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Summary

� Wood is the most important repository of assimilated carbon in the biosphere, in the form

of large polymers (cellulose, hemicelluloses including glucuronoxylan, and lignin) that interac-

tively form a composite, together with soluble extractives including phenolic and aliphatic

compounds. Molecular interactions among these compounds are not fully understood.
� We have targeted the expression of a fungal a-glucuronidase to the wood cell wall of aspen

(Populus tremula L.9 tremuloides Michx.) and Arabidopsis (Arabidopsis thaliana (L.)

Heynh), to decrease contents of the 4-O-methyl glucuronopyranose acid (mGlcA) substituent

of xylan, to elucidate mGlcA’s functions.
� The enzyme affected the content of aliphatic insoluble cell wall components having compo-

sition similar to suberin, which required mGlcA for binding to cell walls. Such suberin-like com-

pounds have been previously identified in decayed wood, but here, we show their presence in

healthy wood of both hardwood and softwood species. By contrast, c-ester bonds between

mGlcA and lignin were insensitive to cell wall-localized a-glucuronidase, supporting the intra-

cellular formation of these bonds.
� These findings challenge the current view of the wood cell wall composition and reveal a

novel function of mGlcA substituent of xylan in fastening of suberin-like compounds to cell

wall. They also suggest an intracellular initiation of lignin–carbohydrate complex assembly.

Introduction

The walls of wood cells of trees are crucial sources of renewable
biomass (Bar-On et al., 2018) for producing fuels and chemicals
or as a versatile material for solid wood products. Dried wood
consists of c. 45% cellulose, 25% hemicelluloses, and other
polysaccharide matrix components, 20% lignin, 7% extractives,
and 3% ash, with wide variation within a tree, among different
species of angiosperms, or as a result of environmental stresses.
Several wood-chemical analyses have used different approaches to
reveal intricate details of the nanostructure of wood (Terashima
et al., 2009; Fernandes et al., 2011; Bar-On et al., 2018; Lycza-
kowski et al., 2019; Terrett et al., 2019; Addison et al., 2020),
with the results suggesting that wood properties are largely deter-
mined by molecular interactions among different wood compo-
nents. Hemicelluloses play a unique role in these interactions by
mediating the contact between the rigid semicrystalline cellulose

microfibril network and the more flexible lignin network (Ber-
glund et al., 2020). Hemicelluloses coat cellulose hydrophobic
and hydrophilic microfibril surfaces according to the presence
and distribution of their side chains (Bromley et al., 2013; Busse-
Wicher et al., 2014, 2016; Grantham et al., 2017; Mart�ınez-
Abad et al., 2017, 2020) and closely interact with lignin at the
subnano scale (Kang et al., 2019; Addison et al., 2020) to form
‘lignin–carbohydrate complexes’ (LCCs; Tarasov et al., 2018;
Giummarella et al., 2019; Terrett & Dupree, 2019).

In hardwoods, glucuronoxylan is the main hemicellulose. Its
backbone, comprising b-1,4-linked D-Xylp units, favors a three-
fold screw conformation in solution, but acquires a twofold con-
formation when interacting with cellulose microfibrils, which
requires even spacing of xylan side chains: O-acetyl groups at
position O-2, O-3, or both, and 4-O-methyl glucuronopyranose
acid (mGlcA) units linked by a 1,2-a-glycosidic bond (Busse-
Wicher et al., 2014, 2016; Grantham et al., 2017). The major
xylan domain is characterized by even side-group spacing, while
the minor domain has tight and uneven glucuronosylation and†Deceased.
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acetylation patterns (Busse-Wicher et al., 2014). Both domains
can represent different parts of the same or separate molecules
and are formed by different xylan glucuronosyl and acetyltrans-
ferases (Bromley et al., 2013; Grantham et al., 2017). The minor
domain is more difficult to extract because it interacts covalently
with lignin (Mart�ınez-Abad et al., 2018).

Glucuronoxylan mediates three main LCCs: phenyl glycosides,
linking phenolic C-4 to Xylp C1-O; c-esters, linking lignin unit
c-carbon to the mGlcA carboxyl group (C6-O); and benzyl
ethers, linking lignin unit a-carbon to C2-O or C3-O in Xylp
(Tarasov et al., 2018; Giummarella et al., 2019; Terrett &
Dupree, 2019). In birch, c-esters and benzyl ether linkages are
found in the highly recalcitrant fraction, whereas phenyl glyco-
sidic LCCs are easily extracted (Mart�ınez-Abad et al., 2018).
Molecular dynamic simulations suggested that mGlcA side chains
may interact ionically with Ca2+ forming intermolecular cross-
links analogous to the pectin egg-box structures (Pereira
et al., 2017). Thus, the presence and distribution of mGlcA sub-
stitutions in xylan are predicted to play crucial roles in determin-
ing the cell wall properties of hardwoods.

To assess the molecular implications of mGlcA substitution, we
and others examined mutants of xylan glucuronosyl transferases,
which form a small clade in the glycosyl transferase family 8
(GT8), and are encoded by GUX1–GUX5 in Arabidopsis thaliana
(Mortimer et al., 2010, 2015; Lee et al., 2012; Rennie et al., 2012;
Bromley et al., 2013). Recently, similar genes have been described
for conifers (Lyczakowski et al., 2021). GUX1 and GUX3 generate
an even glucuronosylation pattern, typically every eighth or sixth
Xylp, respectively, while GUX2 generates an uneven and consecu-
tive glucuronosylation pattern. Therefore, single, double, and triple
mutants of these genes display precise changes in mGlcA patterns
in A. thaliana. The triple-mutant gux1gux2gux3 is a dwarf, but the
gux1gux2 mutant grows normally despite the reduced level of xylan
glucuronosylation. During saccharification, these plants have mod-
erately and greatly increased glucose and xylose yields, respectively
(Lee et al., 2012; Lyczakowski et al., 2017). However, the reduced
glucuronosylation increases xylan acetylation because the two sub-
stituents compete for the same sites in xylan (Chong et al., 2014;
Lee et al., 2014). Moreover, the suppressed GUX activity likely
alters substrate pool in the Golgi, resulting in an increase cell wall
Xyl content (Lee et al., 2014; Chong et al., 2015). Therefore, the
cell wall and lignocellulose properties of the gux mutants are likely
to be affected by other factors in addition to the change in mGlcA
substitution.

To reduce xylan glucuronosylation without introducing addi-
tional structural changes, we previously expressed an a-
glucuronidase of Schizophyllum commune ScAGU115 in A. thali-
ana targeting it to the cell wall (Chong et al., 2015). ScAGU115
belongs to a novel a-glucuronidase family GH115 that acts on
polymeric xylan (Tenkanen & Siika-aho, 2000), but in planta, it
was active only on a small population of mGlcA residues that
were accessible to UX1 monoclonal antibody (Chong
et al., 2015). The UX1 antibody binds GlcA decorations on
deacetylated xylan (Koutaniemi et al., 2012). As the majority of
Xylp units decorated by mGlcA are acetylated in native glu-
curonoxylan (Chong et al., 2014), prior deacetylation of the

xylan would be necessary for hydrolysis of mGlcA by ScAGU115.
Here, we used instead an a-glucuronidase of Aspergillus niger
(AnAgu67A) from the family GH67 representing enzymes that
remove glucuronosyl residue from terminal nonreducing end of
xylo-oligosaccharides (Tenkanen & Siika-aho, 2000), and we tar-
geted it to the cell walls of hybrid aspen (Populus tremula
L.9 tremuloides Michx.) and A. thaliana. This uncovered previ-
ously unrecognized functions of xylan glucuronosylation in the
wood and has led to identification of a novel wood component.

Materials and Methods

Gene cloning and recombinant expression of AnAgu67A

The cDNA clone Asn_01446 (GenBank accession:
DR701927.1) encoding a-glucuronidase of Aspergillus niger
Tiegh. (hereinafter AnAgu67A) was isolated as part of a fungal
species gene discovery program (GenBank BioSample:
SAMN00176483; EST: LIBEST_017623), where Q96WX9 and
NRRL3_01069 are other identifiers of the same gene. For recom-
binant expression, AnAgu67A cDNA was amplified by PCR and
transferred to ANIp7G (Storms et al., 2005) using Gateway LR
ClonaseTM (Invitrogen). The details of cloning are presented in
Supporting Information Methods S1. Enzyme activity assays of
recombinant AnAgu67A are described in Methods S2.

Plant vector construction

The A. niger a-glucuronidase cDNA clone Asn_01446 (GenBank
accession: DR701927.1) was used to create a plant expression vec-
tor. The native signal peptide sequence was exchanged to the plant
signal peptide from the PtxtCel9B3 gene (alias PttCel9B) from P.
tremula L.9 tremuloides Michx. (GenBank accession no. AY660
968.1; Rudsander et al., 2003) with use of the following primers:
OC9Bf1, OC9Br1, FC1f1, FC1r1, and FC1r1s (Table S1) as
described previously (Gandla et al., 2015). The entry clone was cre-
ated using the pENTR/D-TOPO cloning system (Thermo Fisher
Scientific, Uppsala, Sweden), and the expression clone was obtained
using the Gateway®System (Thermo Fisher Scientific) in either the
pK2WG7.0 vector (Karimi et al., 2002) for overexpression using
the 35S promotor in hybrid aspen or pK-pGT43B-GW7 (Ratke
et al., 2015) for expression specifically in cells developing secondary
cell walls in A. thaliana. The destination vector pK7FGW2.0 was
used to fuse SPPttCel9B:AnAgu67A with GFP (Karimi et al., 2002).
All plant vectors were introduced into competent Agrobacterium
tumefaciens (Smith and Townsend) Conn strain GV3101 using
electroporation.

Plant material transformation and growth conditions

Hybrid aspen (P. tremula L.9 tremuloides Michx., clone T89)
was transformed by A. tumefaciens and propagated in vitro as
described previously (Gray-Mitsumune et al., 2008). Five lines
with the highest AnAgu67A expression were selected out of the
23 analyzed lines. Between nine and 13 trees of each of the five
selected lines and 19 wild-type (WT) trees were grown in a
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glasshouse for 3 months as described previously (Gandla
et al., 2015). The stem height, the average internode length for
internodes 19–35, and the stem diameters for internode 40 were
determined at the time of harvest.

Arabidopsis thaliana (L.) Heynh (Col-0) was transformed using
the floral dip method (Clough & Bent, 1998). Seeds collected
from the transformed plants were germinated on ½ Murashige &
Skoog medium (½ MS) plates with kanamycin (50 lg ml�1) and
homozygotic single insert lines were selected by segregation.
Plants of the two highest expressing lines were grown for 8 wk
under a 16 h : 8 h, light : dark cycle, 150 lmol m�2 s�1, at 22°C
and 70% humidity.

Immunolocalization of SPPttCel9B:AnAgu67A:GFP

T2 A. thaliana seeds carrying the transgene were germinated on
½ MS plates, and 7-d-old seedlings were plasmolyzed in 20%
mannitol, fixed in 2% w/v paraformaldehyde, and used for
immunolocalization as described previously (Pawar et al., 2016),
except that the CyTM5 AffiniPure Donkey Anti-Rabbit IgG
(H + L; Jackson ImmunoResearch Europe Ltd, Ely, UK) diluted
1 : 200 was used as secondary antibody. The seedling roots were
analyzed by sequential line scanning using a Leica TCS SP2 con-
focal microscope with 633 nm excitation and 650–798 nm emis-
sion (Leica Microsystems, Wetzlar, Germany). The lambda scan
was performed every 6 nm between 650 and 800 nm to ensure
that the signal matched that of Cy5.

qRT-PCR analysis

RNA was isolated from developing xylem tissues of hybrid aspen
as previously described (Gray-Mitsumune et al., 2004) using
CTAB buffer (Chang et al., 1993), before being treated with
DNaseI (DNA-freeTM DNA Removal Kit; Thermo Fisher Scien-
tific). The cDNA library was made from 1 lg of RNA using an
iScriptTM cDNA Synthesis Kit (Bio-Rad Laboratories AB,
Hercules, CA, USA), and cDNA diluted 1 : 20 was used for
transcript-level analysis. The expression was normalized to tubu-
lin (Potri.001G464400) and ubiquitin (Potri.005G198700), cal-
culated according to Pfaffl (2001) and presented relative to the
lowest-expressing line.

In the case of A. thaliana, RNA was isolated from the stems of 6-
wk-old plants using TRI Reagent® (Applied Biosystems, Bedford,
MA, USA). The cDNA libraries were made as described previously
from 400 ng of RNA and diluted 10 times for transcript-level anal-
ysis. The expression was calculated according to Livak & Sch-
mittgen (2001), was normalized to ACTIN2 (AT3G18780) and
EF1ALPHA (AT5G60390), and presented relative to the lowest-
expressing line. The primers details are provided in Table S1.

Alpha-glucuronidase activity assay in transgenic plants

Portions of 100 mg of either developing wood, in the case of
hybrid aspen, or stem tissues, in the case of A. thaliana, were
ground in liquid nitrogen, incubated in 300 ll of buffer A
(0.2 M sodium succinate, pH 5.5), 10 mM CaCl2, and 1% (w/v)

PVPP (aspen) or 1% (w/v) PVP (A. thaliana) at 4°C for 1 h with
shaking, spun at 20 000 g for 15 min, and the supernatants were
collected as soluble protein fractions. The pellets were extracted
with 200 ll of buffer B (0.2 M sodium succinate, 10 mM CaCl2,
and 1M NaCl, pH 5.5) for 1 h at 4°C with shaking, spun as
above, and the supernatans were collected as wall-bound protein
fractions, which were desalted using Microcon centrifugal filters
(30 000 MWCO; Millipore) and equilibrated in buffer A. The
protein concentrations were determined by the Bradford method
and adjusted to 0.3 and 0.59 mg ml�1 for hybrid aspen and
A. thaliana, respectively.

The a-glucuronidase activity assay was performed using the
K-AGLUA Assay Kit (Megazyme, currently Neogen Europe Ltd,
Ayr, UK) using 7.5 lg of proteins from soluble and wall-bound
fractions for hybrid aspen, and 14.75 lg of protein from the wall-
bound fraction for A. thaliana according to manufacturer’s instruc-
tions. Briefly, the proteins were incubated with a mixture of tri-,
tetra-, and penta-aldouronic acid (provided in the kit) for 20min
of a two-step reaction at 40°C, where the a-glucuronidase product
(glucuronic acid) was further reacted with nicotinamide adenine
dinucleotide (NAD+) to form D-glucarate and reduced NADH
that was spectrophotometrically measured at 340 nm.

Thin-layer chromatography analysis was used to visualize the
a-glucuronidase reaction in hybrid aspen according to Frankov�a
& Fry (2011). Details are presented in Methods S3.

Anatomy

Stem segments from internode 42 of hybrid aspen were fixed in
FAA (50% ethanol, 4% formaldehyde, 5% acetic acid; v/v/v).
Fifty micrometer-thick transverse sections were cut using a vibra-
tome (VT100S; Leica Biosystems) and stained with M€aule
reagent (Meshitsuka & Nakano, 1977). Sections were incubated
in 1% (w/v) KMnO4 for 5 min, washed three times with distilled
water, and incubated in 37% N HCl for 2 min. The stained sec-
tions were mounted in the presence of concentrated NH4OH
and observed under a Dmi8 microscope (Leica Microsystems) in
white light with a color DCF7000 T camera. Thicknesses of sec-
ondary xylem, secondary phloem, and bark were analyzed in
three trees per line.

Suberin localization

Stem sections prepared as above were stained with Fluorol Yellow
088 (FY088; Lux et al., 2005) either directly or after prior
removal of soluble extractives as described below. Unstained sec-
tions were used as control for lignin autofluorescence. Sections
were examined with a Dmi8 microscope using standard GFP set-
tings (excitation, 450–490 nm; dichroic mirror, 495; emission
500–550 nm) and a monochromatic camera DCF9000 GT. Flu-
orescence was quantified using LasX software (Leica Microsystem
CMS GmbH) in the line mode. Three trees were analyzed per
genotype, using 3–19 images per tree, and the fluorescence signal
was measured at a minimum of 15 positions per image and aver-
aged. The staining and imaging settings were consistent across
the lines and treatments that were compared.

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2023) 238: 297–312
www.newphytologist.com

New
Phytologist Research 299

 14698137, 2023, 1, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18712 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [24/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Wood grinding for compositional analysis

Hybrid aspen internodes 44–60 were debarked and freeze-dried
for 36 h. The pith was removed, and the wood was milled using
an A11 Basic Analytical Mill (IKA, Staufen, Germany) followed
by grinding in a ZM 200 ultra centrifugal mill (Retsch, Haan,
Germany). Rough wood powder (particle size < 0.5 mm) was fur-
ther milled to a fine wood powder in 10-ml stainless steel jars
with one 12-mm grinding ball at 30 Hz for 2 min, using an
MM400 bead mill (Retsch).

Pyrolysis coupled to gas chromatography/mass
spectrometry (Py-GC/MS)

Portions of 50� 10 lg of fine wood powder were applied to a
pyrolyzer equipped with an autosampler (PY-2020iD and AS-
1020E; Frontier Lab, Koriyama, Japan) connected to a GC/MS
(7890A/5975C; Agilent Technologies AB, Santa Clara, CA,
USA), and the pyrolysate was separated and analyzed according
to Gerber et al. (2012).

FT-IR spectroscopy

Samples of fine wood powder (10 mg) were analyzed as described
previously (Gandla et al., 2015) using a Bruker IFS 66v/S spec-
trometer (Bruker Optik GmbH, Ettlingen, Germany) equipped
with a diffuse reflectance 16-sample holder accessory (Harrick
Scientific Products, Pleasantville, NY, USA). Samples of 9–13
trees of each transgenic line and 19 WT trees were examined.

Wood wet chemistry analyses

The fine wood powders of two trees of the same line were pooled
to provide 4–5 biological replicates per line. The alcohol insol-
uble residue (AIR) was prepared by washing the samples with
4 mM HEPES buffer (pH 7.5) containing 80% ethanol, a
methanol : chloroform 1 : 1 (v/v) mixture, and finally with ace-
tone, before drying the residue in a vacuum (Gandla
et al., 2015). Type I a-amylase from pig pancreas (Roche, Solna,
Sweden: 10102814001; 100 U/100 mg of AIR) was used to
remove starch from AIR following two overnight incubations
with fresh addition of the enzyme each day.

Methanolysis-TMS analysis was conducted using 500 lg of
either starch-free AIR material or dioxane lignin isolated as
described below, together with inositol (10 lg; internal standard)
and nine monosaccharide standards, as described previously
(Gandla et al., 2015). Silylated monosaccharides were separated
by GC/MS (7890A/5975C; Agilent Technologies AB). The
resulting raw data MS files were converted to CDF format in Agi-
lent Chemstation Data Analysis (v.E.02.00.493) and exported to
R software (v.3.0.2; R Foundation for Statistical Computing).
Data pretreatment procedures, such as baseline correction and
chromatogram alignment, time-window setting, and multivariate
curve resolution (MCR) processing, followed by peak identifica-
tion were performed in R, and 4-O-methylglucuronic acid was
identified according to Chong et al. (2013).

The crystalline cellulose content was determined by the Upde-
graff procedure (Updegraff, 1969), the resulting glucose content
was determined using the anthrone method as previously
described (Gandla et al., 2015), and the acid-insoluble lignin
(Klason lignin) content was determined according to Theander
& Westerlund (1986).

Analytical saccharification

Each line was analyzed with four or five biological replicates, each
representing a pool of wood powder (particle size: 0.1–0.5 mm)
from two trees obtained by fractionation of the rough wood pow-
der using an AS 200 analytical sieve shaker (Retsch). Moisture
content in 50 mg wood powder samples was measured using
Mettler Toledo HG63 moisture analyzer (Columbus, OH,
USA). The acid pretreatment, enzymatic saccharification, and
resulting hydrolysate analyses were conducted as previously
described previously (Gandla et al., 2015). Briefly, the acid pre-
treatment was performed in 1% (w/w) sulfuric acid for 10 min at
165°C using an initiator single-mode microwave instrument
(Biotage Sweden AB, Uppsala, Sweden). The enzymatic hydroly-
sis after acid pretreatment was performed at 45°C for 72 h in
sodium citrate buffer (50 mM, pH 5.2) using 50 mg of an
enzyme mix of Celluclast 1.5 l and Novozyme 188 (1 : 1,
obtained from Sigma–Aldrich (St Louis, MO, USA)), in a reac-
tion mixture of 1000 mg. Reaction mixtures with wood that had
not been pretreated consisted of 50 mg of milled wood, 900 mg
of the sodium citrate buffer, and 50 mg of the same enzyme mix.
The yield of Glc and Xyl was determined following the method
as mentioned by Gandla et al. (2015) using a high-performance
anion-exchange chromatography system with pulsed amperomet-
ric detection (Ion Chromatography System ICS-3000 by Dionex,
Sunnyvale, CA, USA).

Dioxane-lignin isolation

Fractionated wood powder (particle size: 0.1–0.5 mm) was
pooled from nine trees to obtain a single sample of ≥ 7.5 g. Mate-
rials from nine transgenic trees, including three trees each from
lines 4, 6, and 23, and nine WT trees were pooled equally by
weight to obtain one transgenic and one WT sample. Part of the
material (extracted wood) was extracted sequentially in three
technical replicates in a Soxhlet apparatus for 6 h with toluene
(95% EtOH; 2 : 1; v/v), for 4 h in 95% EtOH, and for 2 h in
H2O, and finally, the extracted wood was dried in an oven at
103°C for 48 h (this step was omitted for nonextracted samples).
The material was ground in 0.3–1.2 g portions in a Planetary
Micro Mill Pulverisette 7 Premium line (Fritsch, Idar-Oberstein,
Germany) with 10 ZrO2 balls (10-mm diameter) at 500 rpm
over five 10-min milling cycles, with a 10-min break between
each. The finely ground material was suspended in 1,4-
dioxane : water (96 : 4; v/v) with a solid : liquid ratio of 1 : 10
(g ml�1) and shaken at 225 rpm for 24 h at room temperature.
The suspension was centrifuged at 4000 g for 10 min, the super-
natant was collected, and the pellet was re-extracted with 1,4-
dioxane : water a further three times. The four extractions were
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combined and filtered through a Whatman glass microfiber filter
(pore size 1.2 lm; Merck, Solna, Sweden), following which, two
volumes of water were added to precipitate the lignin–carbohy-
drate mixture. The 1,4-dioxane and water were evaporated in a
rotary evaporator (under reduced pressure) at 35°C to almost
dryness, before adding 10 ml of water and evaporating again to
almost dryness; this process was repeated three times to remove
1,4-dioxane. Finally, 10 ml of water was added to the sample,
transferred to a Falcon tube, and lyophilized in a freeze-dryer for
24 h to obtain ‘dioxane lignin’.

NMR

Dioxane lignin (10–15 mg) was transferred to 5-mm NMR tubes
and dissolved in 600 ml dimethyl sulfoxide-d6 (Kim et al., 2008).
2D 1H-13C heteronuclear single quantum coherence (HSQC)
profiles were acquired at 298 K using a Bruker 600MHz Avance
III spectrometer equipped with a 5 mm BBO cryo-probe (Bruker
Biospin, Rheinstetten, Germany). A pulse program employing
adiabatic 13C refocusing and inversion pulses was used (hsqcetgp-
sisp2.2), with sweep widths of 8.1 ppm in the 1H dimension and
140 ppm in the 13C dimension. Sixteen scans were recorded for
each of the 256 t1 increments, and the spectra were calibrated
using the residual dimethyl sulfoxide peak (dH: 2.49 ppm and
dC: 39.5 ppm). A Gaussian window function was used in F1
(13C dimension), and a 90-degree shifted square sine bell window
function was applied in F2 (1H dimension). Processing and peak
volume integration were performed in Topspin 3.6 (Bruker Bios-
pin), and peak assignments were based on those used in previous
studies (Kim et al., 2008; Balakshin et al., 2011; Shakeri Yekta
et al., 2019; Correia et al., 2020). Orthogonal partial least square
(OPLS) analysis and visualization were performed using an in-
house MATLAB application that transforms a batch of 2D spectra
to a matrix suitable for multivariate analysis by reshaping each
spectrum to a row vector (Hedenstr€om et al., 2009; €Oman
et al., 2014).

Metabolomic analysis

Metabolites were extracted and analyzed as described by Abreu
et al. (2020). Briefly, 20 mg of fine wood powder was extracted
in 1 ml of extraction buffer (methanol : chloroform : water;
20 : 60 : 20; v/v/v), including internal standards (Gullberg
et al., 2004), and 100 ll of each extract was dried in a SpeedVac
and dissolved in 20 ll of methanol followed by 20 ll of water.
Lipids were extracted in methanol : chloroform (50 : 50, v/v) as
described by Melo et al. (2021). Metabolomics and lipidomics
analyses were performed by liquid chromatography, and the
metabolites were detected by an Agilent 6540 Q-TOF mass spec-
trometer equipped with an electrospray ion source operating in
negative and/or positive ion modes (Abreu et al., 2020). The
mass files from the metabolomic analysis were processed (Profin-
der B.08.00; Agilent Technologies AB) by a targeted feature
extraction approach using the aspen stem database (Abreu
et al., 2020), while those from the lipidomic analysis were pro-
cessed by an untargeted approach using a recursive feature

extraction as described by Melo et al. (2021). The generated data
were normalized against the internal standard and weight of each
sample. The targeted approach used to process phenolic com-
pounds resulted in the annotation of 135 metabolites (Table S5,
see later), which was confirmed by comparison of MS fragments
(produced by MS/MS analysis) with the results of previous stud-
ies (Kasper et al., 2012; Abreu et al., 2020). Annotation was per-
formed on significant ion mass. The untargeted approach used
for the lipid MS files resulted in the detection of 984 (positive)
and 980 (negative) features. Lipid compounds were annotated
based on mass spectra in the library LIPIDMAPS (https://www.
lipidmaps.org/). Changes in abundance between transgenic and
WT samples were considered as significant if P ≤ 0.05 (t-test)
and, in the case of lipids, |fold change| ≥ 1.5. The false discovery
rate was < 0.05.

Transcriptomics

RNA samples were isolated from developing wood, and their
concentrations were determined by a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific). The quality of the
RNA was assessed by an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies AB) following the manufacturer’s instructions, and sam-
ples with an integrity number (RIN) ≥ 8 were used for
sequencing. Four biological replicates of line 4, three biological
replicates of line 6, and eight biological replicates of WT were
analyzed. Sequencing was conducted by Novogene (Cambridge,
UK) using an Illumina NovaSeq 6000 PE150 platform, as was
the quality control and mapping to the P. tremula transcriptome
v.2.2 (retrieved from PlantGenIE; ftp://plantgenie.org/Data/
PopGenIE/Populus_tremula/v2.2/). The raw counts were used
for differential expression analysis in R (v3.4.0) using the BIO-

CONDUCTOR (v.3.4) DESEQ2 package (v.1.16.1) as previously
described (Kumar et al., 2019).

Statistical analyses

Univariate analyses were conducted using JMP v.15.0.0. program
(SAS Institute). SIMCA-P software (v.16.0.1; Sartorius Stedim
Data Analysis AB, Goettingen, Germany), with built-in options,
was used for multivariate analysis.

Results

Production of AnAgu67A

The recombinant AnAgu67A protein purified from A. niger
exhibited a-glucuronidase activity, and a half-life of > 2 h at
40°C and c. 1 h at 60°C. Hydrolysis of aldouronic acids by AnA-
gu67A was optimal at pH 5.0 and between 50°C and 60°C
(Fig. S1a,b); the kcat and Km of AnAgu67A were 4.69 10�2 s�1

and 3.5 mg ml�1, respectively. Two pure aldouronic acid frac-
tions were tested as AnAgu67A substrates: UXX, with an mGlcA
substituent on the terminal nonreducing end of xylotriose; and
XUXX, with an mGlcA substituent at the second Xylp unit from
the nonreducing end of xylotetraose. Consistent with the
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substrate preferences of the GH67 family, mGlcA was released
from the UXX substrate only (Chong et al., 2015). mGlcA was
also released from birchwood xylan by the recombinant enzyme
(Fig. S2c), indicating that terminal mGlcA decorations at the
reducing end are present in native wood xylan.

Ectopically expressed AnAgu67A-induced reduction in
mGlcA xylan branching has no significant effects on the
aspen growth phenotype, wood composition, or
saccharification

A chimeric gene was cloned by substituting the AnAgu67A signal
peptide with the signal peptide of PtxtCel9B3 (SPCel9B3) for effi-
cient targeting of the fungal enzyme to the plant cell wall. To ver-
ify the proper targeting, the chimeric gene was fused to eGFP and
35S::SPCel9B3:AnAgu67A:eGFP construct was transferred to A.
thaliana. As expected, the fusion protein was localized in cell
walls in plasmolyzed root cells (Fig. 1a). Transgenic hybrid aspen
lines were subsequently produced using the 35S::SPCel9B3:AnA-
gu67A construct (AnAgu67A lines or transgenic lines) and grown
in a glasshouse. The transgene was found expressed in developing
wood in all analyzed lines (Fig. 1b), with the lowest expression in
line 9, which was therefore omitted in some analyses.

As plants do not have endogenous a-glucuronidase activity, we
examined a-glucuronidase activity in wall-bound protein extracts
of developing wood from transgenic plants (Fig. 1c). The extracts
of all analyzed transgenic lines hydrolyzed UXX to xylotriose and
mGlcA, as was observed for AnAgu67A protein in vitro, whereas
no activity was detected in the WT (Fig. 1c). Quantitative analy-
sis of a-glucuronidase activity in the soluble and wall-bound pro-
tein fractions extracted from the developing wood of transgenic
lines showed predominant activity in the wall-bound fraction
(Fig. 1d) in agreement with protein localization to the cell wall
and was the highest in lines 4 and 6.

The effects of a-glucuronidase activity on the sugar composi-
tion of wood matrix polysaccharides were investigated by
methanolysis-trimethylsilyl (TMS) derivatization. A 20–30%
reduction in mGlcA units was evident in all transgenic lines
except for the low-expressing line 9, while no changes were
observed in other sugar-related constituents (Figs 1e, S2a). The
wood chemistry was analyzed by pyrolysis-GC/MS (Py-GC/MS),
Fourier-transform infrared spectroscopy (FT-IR), Updegraff cel-
lulose analysis, and Klason lignin, with no significant changes
observed compared with WT (Fig. S2b–e).

To examine the effects of 20–30% reduction in xylan glu-
curonosylation on saccharification, wood from transgenic lines
with reduced mGlcA was analyzed by analytical enzymatic sac-
charification with and without acid pretreatment. The results
showed no significant change in glucose or xylose release in the
transgenic lines compared with WT (Fig. S2f–g), which contrasts
with the previously reported improved saccharification in gux1-
gux2 and gux1gux2gux3 mutants (Lee et al., 2012; Lyczakowski
et al., 2017).

The morphology and anatomy of transgenic trees were ana-
lyzed to determine whether the reduced xylan glucuronosylation
affected plant growth and development, but the only change was

a small but consistent decrease in stem height caused by a
decreased internode length (Fig. 1f–h), which might indicate a
role of xylan glucuronosylation in stem elongation. Otherwise,
no major or consistent changes in stem radial growth or stem
anatomy were detected among the analyzed transgenic lines
(Fig. S3a–c).

Cell wall-localized AnAgu67A a-glucuronidase does not
affect c-linkages

As (m)GlcA substituents of xylan are involved in cross-linking
xylan to lignin via c-ester bonds, we tested whether the a-
glucuronidase activity in cell walls impacted c-ester bonds in
LCCs, which can be solubilized from cell walls together with lig-
nin using dioxane (Giummarella et al., 2019). Dioxane-soluble
lignin was isolated from transgenic and WT extractive-free wood
samples and analyzed by Py-GC/MS. It was found to comprise c.
65% lignin and 35% carbohydrates in both transgenic and WT
samples (Fig. S4a). Xylose was the main sugar unit of dioxane lig-
nin, reaching c. 95 mole % in both transgenic and WT samples
(Fig. S4b). In agreement with these results, 2D HSQC NMR
analysis with peak quantification normalized to lignin aromatic
units (Tarasov et al., 2018) showed no significant differences
between transgenic and WT samples in either different lignin sig-
nals or anomeric signals from xylan (Fig. S4c–e). Therefore, the
LCC composition does not differ significantly between trans-
genic and WT trees. The c-ester peak, which is in the O-
alkylated region, was well resolved (Fig. S5), and its integrated
signal constituted c. 6% and 7% of total lignin aromatic signals
for WT and transgenic samples, respectively (Fig. S4d), which is
close to the 5.6% previously reported for birch (Tarasov
et al., 2018). Thus, a-glucuronidase activity in cell walls did not
impact the LCC composition nor the occurrence of c-ester
bonds.

AnAgu67A a-glucuronidase decreases the content of
aliphatic compounds in dioxane lignin

The OPLS modeling of 2D HSQC NMR spectra of dioxane lig-
nin from extractive-free wood of transgenic and WT samples
(Fig. S5a,b) revealed the most significant changes between
the two samples in the aliphatic region A, followed by the O-
alkylated region B. The aromatic region C did not contribute to
sample separation, which is consistent with the aromatic peak
quantitative analysis (Fig. S4c). The high-resolution OPLS load-
ing plots corresponding to regions A and B of the spectra are
shown in Fig. 2(a,b). The loadings represent spectra that signifi-
cantly contributed to the separation of transgenic and WT sam-
ples in OPLS. The blue signals, including aliphatic saturated and
unsaturated esters, triacylglycerols (TAGs), and diacylglycerols
(DAGs), were higher in WT, whereas all black peaks were higher
in transgenic lines. Quantitative analysis of the integrated peaks
normalized to lignin confirmed the reduced signals from fatty
esters, TAGs, and DAGs in the dioxane lignin from transgenic
plants from extractive-free wood samples, whereas the corre-
sponding signals obtained from wood with extractives
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(nonextracted wood) were similar for transgenic and WT samples
(Fig. 2c). Therefore, AnAgu67A affects the extractability of ali-
phatic compounds, but not their amounts in wood. This conclu-
sion was consistent with the results of transcriptomic analyses of
developing wood in transgenic aspen lines 4 and 6 that were most
highly expressing AnAgu67A and in WT, which did not reveal
any changes in expression of lipid-related genes (Table S2).

To identify the most highly extracted aliphatic compounds
from wood of transgenic plants compared with WT, we analyzed
both samples using untargeted lipidomics approach. Out of c.
1000 lipid peaks that were detected in the wood extracts

(Table S3), 115 were significantly changed between transgenic
and WT samples (P ≤ 0.05 and fold change > 1.5). From the cor-
responding metabolites, 88 were annotated and classified into
nine categories (Fig. 2d; Table S4); the majority (71/88) were
increased in transgenic samples (Fig. 2d). Among the fatty acids
(FAs) increased in the transgenic extracts, there were 13 suberin
monomers, such as 5,9,23-triacontatrienoic acid (77-fold
increase), 28-hydroxy-octacosanoic acid, 9-octadecenoic acid,
suberic acid, and 9,10-epoxy-octadecanoic acid (Fig. 2d;
Table S4). By contrast, three other suberin monomers, compris-
ing tetradecanedioic acid, glutinic acid, and 2-hydroxy-heptanoic
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Fig. 1 Characterization of transgenic aspen (Populus tremula L.9 tremuloidesMichx.) lines carrying 35S::SPCel9B3:AnAgu67A construct. (a)
Immunolocalization of eGFP in plasmolyzed root cells of Arabidopsis thaliana expressing 35S::SPCel9B3: AnAgu67A:eGFP showing that the protein is
targeted to cell walls. Arrowhead, shrunken protoplast; arrow, SPCel9B3: AnAguG7A:eGFP signal in cell wall. Bar, 15 lm. (b) Relative expression of
transgene in transgenic lines normalized to line 9. (c) Visualization of a-glucuronidase activity in wall-bound protein fractions extracted from developing
wood of transgenic and wild-type (WT) lines showing products of UXX hydrolysis by thin-layer chromatography. M1 and M2 – size markers, ‘�’ – negative
control with buffer instead of protein extract, ‘+’ – positive control with Geobacillus stearothermophilus Donk a-glucuronidase. (d) Specific activity of a-
glucuronidase in soluble (SOL) and wall-bound (WB) protein fraction extracted from developing wood of transgenic and WT plants. (e) 4-O-MeGlcA
reduction in transgenic lines detected in methanolysis-trimethylsilyl analysis. (f) Appearance of 10-wk-old trees. (g) Height. (h) Internode length. Data in
(b), (d), (e), (g), and (h) are means� SE of n = 3 (b), n = 4 (d, e), n = 9–19 (g, h), for 12-wk-old trees. Asterisks mark lines significantly different fromWT at
P ≤ 0.05 (Dunnett’s test).
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(a) (b)

(c) (d)

(e)

Fig. 2 Aliphatic suberin-like compounds are easier to extract from the wood of transgenic aspen (Populus tremula L.9 tremuloidesMichx.) expressing
AnAgu67A (Tr) than from wild-type (WT) wood. Two-dimensional (2D) nuclear magnetic resonance spectra of dioxane-soluble lignin isolated after
removal of extractives (extracted wood) in the aliphatic (a) andO-alkylated (b) spectral regions that contributed to separation of transgenic and WT sam-
ples in orthogonal projections to latent structures (OPLS) analysis. Details of the OPLS models for extracted and nonextracted wood and 2D signals from
WT samples are shown in Supporting Information Fig. S5. Ac, acetate; CA, cinnamyl alcohol. (c) Quantitative analysis of integrated peaks from the aliphatic
andO-alkylated regions of extracted and nonextracted wood. Means� SE, n = 3 technical replicates of pooled material from three transgenic lines or from
WT, asterisks show peaks significantly different between transgenic and WT samples at P ≤ 0.05 (t-test). (d, e) Volcano plots showing aliphatic (d) and phe-
nolic (e) metabolites extracted from the wood that differed in abundance between transgenic and WT samples (P < 0.05, t-test). The significantly altered
metabolites are colored and represent in (d): DAG, diacylglycerols; FA, fatty acids; LPI, monoacylglycerophosphoinositols; MGMG/DGMG, (mono/di)gly-
cosylmonoacylglycerols; PA/LPA, (di/mono)acylglycerophosphates; PC/LPC, (di/mono)acylglycerophosphocholines; PE/LPE, (di/mono)acylglycerophos-
phoethanolamines; PG/LPG, (di/mono)acylglycerophosphoglycerols; TAG, triacylglycerols; PS/LPS, (di/mono)acylglycerophosphoserines; (number of
downregulated/upregulated metabolites). Cutin/suberin-related FAs are shown.
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acid, were reduced in transgenic extracts compared with WT;
these FAs were characterized by shorter chains compared with
those with increased extractability in the transgenic plants. The
generally higher abundance of lipids in transgenic extracts con-
firms the NMR results, showing that aliphatic compounds are
easier to extract when a-glucuronidase AnAgu67A is present in
cell walls. The high contribution of suberin-related FAs to the
extractability suggests that AnAgu67A affects the solubility of
such compounds in wood. As suberin contains phenolic com-
pounds linked with aliphatic compounds, we also investigated
whether extracted phenolic compounds are more abundant in
transgenic samples. A targeted metabolomic approach revealed
135 annotated phenolic compounds (Table S5), among which,
10, including tannins and glycosylated derivatives of hydroxycin-
namic acids (known suberin components; Bernards, 2002;
Grac�a, 2010), were more abundant in transgenic samples
(Fig. 2e; Table S6).

AnAgu67A-sensitive aliphatic compounds are present in
sapwood cell walls

To determine the location of a-glucuronidase-sensitive suberin-
like compounds in wood, we stained extracted stem sections of
transgenic and WT trees with Fluorol Yellow 088 (FY088),
which stains suberin (Naseer et al., 2012). The results showed
strong yellow fluorescence signals in all lignified cell walls of
mature WT wood (Fig. 3a). These extraction-resistant signals
were visibly reduced in transgenic lines, which was confirmed by
quantitative image analysis (Fig. 3a,b). By contrast, the nonex-
tracted sections of transgenic plants had similar signal intensity to
the nonextracted WT sections (Fig. S6a–c), suggesting that AnA-
gu67A was responsible for the enhanced liberation of these cell
wall aliphatic compounds by toluene-ethanol solvent.

To investigate whether AnAgu67A had a similar effect on cell
wall aliphatic compounds in other species, transgenic lines

(a) (b)

(c) (d)

Fig. 3 Histochemical analysis of aliphatic compounds with FY088 in the wood of transgenic plants expressing AnAgu67A and wild-type (WT/Col0) after
removal of extractives. (a) Representative sections of each line showing differences in suberin-like signals in 12-wk-old aspen (Populus tremula L.9 tremu-

loidesMichx.) stems. (b) Quantification of fluorescence signals in cell walls: means � SE of n = 36. (c) Representative images of signals in 4-wk-old A. thali-

ana hypocotyls in two transgenic lines 5b2 and 2j2, in gux1gux2mutant and Col-0. Sections of 12 plants per genotype were analyzed. (d) Quantification
of fluorescence signals in cell walls: means� SE, n = 12. P values in (b) and (d) correspond to Dunnett’s test comparing each genotype to WT/Col-0. Bars,
200 lm. Negative control in (a) and (c) shows autofluorescence signals without FY088.
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expressing AnAgu67A under the control of a wood-specific pro-
moter (Ratke et al., 2015) were constructed in A. thaliana and
their secondarily thickened hypocotyl sections were stained with
FY088 before and after removal of extractives. Two independent
most highly expressing lines, 2j2 and 5b2, each exhibiting a-
glucuronidase activity (Fig. S7a–c), showed the mobilization of
FY088-stained toluene-ethanol-resistant lipids from the cell walls
of secondary xylem (Figs 3c,d, S7d), similar to transgenic aspen.

To determine whether the mobilization of suberin-like lipids is
mediated by the reduction in mGlcA decorations on the xylan
backbone or the presence of a-glucuronidase activity in the cell
walls, we analyzed the extraction-resistant lipids by FY088 stain-
ing in the gux1gux2 mutant (deficient in the main xylan glu-
curonosyl transferases responsible for secondary wall xylan
glucuronosylation; Mortimer et al., 2010), which under our con-
ditions exhibited c. fourfold reduction in xylan glucuronosylation
level (Chong et al., 2014). The mutant displayed reduced levels

of solvent-resistant aliphatic compounds in the cell walls, whereas
its total aliphatic compound levels were unaffected (Figs 3c,d,
S7d), indicating increased mobility of cell wall lipids compared
with WT (Col-0). Thus, the solvent-resistant suberin-like frac-
tion is dependent on the presence of mGlcA decorations on
xylan.

Presence of aliphatic compounds in different woody species

The presence of aliphatic, solvent-resistant compounds in the cell
walls of healthy xylem tissue has not been previously recognized
in woody species. Therefore, we investigated whether such com-
pounds could be detected in softwoods (Norway spruce (Picea
abies L.) and Scots pine (Pinus sylvestris L.)) and in other hard-
woods (downy birch (Betula pubescens Ehrh.), goat willow (Salix
caprea L.), and European aspen (P. tremula L.)). Wood samples
collected during winter dormancy were sectioned and stained

(a) (b)

Fig. 4 Histochemical analysis of aliphatic compounds in extracted and nonextracted wood sections of different tree species. Samples collected during
dormancy and stained with FY088. (a) Fluorescence channel pictures. Bars, 500 lm. Negative control without FY088 shows signal from lignin
autofluorescence. (b) Fluorescence channel pictures at a higher magnification showing wood. Bar, 100 lm, for all micrographs.
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with FY088 before and after the removal of extractives. In both
extracted and nonextracted wood sections, strong, specific stain-
ing was observed in the cell walls of mature wood and cork
(Fig. 4a,b). Nonextracted samples showed additional signals from
live ray cells and resin canals, corresponding to lipids stored for
winter dormancy and resin, respectively. The disappearance of
these signals in extracted sections confirmed the effective removal
of wood extractives (Fig. 4b). Quantification of the FY088 signal
in the cell walls (Fig. S8) demonstrated weaker staining in spruce
and pine cell walls compared with that observed in the hard-
woods. Moreover, the wood of pine, birch, and willow exhibited
stronger signals after removal of extractives, suggesting the pres-
ence interfering or masking compounds in the extractives. The
signal remaining in cell walls after extractives removal corre-
sponding to wall-bound lipids could be clearly seen in all ana-
lyzed species.

To analyze the distribution of these lipids in different wood
cell wall layers, we examined normal and reaction woods (tension
and compression woods) in all studied species at a higher resolu-
tion (Fig. 5). In spruce and pine, the solvent-resistant FY088 sig-
nals were distributed evenly throughout the primary and
secondary wall layers of normal and compression woods, but
were weaker in the compression wood. In birch, willow, and
aspen, the signals were associated with lignified cell wall layers of
normal and tension woods and were excluded from nonlignified
gelatinous cell wall layers.

Discussion

Aspergillus niger a-glucuronidase AnAgu67A was shown to hydro-
lyze only mGlcA xylan decorations exposed at the nonreducing
xylan end, typical to GH67 family of a-glucuronidases. When
expressed in hybrid aspen and targeted to cell walls, it could remove
c. 30% of mGlcA decorations. PtxtXyn10A xylan endotransglyco-
sylase is the only known GH10 family gene expressed in develop-
ing wood that could expose mGlcA for AnAgu67A hydrolysis
(Derba-Maceluch et al., 2015). GH10 enzymes were not analyzed
for their ability to hydrolyze the xylan backbone at Xylp residues
carrying mGlcA covalently linked to lignin, but it is rather unlikely
that such bulky molecules could fit in the binding pocket at their
+1 subsite. Therefore, we assume that PtxtXyn10A cleaves the
xylan backbone beside unbound mGlcA. Moreover, as the catalytic
site of the GH67 a-glucuronidase of Cellvibrio japonicus has been
shown to interact with the mGlcA carboxyl residue (Nagy
et al., 2003), AnAgu67A is also predicted to remove only unbound
mGlcA xylan decorations; this would affect c-ester linkages to lig-
nin if these linkages are formed in the cell wall. However, if the c-
ester linkages are formed intracellularly, then their frequency is not
expected to be affected by cell wall-localized AnAgu67A. As we
found no reduction in the presence of c-ester linkages in transgenic
aspen lines with a 30% reduction in mGlcA, and no decrease in
amount of xylan associated to lignin by either methanolysis-TMS
or by NMR analyses, we propose that these linkages are formed
intracellularly. The process could be envisioned as an intracellular
addition of benzyl substitutions to UDP-linked GlcA, analogous to
the addition of ferulate or p-coumarate substitutions on UDP-

linked arabinose by BAHD family acyl transferases, followed by
the incorporation of acylated sugar units to the xylan backbone, as
is suggested for grasses (Piston et al., 2010; Bartley et al., 2013;
Rennie & Scheller, 2014; Buanafina et al., 2016; Feijao
et al., 2022). The intracellular c-ester linkages formation suggested
by the results of this study is in agreement of the recent computa-
tional analysis of LCC formation showing that glucuronic acid is
less likely to be involved in the nucleophilic attack on quinone
methide intermediate compared with neutral sugars or water; thus,
it is unlikely to participate in LCC formation in cell walls (Beck
et al., 2022). As AnAgu67A did not affect c-ester linkages, we did
not detect any positive effect of removal of mGlcA on saccharifica-
tion in transgenic lines.

Our results showed that introducing a-glucuronidase to sec-
ondary cell walls or mutating GUX1 and GUX2 (encoding the
main GlcA transferases involved in secondary wall xylan biosyn-
thesis; Mortimer et al., 2010, 2015; Lee et al., 2012; Rennie
et al., 2012; Bromley et al., 2013), both increased the solubility
of the suberin-like aliphatic compounds, indicating that glu-
curonoxylan with mGlcA decorations is involved in anchoring
them to wood cell walls. In agreement, no FY088 staining was
detected in the gelatinous layers that contain little or no glu-
curonoxylan (Gorshkova et al., 2015; Guedes et al., 2017).
Monomers of cutin and suberin are commonly present in wood
extractives, which constitute 1–5% of the dry wood weight
(Bj€orklund Jansson & Nilvebrant, 2009) and we extracted more
such monomers from transgenic plants expressing AnAgu67A
compared with WT. Suberin monomers have also been identified
in the xylem sap of several angiosperm species (Schenk
et al., 2021). Wood extractives are known to permeate cell walls
in heartwood, which makes them resistant to solvents, suggesting
their polymerization and/or covalent linking with other cell wall
polymers (Bj€orklund Jansson & Nilvebrant, 2009; Donaldson
et al., 2019). Present data suggest their linking to cell walls via
mGlcA xylan decorations.

The suberin has been shown to remain in the wood cell wall
after refluxing wood with lipid solvents (Pearce & Hol-
loway, 1984), although this was previously only thought to occur
in infected or damaged wood tissue (Biggs, 1987; Pearce, 1990;
Kashyap et al., 2022). Suberin was also demonstrated in cells
adjacent to epithelial cells of resin canals in pine (Donaldson
et al., 2015). Low suberin levels (0.2–1% of the dry wood
weight) were also reported in healthy oak wood, but it was
thought to be associated with tyloses or with the inner cell wall
layer of tracheary elements, based on Sudan IV and FM1-43
staining patterns (Pearce & Holloway, 1984; Biggs, 1987;
Schenk et al., 2021), whereas we identified lipids in all lignified
cell wall layers, including the compound middle lamella and the
secondary wall layers, using FY088. Sudan IV and FM1-43 are
larger than FY088, and may not be able to penetrate more com-
pact and heavily lignified outermost cell wall layers (Ruel
et al., 2006; Donaldson et al., 2019) explaining their contrasting
labeling pattern compared with FY088. The FY088 labeling pat-
tern is supported by previous time-of-flight secondary ion mass
spectrometry imaging, detecting FAs, and DMGs/TMGs in the
entire cell wall of tracheids in larch (Fu et al., 2018).
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(a) (b)

Fig. 5 Histochemical analysis of aliphatic compounds in extracted normal and reaction wood sections of different tree species. Samples collected during
dormancy and stained with FY088. (a) Tension or compression wood. (b) Normal wood. Bright field (left) and fluorescence (right) channel pictures. Note
the lack of signal in gelatinous cell wall layers (arrows). Bar, 25 lm.
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Future studies should focus on elucidating the structure of
these suberin-like components of wood cell walls and their con-
nection to xylan mGlcA. The awareness of the presence of such
compounds in wood cell walls is crucial for our understanding of
wood physiology, particularly water conduction and wood decay
processes. It has also bearing on the utilization of lignocellulose
as a renewable resource, for developing novel technological pro-
cesses of cell wall disintegration, and for solving problems of
pitch on machinery observed during wood processing (Back &
Allen, 2000).
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Supporting Information section at the end of the article.

Fig. S1 Enzymatic activity of recombinant AnAgu67A purified
from Aspergillus niger Tiegh.

Fig. S2 Chemical analyses and saccharification sugar yields of
wood of transgenic aspen (Populus tremula L.9 tremuloides
Michx.) lines ectopically expressing SPCel9B3:AnAgu67A.

Fig. S3 Characterization of transgenic aspen (Populus tremula
L.9 tremuloides Michx.) lines carrying 35S::SPCel9B3:AnAgu67A
construct.

Fig. S4 Chemical analysis of dioxane lignin of transgenic and
wild-type wood samples extracted with toluene-ethanol.

Fig. S5 NMR spectral characterization of dioxane-extracted lig-
nin without removal of extractives (nonextracted wood) and after
extractives removal (extracted wood).
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Fig. S6 Histochemical analysis of lipophilic substances in wood
with FY088 staining.

Fig. S7 General characterization of transgenic Arabidopsis lines
carryingWP::SPCel9B3:AnAgu67A construct.

Fig. S8 Histochemical analysis of aliphatic compounds in cell
walls in the wood of different species with FY088 staining.
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