16 hours of transfection, protoplasts were 

observed under bright field (A), and UV light (B), for assessment of transfection efficiency. 

Samples transfected with CRISPR-RNPs were analyzed through amplicon deep sequencing. 

CRISPR-associated AfPDS variants were observed for samples transfected with sgRNA4 (C), 

where basepairs highlighted in gray represent the PAM sites, in red deletions, and green base- 

exchanges. 
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Figure S6. Assessment of protoplast viability in P. taeda. 

 

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

were stained with FDA and observed under UV light. 
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Figure S7. Schematic representation of step procedures for ET-originated protoplast CRISPR- 

RNP delivery. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




































































































































