
ll
Article
Genome-edited trees for high-performance
engineered wood
Yu Liu, Gen Li, Yimin Mao, ...,

Xuejun Pan, Yiping Qi,

Liangbing Hu

yiping@umd.edu (Y.Q.)

binghu@umd.edu (L.H.)

Highlights

Reducing the lignin in polar wood

by knocking out the 4CL1 gene

Demonstrating a chemical-free

method for processing advanced

engineered wood

Densified 4CL1 knockout wood is

as strong as densified wood from

chemical treatment
Conventional delignification uses chemicals that consume a lot of energy and

create significant waste, posing sustainability issues. By using genome-edited

poplar trees with lower lignin content, we can skip the chemical delignification

process. This innovative approach reduces environmental impact and offers a

more sustainable solution for processing engineered wood.
Liu et al., Matter 7, 1–14

October 2, 2024 ª 2024 Elsevier Inc. All rights

are reserved, including those for text and data

mining, AI training, and similar technologies.

https://doi.org/10.1016/j.matt.2024.07.003

mailto:yiping@umd.edu
mailto:binghu@umd.edu
https://doi.org/10.1016/j.matt.2024.07.003


ll

Please cite this article in press as: Liu et al., Genome-edited trees for high-performance engineered wood, Matter (2024), https://doi.org/
10.1016/j.matt.2024.07.003
Article
Genome-edited trees
for high-performance
engineered wood
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PROGRESS AND POTENTIAL

We demonstrated a waste-free

process for processing

engineered wood by reducing the

lignin content of poplar wood

through 4CL1 knockout

technology. The 4CL1 knockout

wood shows a 12.8% reduction in

lignin content without significant

growth changes. By soaking this

wood in water and hot pressing,

we achieved a tensile strength of

313.6G 6.4 MPa, 5.6 times higher

than that of natural 4CL1 knockout

wood and 1.6 times higher than

that of densified wild-type wood.

This strength is comparable to

chemically treated densified

wood (320.2 G 3.5 MPa). Our

method eliminates chemical

delignification, offering a cost-

effective, eco-friendly alternative

for producing densified wood.

This success highlights genome

editing’s potential to create other

engineered wood materials with

enhanced properties,

contributing to a CO2-negative

bioeconomy by providing

renewable alternatives to

traditional materials.
SUMMARY

Replacing conventional structural materials with high-performance
engineered wood can reduce CO2 emissions and enhance car-
bon sequestration. Traditional methods involve energy-intensive
chemical treatments to reduce lignin content, resulting in denser,
mechanically superior wood but raising sustainability concerns.
This work introduces a genome-editing approach to reduce lignin
in trees, enabling chemical-free processing of advanced engineered
wood. Using the cytosine base editor nCas9-A3A/Y130F, the 4CL1
gene in poplar wood was targeted, achieving a 12.8% lignin
reduction. This facilitated waste-free densified wood production
through water immersion and hot pressing, yielding a tensile
strength of 313.6 G 6.4 MPa, comparable to aluminum alloy 6061.
The strength of densified 4CL1 knockout wood closely matched
that of traditionally treated wood (320.2 G 3.5 MPa), demon-
strating the effectiveness of genetic modification in creating sus-
tainable, high-performance engineered wood and contributing to
reduced CO2 emissions and environmental conservation.

INTRODUCTION

Engineered wood is increasingly being explored as a sustainable alternative to con-

ventional structural materials, such as steel, cement, glass, and plastic.1,2 Such

advanced wood materials offer unique properties, such as high mechanical

strength,3,4 passive radiative cooling,5 and light management,6–8 which is achieved

by controlling wood’s naturally anisotropic structure through various methods.

Wood is made up of several components, including the polymer lignin that binds

the cellulosic fibers of the wood cell walls to impart structural strength as well as de-

fense against pathogens.9 Successfully fabricating high-performance engineered

wood materials typically requires the partial or complete removal of lignin from

the wood feedstock in order to enable subsequent treatments that modify the nat-

ural wood structure, such as densification for enhanced mechanical properties3,4 or

tuning of the optical absorption.5,10 However, the delignification process is gener-

ally achieved using a variety of chemical approaches (e.g., NaOH, NaOH/Na2SO3,

NaOH/Na2S, NaClO2, etc.) that are energy intensive and generate significant waste,

posing sustainability challenges.4,7,8,10–12 Therefore, a more sustainable yet still

cost-effective method of reducing the lignin content in natural wood is needed for

the manufacturing of engineered wood.

Several alternative chemistries and approaches have been explored for more sus-

tainable methods of lignin removal in the production of advanced wood materials,
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including organosolv pulping,13,14 the use of ionic liquids,15 microwave-assisted

methods,16 and enzymatic delignification.17 However, challenges still persist in

terms of efficiency, energy use, and waste products.18 In addition to alternative

chemistries, genetic engineering techniques have been applied in the paper and

pulp industry to modify the lignin content and composition in trees used for pulp

production. For example, knocking out genes involved in lignin synthesis, such as

4CL1 (e.g., 4CL1-1 and 4CL1-2),19–21 C3H3, CAD1, and AldOMT2,22 can be an effi-

cient way of reducing the lignin content in wild-type wood for enhanced mechanical

properties of the pulp fibers.23 However, further research and development are

needed to explore the applicability, sustainability, and performance of 4CL1

knockout trees for engineered wood production.

In this study, we demonstrate the waste-free synthesis of high-strength engineered

wood using 4CL1 knockout poplar that features a lower lignin content, thus avoiding

the need for chemical delignification (Figure 1A). Our previous study has demon-

strated the CRISPR-based cytosine base editor nCas9-A3A/Y130F system as a

robust genome engineering tool in poplar wood, which allows up to 95.5% editing

efficiency.24,25 With this technique, we reduced the lignin content by knocking out a

key gene (4CL1) of lignin biosynthesis, specifically using two guide RNAs (gRNAs) to

target the first exon of the 4CL1 gene to introduce pre-mature stop codons

(Figures S1A and S1B). With this approach, the resulting 4CL1 knockout wood

featured a 12.8% lower lignin content compared to the wild-type feedstock, which

is comparable to chemical-based methods of delignification for fabricating engi-

neered wood products.3 As a proof of concept, we used the 4CL1 knockout wood

to fabricate high-strength densified wood by soaking the material in water under

vacuum, followed by hot pressing (Figure 1B). Due to the lower lignin content, the

cell walls are able to collapse and form a denser structure, with greater hydrogen

bonding between the cellulose chains. As a result, the densified 4CL1 knockout

wood exhibits a remarkable tensile strength of 313.6 G 6.4 MPa, which is 5.6 times

higher than that of the 4CL1 knockout wood prior to densification (56.1G 12.0 MPa)

(Figure 1C). Moreover, the densified wood’s tensile strength is on par with that of

aluminum alloy 6061.26 In addition, a densified wood was prepared from wild-

type wood using the traditional process involving chemical treatment to eliminate

12.4% of lignin,3 akin to the genome-editing process, followed by hot pressing.

The resulting densified wood exhibits a tensile strength of 320.2G 3.5 MPa, compa-

rable to the tensile strength of densified 4CL1 knockout wood (Figure 1C). These

findings demonstrate that reducing the lignin content in wood via genetic engineer-

ing is a viable strategy for densified wood manufacturing, with the potential for

tailoring the lignin content and composition to meet the specific requirements of

different engineered wood materials. This genetic engineering approach avoids

the need for chemical delignification treatments and thus prevents the generation

of waste, offering a cost-efficient and eco-conscious approach to manufacturing en-

gineered wood.
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RESULTS AND DISCUSSION

Lignin is a polymer composed of three monomers, p-hydroxyphenyl (H), guaiacyl

(G), and syringyl (S),27 which are synthesized from phenylalanine through multiple

metabolic steps and enzymes.28 4CL1 is one of the critical enzymes of the lignin

biosynthesis pathway, and knocking down or knocking out 4CL1 has been shown

to reduce the lignin content of stem wood in poplar.24,29,30 Our previous study

demonstrated that the nCas9-A3A/Y130F-based C-to-T base editing system allows

for up to 95.5% editing efficiency.24,25 To achieve homozygous 4CL1 knockout
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Figure 1. A genome-editing approach for fabricating high-strength densified wood

(A) The schematic depicts the contrast between conventional densified wood fabrication, which requires chemical treatment to partially remove lignin

before densification, and the innovative waste-free process achieved through genetic engineering of the wood starting material to reduce the lignin

content.

(B) The photos showcase the waste-free manufacturing process of densified 4CL1 knockout wood. The process involves soaking the wood in water,

followed by densification.

(C) Comparison of the tensile strength of the 4CL1 knockout wood, the densified 4CL1 knockout wood, and the densified wood from chemical treatment

process.

Data are represented as mean G SEM.
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Figure 2. Physiological and physical characterization of the 4CL1 knockout trees for wood engineering

(A) Photo of the wild-type poplar and 4CL1 knockout tree after growing in a greenhouse for 6 months.

(B and C) Photographs of the dry (B) wild-type wood and (C) 4CL1 knockout wood.

(D and E) SEM images of the (D) wild-type wood and (E) 4CL1 knockout wood in cross-section show little change in fiber cell lumen, vessel diameter, or

cell wall thickness.

(F) Comparison of the relative lignin content of the wild-type wood and 4CL1 knockout wood.

(G) Comparison of the acid-insoluble and acid-soluble lignin content of the wild-type wood and 4CL1 knockout wood.
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Figure 2. Continued

(H) Comparison of the cellulose, hemicellulose, and lignin content of the wild-type wood and 4CL1 knockout wood.

(I) Comparison of the wild-type wood and 4CL1 knockout wood density.

(J) WAXD traces of the wild-type wood and 4CL1 knockout wood.

(K) Comparison of the crystallinity of the cellulose of the wild-type wood and 4CL1 knockout wood.

Data are represented as mean G SEM.
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mutants, more transgenic plants were generated using this base editing system.

Briefly, in the C-to-T base editing system, two gRNAs were used for targeting the

first exon of the 4CL1 gene to introduce pre-mature stop codons (Figures S1A and

S1B). The transfer DNA (T-DNA) vector was transformed into poplar explants using

an Agrobacterium-mediated method. Regenerated T0 plants were analyzed using

Sanger sequencing to identify the genotype. Two homozygous mutants (4CL1-1

and 4CL1-2) were identified, and both were introduced with a pre-mature stop

codon (Q213X) by biallelic C-to-T base editing (Figure S2). We did not observe

any difference in the plant growth of the 4CL1mutants compared to the unmodified

poplar tree. After 6 months of growing in the same greenhouse environment, the

4CL1 knockout tree had grown almost the same amount as the wild-type tree

(Figures 2A and S4). Mutating 4CL1 affects the change of lignin monomer combina-

tion, resulting in a darker wood color.24 Therefore, while the fresh wild-type wood

appeared light green, the fresh wood of the 4CL1 mutants featured a reddish color

(Figure S3), similar to previous studies.24,29 In its dry state, wild-type woodmaintains

a white color (Figure 2B), whereas the wood from the 4CL1 mutants adopts a light

yellow hue (Figure 2C).

Furthermore, scanning electron microscopy (SEM) images of the cross-sections of

both the wild-type wood (Figure 2D) and 4CL1 knockout wood (Figure 2E) samples

reveal nearly identical sizes of the fiber cell lumen, vessel diameter, and cell wall

thickness. In addition, the alignment of the cellulose fibers does not change after

genome editing (Figure S5). This indicates that the genetic engineering process

does not significantly alter the wood’s microstructure. Figure 2F shows that the

4CL1 knockout wood exhibits a 12.8% decrease in lignin content compared with

wild-type wood after mutating 4CL1. Specifically, the acid-insoluble lignin contents

of the natural and 4CL1 knockout wood are 18.05% and 16.24%, respectively, which

are approximately 10% decreases. Meanwhile, the acid-soluble lignin content of the

4CL1 knockout wood is 2.35%, which is a 28% decrease compared with the wild-type

wood (3.27%), as shown in Figure 2G. Meanwhile, the natural and 4CL1 knockout

wood samples feature similar cellulose and hemicellulose contents (Figure 2H).

The wild-type wood and 4CL1 knockout wood also feature a similar density (0.42

and 0.40 g/cm3, respectively; Figure 2I). Fourier transform infrared spectroscopy

(FTIR) shows that both samples feature essentially the same main characteristic

peaks, indicating that the main chemical compositions of the two types of wood

are identical (Figure S6). We also used the relative crystallinity index obtained

fromwide-angle X-ray diffraction (WAXD) traces (Figures 2J and S7–S9) as a measure

to evaluate the cellulose content of the wild-type and 4CL1 knockout wood. The

WAXD traces can be decomposed into two portions, contributed by the crystalline

(mainly cellulose) and amorphous (mainly lignin and hemicellulose) phases, which

are represented by a group of sharp Bragg peaks and a broad scattering halo,

respectively.31 The relative crystallinity index is measured as a fraction of the crystal-

line phase scattered intensity over the total scattered intensity. The 4CL1 knockout

wood shows a higher relative crystallinity index of 76.8% compared with that of wild

type, 64.1% (Figure 2K).We attribute the increase of the relative crystallinity index by

12.8% to the decrease of the lignin content. One of the concerns associated with the

decrease of lignin content is that it might cause a decrease of the degree of cellulose
Matter 7, 1–14, October 2, 2024 5



Figure 3. Distribution and structure of lignin characterization by Raman spectra and 2D HSQC

(A and B) The Raman spectra of (A) cell corners and (B) cell walls to compare characteristic bands of lignin at 1,266, 1,600, and 1,657 cm�1 between wild-

type wood and 4CL1 knockout wood.

(C and D) Raman mapping of (C) wild-type wood and (D) 4CL1 knockout wood to compare the lignin distribution in these two types of wood.

(E and F) 2D HSQC NMR spectra were employed to compare the structural changes in lignin between (E) wild-type wood and (F) 4CL1 knockout wood.

The spectra were analyzed for both aliphatic regions (dC/dH 50–90/2.5–6.0) and aromatic regions (dC/dH 100–135/5.9–8.2) to gain insights into the

modifications in lignin composition resulting from the genome-editing process.
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fiber alignment, consequently yielding a decreased mechanical performance. We

calculated the degree of cellulose fiber orientation in natural and 4CL1 knockout

wood using Hermans orientation factor P2, determined from the polar angle

distribution of the scattered intensity of the 2D WAXD pattern (see Figure S10A

for wild-type wood and Figure S10B for 4CL1 knockout wood). The P2 values of

the wild type and 4CL1 knockout wood were 0.95 and 0.91, respectively

(Figure S10C), suggesting that the cellulose microfibrils are slightly less aligned in

the 4CL1 knockout wood than in the wild type,32 but they are generally on the

same level, and the slight difference should not cause a significant variation in

mechanical performance. All these results demonstrate that genome editing has

little influence on the physical properties and behavior of the wood (e.g., tree

growth) except for an observed decrease in the lignin content.

We used Raman spectroscopy to investigate how the lignin distribution changes af-

ter genome editing. The characteristic bands of lignin appear at 1,266, 1,600, and

1,657 cm�1 for both the wild-type and 4CL1 knockout wood samples (Figures 3A
6 Matter 7, 1–14, October 2, 2024
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and 3B).33–35 Notably, the lignin characteristic peaks (1,600 and 1,657 cm�1) in the

Raman spectra of the cell corners for 4CL1 knockout wood (Figure 3A) are lower

compared to those of wild-type wood, indicating a reduction in lignin content in

the cell corners after the genome-editing process. Conversely, the lignin character-

istic peaks in the Raman spectra of the cell walls show no significant changes for

either wild-type or 4CL1 knockout wood (Figure 3B). This Raman spectroscopy anal-

ysis provides valuable insights into the specific alterations in lignin distribution within

the wood structure resulting from genome editing. To further investigate this phe-

nomenon, Raman imaging was employed to assess the distribution of lignin in the

wild-type wood and 4CL1 knockout wood. The Raman images were generated

based on the 1,600 cm�1 peak in the Raman spectra. In these images, the dark

blue color corresponds to the wood cells, while the sky blue color represents the

lignin. The brightness of the sky blue color indicates the lignin content, with brighter

shades indicating higher lignin levels. Figures 3C and 3D exhibit distinct variations in

the lignin content between the cell walls and cell corners of the two wood types. Spe-

cifically, we observed that the lignin content in 4CL1 knockout wood is lower than in

wild-type wood at the cell corners. However, in the cell walls, there seems to be little

difference in lignin content between the two types of wood. These Raman imaging

data highlight the successful reduction of lignin in the 4CL1 knockout wood, partic-

ularly at the cell corners, showcasing the potential impact of genetic engineering on

modifying lignin distribution within the wood structure.

Furthermore, we utilized 2D heteronuclear single quantum coherence (HSQC) nu-

clear magnetic resonance (NMR) spectroscopy to investigate potential differences

in lignin structure between wild-type wood and 4CL1 knockout wood. The NMR

data revealed slight changes in lignin compositions. Specifically, the percentage

of the phenylcoumaran (b–5) structure remained unchanged, but resinol (b–b)

decreased in the 4CL1 knockout wood. Conversely, b–O–4 structures exhibited a

slight increase (Figure 3E). Interestingly, pBA also increased in the 4CL knockout

wood, which aligns with similar results observed in C3H downregulation (Fig-

ure 3F).36 These results demonstrate that the genome editing of 4CL1 not only de-

creases the lignin content of wood but also modifies the lignin structures. This modi-

fication should facilitate the fabrication of densified wood without the need for

chemical treatment. The ability to alter both lignin content and structure through

genome editing opens up promising avenues for developing sustainable and envi-

ronmentally friendly methods to produce high-performance densified wood

materials.

After characterizing the 4CL1 knockout wood, we utilized it to prepare densified

wood. However, unlike previous methods, we did not apply a chemical delignifica-

tion treatment, as the 12.8% decrease in the lignin content in the 4CL1 knockout

wood should be sufficient to enable densification of the wood structure.3 First, we

softened the wood samples by soaking the 4CL1 knockout wood and wild-type

wood in water under vacuum for 24 h (Figure 4A). The 4CL1 knockout wood becomes

noticeably softer than the wild-type wood. When we try to bend the wood samples

by hand, the 4CL1 knockout wood can be bent to a great extent, without any visible

cracks, while the wild-type wood breaks when bent to the same extent (Figures 4B

and S11). We attribute this difference to the lignin reduction in the 4CL1 knockout

wood. Additionally, a three-point bending test shows the 4CL1 knockout wood

has a much lower flexural strength (17.3 G 2.1 MPa) than that of the wild-type

wood (35.8 G 1.4 MPa) after soaking with water (Figure 4C). After soaking, the sam-

ples were pressed under a pressure of 5 MPa at 120�C for 1 h to form the densified

wood. Intriguingly, SEM reveals the densified 4CL1 knockout wood (Figure 4E)
Matter 7, 1–14, October 2, 2024 7



Figure 4. Fabrication and performance of densified wood produced using wild-type wood and 4CL1 knockout wood as starting materials

(A) Photographs of the wild-type wood and 4CL1 knockout wood soaking in water under vacuum.

(B) Photographs showing the 4CL1 knockout wood is much softer after soaking in water for 24 h.

(C) Flexural strength of the wild-type wood and 4CL1 knockout wood after soaking in water.

(D and E) Photograph and SEM image of the (D) densified wild-type wood and (E) densified 4CL1 knockout wood.

(F) Comparison of the density of the densified wild-type wood and densified 4CL1 knockout wood.

(G) The stress-strain curves of wild-type wood, 4CL1 knockout wood, densified wild-type wood, and densified 4CL1 knockout wood.

(H) Photos show the fabrication of densified wood from wild-type wood through a conventional process by chemical treatment and hot pressing.

(I) Comparison of the tensile strength of the densified wood from wild-type wood though a conventional process and densified 4CL1 knockout wood

from waste-free process.

Data are represented as mean G SEM.
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possesses a significantly denser microstructure than that of the densified wild-type

wood (Figure 4D). The densified 4CL1 knockout wood exhibits a higher density

(1.32 g/cm3) than that of the densified wild-type wood (1.15 g/cm3) (Figure 4F). As

a result, although the 4CL1 knockout wood displays a decreased tensile strength, af-

ter being densified, the tensile strength of the densified 4CL1 knockout wood shows

a marked increase of 5.6 times higher than that of the natural 4CL1 knockout wood

(Figures 4G and S12). In contrast, the densified wild-type wood shows an increase of

just 2.6 times higher than that of wild-type wood, due to the high lignin content,

which decreases how much the material can be densified (Figure S12).

In addition, the tensile strength of the densified 4CL1 knockout wood is about 1.6

times higher than that of the densified wild-type wood (Figures 4G and S12).
8 Matter 7, 1–14, October 2, 2024
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Figures 4G and S12 illustrate the results obtained regarding the tensile strength of

the different wood samples. The data reveal interesting findings. Firstly, the tensile

strength of genetically engineered (4CL1 knockout) wood is initially lower than that

of natural 4CL1 knockout wood. However, after undergoing the densification pro-

cess, the tensile strength of densified 4CL1 knockout wood significantly increases,

reaching a value approximately 5.6 times higher than that of the natural 4CL1

knockout wood. In contrast, the densified wild-type wood exhibits a more moderate

improvement in tensile strength, measuring approximately 2.6 times higher than the

original wild-type wood. This difference can be attributed to the higher lignin con-

tent in wild-type wood, which limits the extent to which the material can be effec-

tively densified. Additionally, when comparing the tensile strength of densified

4CL1 knockout wood with densified wild-type wood, the former demonstrates

approximately 1.6 times higher tensile strength. In addition, the densified 4CL1

knockout wood demonstrates a flexural strength of 278.3 G 9.7 MPa (Figure S13).

These results highlight the positive impact of genetic engineering and the densifica-

tion process on enhancing the tensile strength of wood materials. Furthermore, a

densified wood was fabricated from wild-type wood through the conventional

method that includes chemical treatment, resulting in the removal of 12.4% of lignin,

mimicking the lignin reduction impact of the genome-editing process, followed by

hot pressing (Figure 4H). The resulting densified wood exhibits a tensile strength

of 320.2 G 3.5 MPa, closely resembling the tensile strength of densified 4CL1

knockout wood (Figure 4I). This implies that the genome-editing process achieves

a similar effect to chemical treatment in reducing wood lignin content but with the

additional advantage of being more environmentally friendly. Lignin, being a rigid

polymer, can hinder cell wall deformation and restrict the rearrangement of cellulose

fibers. With lower lignin content, the cell walls become more flexible and capable of

undergoing greater deformation, leading to increased densification and improved

strength. In addition, a lower lignin content allows for better contact and bonding

between cellulose fibers in densified wood. When the lignin content is reduced,

the fibers have more opportunities to come into direct contact and establish stron-

ger bonding interfaces. This improved fiber bonding enhances load transfer within

the material, resulting in higher strength and improved mechanical properties. Dur-

ing the densified wood fabrication process, no chemicals were used, and no environ-

mentally harmful waste is produced, making this a green method of wood engineer-

ing. These findings indicate that genome editing is a promising method for creating

optimal wood feedstock, particularly for chemical-free wood engineering.

Conclusion

We demonstrated a waste-free process for wood engineering by reducing the lignin

content of poplar wood through a genome-editing technology. The results show

that the 4CL1 knockout wood does not show a significant change in plant growth

except for a 12.8% reduction in lignin content. The densified 4CL1 knockout wood

is fabricated by a waste-free process through soaking the 4CL1 knockout wood in

water followed by hot pressing. The resulting material exhibits a tensile strength

of 313.6 G 6.4 MPa, which is 5.6 and 1.6 times higher than that of the natural

4CL1 knockout wood and densified wild-type wood. In addition, the tensile strength

of the densified 4CL1 knockout wood is comparable to that of the densified wood

(320.2G 3.5 MPa) from wild-type wood using a conventional manufacturing process

involving chemical treatment followed by densification. This indicates that the

genome-editing process achieves a similar impact to the chemical treatment in

reducing lignin content in wood. This work demonstrates that using genome editing

to engineer poplar wood with less lignin content can eliminate the chemical deligni-

fication step in traditional wood engineering processes, providing a cost-effective
Matter 7, 1–14, October 2, 2024 9
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and environmentally friendly method to produce products like densified wood. In

addition, the successful application of genome editing to engineer wood with

reduced lignin content opens up possibilities for the development of other engi-

neered wood materials with enhanced properties, such as improved durability,

and modified thermal or acoustic characteristics. In summary, the utilization of

4CL1 knockout poplar or other trees as feedstocks for the production of high-perfor-

mance, sustainable, and value-added wood-basedmaterials holds great promise, as

demonstrated in this study as well as in a recent study that reported more efficient

fiber pulping via multiplexed genome editing.22 This approach of coupling elite

wood materials generated by genetic engineering with wood engineering has the

potential to contribute to the development of a future CO2-negative bioeconomy

by providing renewable and environmentally friendly alternatives to traditional

materials.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for more information and resources should be directed to and will be ful-

filled by the lead contact, Liangbing Hu (binghu@umd.edu).

Materials availability

All genome-editing plasmids are available at Addgene (https://www.addgene.org/

Yiping_Qi/).

Data and code availability

This article did not generate any code. All data reported in this article will be shared

by the lead contact upon request.

Plasmid construction

The genomic sequence for Populus tremula 3 P. alba 4CL1 gene (PtXaTreH.

01G031400 and PtXaAlbH.01G031600) was obtained from Phytozome (https://

phytozome-next.jgi.doe.gov/). The multiplexed C-to-T base editing T-DNA vector

was constructed using the CRISPR tools we previously reported.24,37 To introduce

pre-mature stop codons, two gRNAs, each with a 20 bp protospacer, were designed

to target both alleles of the 4CL1 gene at the first exon (Table S1). Each gRNA was

synthesized as two reverse complementary oligonucleotides and then annealed. An-

nealed gRNA oligonucleotides were ligated into gRNA entry plasmids pYPQ131A

(Addgene #69273) and pYPQ132B (Addgene #69282), respectively. Then, these

two gRNA clones were assembled by Golden Gate Cloning into pYPQ142 (Addgene

#69294) to generate the gRNA entry clone. This gRNA entry clone, hA3A-Y130F-

based SpCas9n CBE entry clone (pYPQ265E2, Addgene #164719), and pYPQ202

(Addgene #86198) were used to prepare the T-DNA expression vector by the

three-way Gateway LR reaction. The resulting T-DNA vector was transformed into

Agrobacterium strain GV3101 followed by poplar transformation.

Poplar transformation and genotyping

Populus tremula 3 P. alba hybrid clone INRA 717-1B4 was used for Agrobacterium-

mediated transformation, as described previously.38 Transformed plants were

selected on shoot induction medium and root medium containing 20 mg/L hygrom-

ycin and 200 mg/L Timentin. Leaf tissue of transgenic plants was collected for DNA

extraction. To analyze the genotype of transgenic CBE plants, PCR was conducted

using Phire tissue direct PCR master mix (Thermo Scientific, USA) using specific

primers (Table S2). PCR products were enzymatically purified using Exonuclase I
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and Quick CIP (NEB, USA). Purified PCR products were used for Sanger sequencing

(Genewiz, USA) to reveal the genotypes.

Fabrication process of the densified wood

The wild-type wood and 4CL1 knockout wood strips were soaked in water for 24 h

under vacuum, followed by hot pressing at 120�C under a pressure of about 5MPa

for 1 h to form the densified wild-type wood and 4CL1 knockout wood.

The wild-type wood was immersed in a boiling solution containing amixture of 2.5 M

NaOH and 0.4 M Na2SO3 for 1 h, after which it underwent multiple immersions in

boiling deionized (DI) water to eliminate residual chemicals. Subsequently, the

wood blocks were subjected to pressing at 120�C under 5 MPa pressure for 1 h to

produce the densified wood.

Characterization of the wood microstructures

The microstructures of the wood samples and super wood tubes were observed by a

Hitachi SU-70 SEM.

Measurement of the lignin content

The lignin contents were measured based on Technical Association of Pulp and Pa-

per Industry Standard Method T 222-om-83. 1 g dry wood (m0) was extracted with

ethanol alcohol for 4 h to remove extracts such as resin, fat, and wax. The wood pow-

der after extraction was treated with cold H2SO4 (72%, 15 mL) for 2 h with vigorous

stirring at 20�C. The mixtures were transferred to a beaker and diluted to 3 wt %

H2SO4 by adding 560 mL of DI water and boiled for 4 h. Finally, the solution was

filtered and washed with DI water. The insoluble materials were dried and weighed

(m1). The lignin content was calculated as [m1/m0] 3 100%.

Mechanical measurements of the densified wood

The tensile and compressive properties of the samples were measured using an Ins-

tron 5565 universal tester with a 30 kN load cell. The dimensions of the tensile sam-

ples were approximately 100 3 5 3 0.15 mm. The samples were clamped at both

ends and stretched along the wood fiber direction with a constant test speed of

2 mm min�1 at room temperature.

WAXD

WAXD experiments were carried out using an in-house instrument (XEUSS 2.0,

Xonics) at an X-ray wavelength of 1.54 Å. The X-ray beam diameter was 0.8 mm,

and the sample-to-detector distance (SDD) was 133 mm. A Dectris Pilatus 300k de-

tector (Dectris, Switzerland) was employed to register 2D diffraction patterns. The

SDD and X-ray beam center were calibrated using silver behenate powder. The con-

version of 2D scattering pattern to 1D traces was performed using NIKA and Fit2D

packages.

2D HSQC NMR

The NMR experiments using 2D HSQC were conducted on enzyme lignins (ELs)

following previous methods.39–41 NMR tubes containing 50 mg ball-milled whole-

cell walls and 35 mg ELs were prepared with DMSO-d6:pyridine-d5 (4:1, v/v) for

gel-NMR experiments. The central DMSO solvent peak (dC 39.5, dH 2.49 ppm) was

used as the internal reference. The NMR data were collected using a Bruker Biospin

(Billerica, MA, USA) Avance NEO 700 MHz spectrometer equipped with a 5 mmQCI
1H/31P/13C/15N cryoprobe with inverse geometry. An adiabatic 1H-13C 2D HSQC

experiment (hsqcetgpsisp2.2) from Bruker was performed as described in previous
Matter 7, 1–14, October 2, 2024 11
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publications.39,41 For the EL samples, the 2D HSQC experiments were acquired in

the range of 11.5 to �0.5 ppm (12 ppm spectral width) in F2 (1H) with 3,448 data

points (acquisition time, 200 ms) and 215 to �5 ppm (220 ppm spectral width) in

F1 (13C) with 618 increments (F1 acquisition time, 8.0 ms) of 32 scans with a 1 s inter-

scan delay (D1); the d24 delay was 0.89 ms (1/8 J, J = 145 Hz). The total acquisition

time for each sample was 7 h. The volume integration of contours in the 2D HSQC

plots was conducted using TopSpin 4.1.4 software (Mac version) from Bruker,

without the use of correction factors. To quantify the aromatic H/G/S signals, the

H2/6 and S2/6 correlations were used, and the G2 integrals were doubled to be on

the same atom basis (S2/6 + S0
2/6 + H2/6 + 2G2 = 100%). For the estimation of the

various aliphatic interunit linkage types, the well-resolved a-C/H peaks were

measured, and the relative percentages were reported based on a 2Aa + 2Ba +

Ca = 100% basis (A, b-ether; B, phenylcoumaran; C, resinol).

Raman

A Yvon Jobin LabRam ARAMIS confocal Raman microscope (Horiba, France) was

used to map the cross-sections of wild-type wood and 4CL1 knockout wood to

assess the distribution of lignin across the cell walls before and after delignification.

The samples used for the Raman mapping measurements were 20 mm thick, sand-

wiched between a glass slide and a coverslip, in a wet state. The laser wavelength

was 532 nm. Mapping was performed at a step size of 300 nm, with an exposure

time of 0.2 s (50% attenuation), under StreamlineHRmode. The size of a typical mea-

surement area was 30 3 30 mm. Data collection and post-processing were per-

formed using the Labspec 5.0 software (Horiba, France).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.

2024.07.003.
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Characterization of fossil Sequoioxylon wood
using analytical instrumental techniques. Vib.
Spectrosc. 96, 10–18. https://doi.org/10.1016/j.
vibspec.2018.02.006.

36. Kim, H., Li, Q., Karlen, S.D., Smith, R.A., Shi, R.,
Liu, J., Yang, C., Tunlaya-Anukit, S., Wang, J.P.,
Chang, H.M., et al. (2020). Monolignol
Benzoates Incorporate into the Lignin of
Transgenic Populus trichocarpa Depleted in
C3H and C4H. ACS Sustain. Chem. Eng. 8,
3644–3654. https://doi.org/10.1021/
acssuschemeng.9b06389.

37. Lowder, L.G., Zhang, D., Baltes, N.J., Paul,
J.W., Tang, X., Zheng, X., Voytas, D.F., Hsieh,
T.F., Zhang, Y., and Qi, Y. (2015). A CRISPR/
Cas9 toolbox for multiplexed plant genome
editing and transcriptional regulation. Plant
Physiol. 169, 971–985. https://doi.org/10.1104/
pp.15.00636.

38. Leple, J.C., Cristina, A., Brasileiro, M., Michel,
M.F., Delmotte, F., and Jouanin, L. (1992).
Transgenic poplars: expression of chimeric
genes using four different constructs. Plant Cell
Rep. 11, 137–141. https://doi.org/10.1007/
BF00232166.

39. Kim, H., Padmakshan, D., Li, Y., Rencoret, J.,
Hatfield, R.D., and Ralph, J. (2017).
Characterization and Elimination of
Undesirable Protein Residues in Plant Cell Wall
Materials for Enhancing Lignin Analysis by
Solution-State Nuclear Magnetic Resonance
Spectroscopy. Biomacromolecules 18, 4184–
4195. https://doi.org/10.1021/acs.biomac.
7b01223.

40. Kim, H., Ralph, J., and Akiyama, T. (2008).
Solution-state 2D NMR of Ball-milled Plant Cell
Wall Gels in DMSO-d 6. Bioenergy Res. 1,
56–66. https://doi.org/10.1007/s12155-008-
9004-z.

41. Kim, H., and Ralph, J. (2010). Solution-
state 2D NMR of ball-milled plant cell wall
gels in DMSO-d 6/pyridine-d5. Org. Biomol.
Chem. 8, 576–591. https://doi.org/10.1039/
b916070a.

https://doi.org/10.1016/j.copbio.2019.02.018
https://doi.org/10.1016/j.copbio.2019.02.018
https://doi.org/10.2307/newphytologist.208.2.298
https://doi.org/10.2307/newphytologist.208.2.298
https://doi.org/10.1104/pp.110.159269
https://doi.org/10.1104/pp.110.159269
https://doi.org/10.1021/acs.jpcb.6b11425
https://doi.org/10.1021/acs.jpcb.6b11425
https://doi.org/10.1016/0032-3861(96)81592-8
https://doi.org/10.1016/0032-3861(96)81592-8
https://doi.org/10.1007/s00425-006-0295-z
https://doi.org/10.1007/s00425-006-0295-z
https://doi.org/10.1016/j.phytochem.2011.05.005
https://doi.org/10.1016/j.phytochem.2011.05.005
https://doi.org/10.1016/j.vibspec.2018.02.006
https://doi.org/10.1016/j.vibspec.2018.02.006
https://doi.org/10.1021/acssuschemeng.9b06389
https://doi.org/10.1021/acssuschemeng.9b06389
https://doi.org/10.1104/pp.15.00636
https://doi.org/10.1104/pp.15.00636
https://doi.org/10.1007/BF00232166
https://doi.org/10.1007/BF00232166
https://doi.org/10.1021/acs.biomac.7b01223
https://doi.org/10.1021/acs.biomac.7b01223
https://doi.org/10.1007/s12155-008-9004-z
https://doi.org/10.1007/s12155-008-9004-z
https://doi.org/10.1039/b916070a
https://doi.org/10.1039/b916070a

	MATT1814_proof.pdf
	Genome-edited trees for high-performance engineered wood
	Introduction
	Results and discussion
	Conclusion

	Experimental procedures
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Plasmid construction
	Poplar transformation and genotyping
	Fabrication process of the densified wood
	Characterization of the wood microstructures
	Measurement of the lignin content
	Mechanical measurements of the densified wood
	WAXD
	2D HSQC NMR
	Raman

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References



