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Summary

� Renewed interests in the development of bioenergy, biochemicals, and biomaterials have

elicited new strategies for engineering the lignin of biomass feedstock plants. This study

shows, for the first time, that 3,4-dihydroxybenzoate (DHB) is compatible with the radical

coupling reactions that assemble polymeric lignin in plants.
� We introduced a bacterial 3-dehydroshikimate dehydratase into hybrid poplar (Populus

alba 9 grandidentata) to divert carbon flux away from the shikimate pathway, which lies

upstream of lignin biosynthesis.
� Transgenic poplar wood had up to 33% less lignin with p-hydroxyphenyl units comprising

as much as 10% of the lignin. Mild alkaline hydrolysis of transgenic wood released fewer

ester-linked p-hydroxybenzoate groups than control trees, and revealed the novel incorpora-

tion of cell-wall-bound DHB, as well as glycosides of 3,4-dihydroxybenzoic acid (DHBA).

Two-dimensional nuclear magnetic resonance (2D-NMR) analysis uncovered DHBA-derived

benzodioxane structures suggesting that DHB moieties were integrated into the lignin poly-

mer backbone. In addition, up to 40% more glucose was released from transgenic wood fol-

lowing ionic liquid pretreatment and enzymatic hydrolysis.
� This work highlights the potential of diverting carbon flux from the shikimate pathway for

lignin engineering and describes a new type of ‘zip-lignin’ derived from the incorporation of

DHB into poplar lignin.

Introduction

Lignin is a phenolic polymer found predominately in the sec-
ondary cell walls of xylem vessels, tracheids, and fibres where it
plays crucial roles facilitating water transport and providing
structural support to plants. Lignin is assembled primarily
from three 4-hydroxycinnamyl alcohols known as monolignols –
p-coumaryl, coniferyl, and sinapyl alcohols – which form the
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) subunits of
lignin, respectively (Boerjan et al., 2003). Following biosynthesis
in the cytosol via the general phenylpropanoid pathway, lignin
monomers are then exported to the cell wall and, once oxidized
by laccase and/or peroxidase enzymes, undergo radical coupling
reactions to form polymeric lignin (Freudenberg & Neish, 1968;
Ralph et al., 2004).

The molecular processes underpinning lignin formation are
highly flexible and it has been shown that various noncanonical
monomers are compatible with lignification. Among these are
the acylated monolignol conjugates that result in ester-linked

acetate, benzoate, p-hydroxybenzoate, p-coumarate, and ferulate
(Nakamura & Higuchi, 1976; Ralph & Lu, 1998; Lu & Ralph,
2002; Wilkerson et al., 2014; Karlen et al., 2016; Kim et al.,
2020; Goacher et al., 2021); pathway intermediates such as
hydroxycinnamaldehydes, caffeyl alcohol, and 5-hydroxyconiferyl
alcohol, (Kim et al., 2000; Ralph et al., 2001; Kim et al., 2003)
and even phenolic compounds arising from outside the monolig-
nol biosynthetic pathway such as flavonoids, hydroxystilbenes,
and hydroxycinnamamides (del R�ıo et al., 2012, 2018, 2020; Lan
et al., 2015; Mahon et al., 2021).

Woody feedstocks represent an abundant and fast-growing
source of lignocellulosic biomass for use in the production of
pulp and paper, biofuels, biomaterials, and biochemicals (de
Vries et al., 2021). Genetic engineering of economically impor-
tant feedstock species is an attractive and proven strategy for
improving the efficiency of biomass utilization (Mahon & Mans-
field, 2019). Moreover, by harnessing the plasticity of lignifica-
tion, noncanonical monomers can become incorporated into
lignin leading to polymers with improved digestibility and/or
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high-value constituents (Sederoff et al., 1999; Ralph et al., 2004,
2008a; Vanholme et al., 2012; Mottiar et al., 2016; del R�ıo et al.,
2020). Lignin engineering efforts have been further buoyed by
advancements in lignin valorization, microbial strain engineering,
and the utilization of lignin-derived phenols via metabolic
upgrading to create high-value biochemicals (Beckham et al.,
2016).

In previous work, expression of a bacterial 3-dehydroshikimate
dehydratase gene (QsuB) from Corynebacterium glutamicum in
Arabidopsis (Eudes et al., 2015) led to the conversion of 3-
dehydroshikimic acid, an intermediate of the shikimate pathway,
into 3,4-dihydroxybenzoic acid (hereafter denoted as DHBA,
with DHB being used to denote the dihydroxybenzoate ester and
the phenolic moiety present in lignin, and also known as proto-
catechuic acid). This intervention diverted carbon flux away from
the production of phenylalanine and resulted in reduced lignin
content and improved saccharification potential. Herein, we
investigated the effects of heterologous expression of QsuB in the
plastids of hybrid poplar (Populus alba 9 grandidentata). Not
only did this strategy result in reduced lignin content and
improved saccharification, but it also led to the participation of
monolignol–DHB conjugates in lignification, resulting in pen-
dent DHB moieties on the lignin as well as backbone-integrated
DHB units, ultimately producing a novel type of ‘zip-lignin’.

Materials and Methods

Detailed methodology describing the generation, selection, and
cultivation of transgenic hybrid poplar trees, cell wall composi-
tional analysis, wood density, lignin histology, and synthesis of
the model benzodioxane compound is included in the Support-
ing Information (Methods S1).

Soluble phenolics

Sections (10-cm) of fresh, de-barked stems were cut into small
pieces and ground in a mortar and pestle with liquid nitrogen.
After freeze-drying overnight, 100-mg portions of ground xylem
were weighed into small vials along with 1.5 ml of 80% methanol
and 5 µl of 3,4,5-trimethoxycinnamic acid as an internal stan-
dard. Following a 15-min incubation at 70°C in a thermomixer
(Eppendorf, Hamburg, Germany) at 750 rpm, the vials were cen-
trifuged for 5 min at 15 900 g, and 400 µl of supernatant was
aspirated into a fresh tube. This process was repeated four times
to give a pooled supernatant of 1600 µl. A 200-µl aliquot of the
pooled methanolic extract was transferred into a fresh vial along
with 10 µl of 200 mM sodium hydroxide (NaOH) and evapo-
rated to dryness in a vacuum centrifuge. Then, 300 µl of 1 M
hydrochloric acid (HCl) was added to the residue, mixed by vor-
texing, and the vial was incubated at 95°C for 3 h, to which, after
cooling, 800 µl of ethyl acetate was added. After mixing and
removing the upper organic phase, the extraction was repeated
with an additional 800 µl of ethyl acetate. The combined frac-
tions were then evaporated to dryness using a vacuum centrifuge
and the residue was resuspended in 300 µl of methanol.

Samples were then analyzed using high-pressure liquid chro-
matography (HPLC) (Summit; Dionex, Sunnyvale, CA, USA)
equipped with a Symmetry C18 column (4.6 mm 9 250 mm,
5 µm particle size; Waters Corp., Milford, MA, USA) and a
PDA-100 photodiode array detector (Dionex). Separation of
peaks was achieved using a flow rate of 0.7 ml min�1 with a gra-
dient from 95% to 55% of eluent A (0.1% trifluoroacetic acid
in water) in eluent B (0.1% trifluoroacetic acid in 3 : 1 acetoni-
trile : methanol) over 50 min, followed by a 10-min wash with
75% eluent B and re-equilibration of the column with 95% elu-
ent A for 10 min. The peaks corresponding to DHBA and
3,4,5-trimethoxycinnamic acid were integrated at the ultraviolet
(UV) maxima of 265 and 295 nm, respectively. The internal
standard was used for normalization purposes, and a calibration
curve enabled quantification of total DHBA in the methanolic
extracts.

Cell-wall-bound phenolics

Cell-wall-bound phenolics were liberated following the same pro-
cedure used to release cell-wall-bound acetyl groups (see Methods
S1) except that o-anisic acid was used as an internal standard.
High-pressure liquid chromatography analysis was performed as
described earlier for soluble phenolics. Peaks corresponding to
p-hydroxybenzoic acid (pHBA), DHBA, and o-anisic acid were
integrated at the UV maxima of 255, 265, and 298 nm, respec-
tively. The internal standard was used for normalization pur-
poses, and external calibration curves enabled quantification. For
acid hydrolysis of the alkaline hydrolysate, 200 µl of the
hydrolysate was transferred into a microcentrifuge vial and 10 µl
of 200 mM NaOH was added. The solution was evaporated
down to c. 20 µl, and 300 µl of 1 M HCl was added. The solu-
tion was incubated at 95°C for 3 h, and then 800 µl of ethyl
acetate was added before the vials were mixed thoroughly by vor-
texing. The upper organic phase was transferred into a new tube
and evaporated to dryness in a vacuum centrifuge at 45°C for
15 min. The pellet was resuspended in 300 µl of 80% aqueous
methanol and analyzed by HPLC as described previously for sol-
uble phenolics.

Identification of cell-wall-bound phenolics

Identification of phenolics released by alkaline hydrolysis (as well
as further acid hydrolysis of the alkaline hydrolysates) was per-
formed using a Nexara X2 UHPLC (Shimadzu Corp., Kyoto,
Japan) equipped with a diode array detector and an Impact II
Ultra-High Resolution Qq-Time-of-Flight mass spectrometer
(Bruker Corp., Billerica, MA, USA). Separation of peaks was
achieved using a Symmetry C18 column (4.6 mm9 250 mm,
5 lm particle size; Waters Corp.) with a flow rate of
0.7 ml min�1 and using a binary gradient starting at 95% of elu-
ent A (0.1% formic acid in water) and held for 1 min, ramped to
45% of eluent B (0.1% formic acid in 3 : 1 acetonitrile :
methanol) over 49 min, then ramped to 75% eluent B over
1 min, followed by a 9-min wash with 75% eluent B, ramped
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back to 5% eluent B for re-equilibration of the column at 95%
eluent A for 10 min.

High-resolution mass spectrometry (HRMS) chro-
matographs were acquired from m/z 50–1000 Da at an acqui-
sition rate of 8 Hz with the electrospray-ionization source
operating first in negative-ion mode and then later in
positive-ion mode. The MS configuration was as follows: cap-
illary voltage, +3.5 kV in negative mode (�4.5 kV in positive
mode); nebulizing gas, nitrogen at 4 bar; temperature, 210°C;
drying gas, nitrogen at 8 l min�1; autoMSMS triggering with
collision energies split 50 : 50 between 5.6 and 10.5 eV, trans-
fer funnel RF1 at 200 Vpp, transfer funnel RF2 200 Vpp,
hexapole RF at 100 Vpp, quadrupole ion energy at 4 eV, pre-
pulse storage at 5 ls. The HRMS chromatograms were ana-
lyzed using BRUKER COMPASS DATAANALYSIS 5.1 (Bruker
Corp.). Calibration of the MS detector was performed inde-
pendently for each sample using 10 mM sodium formate in
50 : 50 isopropanol : water, which was injected directly into
the MS and eluted between 0.7 and 0.72 min. Chemical for-
mulae for target masses were determined using the SmartFor-
mula algorithm with formulae of CxHyOz.

Nuclear magnetic resonance (NMR) was next used to con-
firm the identity of the MS-based assignments of the major
peaks from the alkaline hydrolysates. The peaks were isolated
using a two-step strategy. First, the NaOH and a portion of
the background matrix was removed by size exclusion chro-
matography (SEC). A fresh batch of alkaline hydrolysate was
prepared using a scaled-up version of the alkaline hydrolysis
treatment (1 g extractive-free QsuB-poplar line 15 in 5 ml of
2M NaOH). Then, following pelleting and filtration through
a 0.2-µm nylon syringe filter, the sample was injected in
500-µl aliquots onto an SEC column (PolarSil analytical lin-
ear S, 8 mm9 300 mm, 5 lm partial size; PSS GmbH,
Mainz, Germany) preconditioned with deionized water, at a
flow rate of 1 ml min�1. The eluent containing the phenolic
fraction, as determined by absorption at 255 nm, was col-
lected, pooled across the runs, and the water was removed
using a rotary evaporator. The product mixture was then
reconstituted in 2 ml of deionized water, filtered through a
0.2-µm nylon syringe filter, and the target peaks were iso-
lated by HPLC. For peak isolation, the HPLC was equipped
with a semi-prep C18 column (Phenomenex, Torrance, CA,
USA). The mobile phase was pumped at 2 ml min�1 with a
gradient elution program ramping from 99% of eluent A
(0.1% formic acid in water) and held for 1 min, ramped to
45% of eluent B (0.1% formic acid in 3 : 1 acetonitrile :
methanol) over 49 min, then ramped to 75% eluent B over
1 min, followed by a 9-min wash with 75% eluent B, and
finally ramped back to 1% eluent B for re-equilibration of
the column at 99% eluent A for 10 min. The combined
SEC-purified sample was injected onto the column in 500-µl
aliquots, and the elution bands were collected manually
according to the chromatogram profile at 255 nm. To stabi-
lize the acid-sensitive glycosylated products, a few drops of
triethylamine were added to the collection tubes to ensure an
alkaline pH. After removing the eluent using a rotatory

evaporator, samples were dissolved in 0.4 ml of either
methanol-d4 or acetone-d6 and characterized by NMR. The
identities of the major peak fractions were determined from
HRMS, one-dimensional (1D)-, and two-dimensional (2D)-
NMR pulse experiments, and by consulting published litera-
ture.

Enzyme-lignin preparation

Dried stems were ground and sieved to a particle size of 1 to
3 mm prior to solvent extraction, ball milling, and enzyme-
lignin preparation, as described previously (Mansfield et al.,
2012). Extractives were removed by sonicating biomass sam-
ples sequentially in 80% ethanol (39 20 min), acetone
(19 20 min), 1 : 1 chloroform : methanol (v/v, 19 20 min),
and finally acetone (19 20 min). Extractive-free biomass was
then ball-milled for 3 h per 500 mg of sample (with cycles of
10 min followed by 10 min rest) using a PM100 rotary ball
mill (Retsch, Newtown, PA, USA) vibrating at 600 rpm in
zirconium dioxide vessels (50 ml) containing zirconium diox-
ide ball bearings (209 6.5 mm diameter). Ball-milled samples
were digested over 3 d at 50°C in 50 mM sodium citrate
buffer (pH 4.8) containing Cellic CTec3 and HTec3 enzyme
cocktails (Novozymes, Bagsværd, Denmark). A fresh mixture
of buffer and enzymes was added each day. The residual
enzyme-lignin preparations were washed with deionized water
and lyophilized overnight.

Gel-permeation chromatography

In order to assess the molecular weight distribution of lignin, gel-
permeation chromatography (GPC) was performed on enzyme-
lignin preparations using a Tosoh Ecosec HLC-8320 GPC
instrument (Tosoh Bioscience, Tokyo, Japan) equipped with a
UV detector at 280 nm and a PLgel 5 lmMixed-D column (Agi-
lent Technologies Inc., Santa Clara, CA, USA). Tetrahydrofuran
was used as eluent at a flow rate of 1.0 ml min�1 and the column
was maintained at 35°C. Polystyrene standards purchased from
Agilent were used to develop a calibration curve which ranged
from 162 to 29 150 g mol�1. All enzyme-lignin samples were
derivatized using acetic anhydride and pyridine (1 : 1, v/v) at
60°C for 4 h prior to analysis.

Two-dimensional (2D)-NMR

Heteronuclear single-quantum coherence (HSQC) NMR spectra
of isolated enzyme-lignin (c. 30 mg in 600 ll deuterated dimethyl
sulfoxide (DMSO-d6)) were obtained on an Avance-600MHz
instrument (Bruker Corp.) using the Bruker standard pulse
sequence ‘hsqcetgpsi2.2’ (‘double inept transfer using sensitivity
improvement, phase-sensitive using echo/antiecho-TPPI gradient
selection, with decoupling during acquisition, using trim pulses
in inept transfer, with gradients in back-inept’). HSQC experi-
ments for the enzyme-lignin samples were carried out using the
following parameters: acquisition from 10 to 0 ppm in F2 (1H)
with 2k data points (acquisition time, 128 ms) and 165 to 0 ppm
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in F1 (13C) with 256 increments (F1 acquisition time, 3.85 ms)
of 200 scans with a 1-s interscan delay; the d24 delay was set to
1.72 ms (1/4J, J = 145 Hz) optimized for methines (singly-
protonated carbons). The total acquisition time per sample was
16.5 h. Processing to 2k 9 1k used typical matched Gaussian
apodization (GB = 0.001, LB = �0.2) in F2 and Gaussian
apodization (GB = 0.001, LB = �1) in F1 (without using linear
prediction). Major resolved peaks for common lignin units
(A = b-ether, B = phenylcoumaran, C = resinol) were assigned
based on prior data for similar samples (Kim & Ralph, 2010;
Mansfield et al., 2012). The benzodioxane assignments were
made from the synthesized model compound BD (see Support-
ing Information Methods S1 and Fig. S8). The central solvent
peak was used as an internal reference (dC/dH DMSO-d6 39.5/
2.39 ppm).

For the benzodioxane model compound BD (vide infra), the
compound was dissolved in 0.5 ml of DMSO-d6. NMR spectra
were acquired on a Biospin Avance III 500MHz spectrometer
(Bruker Corp.) equipped with a cryogenically cooled 5-mm
1H/13C-optimized triple-resonance (1H/13C/15N) TCI gradient
probe with inverse geometry (proton coils closest to the sample)
using standard Bruker-preferred pulse sequences; for the HSQC,
we used Bruker standard pulse sequence ‘hsqcetgpsisp2.2’, a
phase-sensitive gradient-edited-2D HSQC using adiabatic pulses
for inversion and refocusing (Kup�ce & Freeman, 1997). Assign-
ment authentication was again via the usual combination of 1D-
and 2D-NMR pulse experiments.

Saccharification

The saccharification potential was evaluated for ionic liquid-
pretreated biomass followed by enzymatic hydrolysis. A 10 wt%
biomass slurry was prepared by mixing 0.2 g of biomass with
1.8 g of cholinium lysinate ([Ch][Lys]; pH 10–10.5) in a 10-ml
pressure tube (Ace Glass, Vineland, NJ, USA). The tubes were
heated to 80°C in an oil bath at atmospheric pressure. After 1 h,
the tubes were cooled to room temperature and 6 ml of deionized
water was added to the reaction slurry. This mixture was trans-
ferred to a 50-ml tube and centrifuged at 1240 g. The solid frac-
tion, consisting mainly of polysaccharides, was washed four times
with deionized water (49 6 ml) to remove any residual [Ch]
[Lys], and then freeze-dried. The concentration and conditions
for the cholinium lysinate treatment employed in this study,
which was previously shown to work well with poplar biomass, is
very basic (pH 10–10.5) and thus aids in the liberation of ester
linkages, and is therefore an effective pretreatment.

Enzymatic hydrolysis of pretreated poplar samples was per-
formed for 72 h in 5ml of 50mM citrate buffer (pH 4.8) using a
9 : 1 ratio of Cellic CTec3 and HTec3 (Novozymes) at an enzyme
loading of 10mg protein g�1 biomass. Saccharification was con-
ducted at 50°C in a rotary incubator with continuous shaking.
Glucose and xylose releases were quantified using an Agilent 1100
series HPLC (Agilent Technologies Inc.) equipped with a refrac-
tive index detector and an Aminex HPX-87H column (300mm 9

7.8 mm; Bio-Rad Labs, Hercules, CA, USA). The mobile phase

was 5 mM sulfuric acid at a constant flow rate of 0.6 ml min�1

and the column temperature was maintained at 60°C.

Results

Transgenic poplar trees

Hybrid poplar (Populus alba 9 grandidentata; P39) was
transformed with the pTKan-pC4H::schl::qsuB construct
described previously by Eudes et al. (2015) using
Agrobacterium-mediated transformation. Positive transformants
were identified by PCR screening. After several weeks of
growth in tissue culture, transcript abundance was deter-
mined by semi-quantitative PCR. Subsequently, six lines
exhibiting a range of transgene transcript abundance were
transferred to antibiotic-free media and multiplied to obtain
a minimum of six clonally propagated trees per independent
transformation event. The transgenic trees (hereafter referred
to as QsuB-poplar) and corresponding wild-type (WT) con-
trols were then transferred to the University of British
Columbia glasshouse and, after 5 months of growth, relative
transcript abundance was again examined on the glasshouse-
grown trees using reverse transcription quantitative poly-
merase chain reaction (RT-qPCR). Transcripts were present
in the xylem tissue of all transgenic lines, but not in WT
trees, as expected (Fig. S1).

The diameters of the stems and the number of sylleptic
branches were recorded (Table S1). The stems of most of the
transgenic lines were significantly thinner in diameter compared
to WT trees, except for line 5 which was phenotypically similar to
WT trees and exhibited the lowest expression of the transgene rela-
tive to the other transgenic lines. The number of sylleptic branches
also differed with theQsuB-poplar trees having between 4.8 to 9.4
times more than WT trees (Table S1). Overall, plant stature and
growth were not affected in this glasshouse trial, as both WT and
transgenic lines appeared to grow similarly (Fig. S2). The cut
stems of the transgenic and WT trees were left to dry following
harvesting. After 1 wk, the wood of the transgenic lines began to
crack, shrink in size, and darken in color (Fig. S3). Further micro-
scopic observations of the dried stem cross-sections of the QsuB-
poplar lines showed a mild collapsed xylem vessel phenotype when
compared to WT trees (Fig. S4). Measurements of wood density
revealed an increase in all transgenic lines, likely reflecting the col-
lapse of vessel elements during sample drying, which therefore
manifested in denser dried wood (Table S1).

DHBA-containing metabolites

The total amount of soluble DHB/DHBA in xylem tissue was
quantified following acid hydrolysis of methanolic extracts
derived from freeze-dried stem tissue. No detectable amounts of
DHBA were released from WT tissue and only trace amounts
were detected from QsuB-poplar line 5. Otherwise, soluble
DHBA ranged from 7144 and 11 554 µg g�1 in the xylem of
transgenic QsuB-poplar (Fig. 1).
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Lignin and cell wall composition

The lignin content of extractive-free wood was determined using
the Klason method. We observed significant reductions in total
lignin content, with lines 15 and 1 containing 31% and 33% less
lignin, respectively, compared to WT trees (Table 1). Addition-
ally, thioacidolysis revealed a change in monomer composition.
The proportion of S- and G-lignin monomers decreased signifi-
cantly in the transgenic lines when compared to WT trees,
whereas H-lignin units, which are typically detected only at trace
levels in hybrid poplar, were especially prominent in QsuB-
poplar (Table 1). Analysis of the carbohydrate composition of
extractive-free wood showed no significant changes in glucose
content. However, the xylose content increased significantly in
many of the QsuB-poplar lines compared to both WT trees and
the nonphenotypic QsuB-poplar line 5 (Table 1). Cell-wall-

bound acetyl groups liberated by alkaline hydrolysis increased by
as much as 37% compared to WT trees, largely mirroring the
increase in xylose levels (Table 1). Based on the lignin content
and monomer composition, lines 1, 15, and 5 were chosen for
further detailed characterization. Lines 1 and 15 were selected as
severely and moderately phenotypic lines, respectively, whereas
line 5 was chosen as a ‘transgenic control’, as it appeared to be
most phenotypically similar to WT trees.

Cell-wall-bound phenolics

High-pressure liquid chromatography analysis of alkaline
hydrolysates from extractive-free wood of QsuB-poplar and WT
trees revealed differences in the accumulation of several com-
pounds (Figs 2, S5). In addition to p-hydroxybenzoate (pHB),
which is known to naturally decorate the lignin of xylem fibers in
poplar (Goacher et al., 2021), three new components apparent in
the transgenic lines were identified as glycosides of DHBA
(Fig. 2a,b, peaks 1, 3, 5). Furthermore, three additional
compounds were identified as glycosides of 4-hydroxy-3-
methoxybenzoic acid (vanillic acid) and 3-hydroxy-4-methoxy-
benzoic acid (isovanillic acid) (Fig. 2a,b, peaks 2, 6, 8).

After acid hydrolysis of the alkaline hydrolysates, the three
DHB-related peaks disappeared and the amount of free DHBA
increased proportionately (Fig. 2a,b, peak 4). Similarly, the
peaks related to 4-hydroxy-3-methoxybenzoate and 3-hydroxy-
4-methoxybenzoate conjugates also disappeared with acid
treatment to give free 4-hydroxy-3-methoxybenzoate and 3-
hydroxy-4-methoxy-benzoate (Fig. 2a,b, peaks 9 and 10,
respectively). Peaks 1 and 3 were assigned as the 4-O-glucoside
and 3-O-glucoside of DHBA with HRMS masses of [M � H]– =
315.0728 and 315.0727 Da, respectively, and both compounds
showed MS/MS fragmentation for the loss of hexose (162.0529)
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Fig. 1 Amount of methanol-soluble 3,4-dihydroxybenzoic acid (DHBA) in
xylem tissue ofQsuB-poplar and wild-type (WT) trees. Error bars represent
the standard error of the mean of three biological replicates (n = 3). DHBA
concentration was measured after acid-hydrolysis of the methanolic
extracts to release its aglycone form.

Table 1 Cell wall analysis of transgenicQsuB-poplars and wild-type (WT) trees.

Line 1 Line 2 Line 5 Line 10 Line 14 Line 15 WT

Klason lignin content (% w/w)

Acid-insoluble lignin 10.79� 0.26 13.53� 0.34 16.26� 0.42 12.94� 0.37 11.96� 0.33 11.66� 0.24 17.08� 0.32
Acid-soluble lignin 3.09� 0.07 3.61� 0.22 3.75� 0.04 3.42� 0.15 3.61� 0.27 2.76� 0.20 3.82� 0.10
Total lignin 13.88� 0.26 17.14� 0.51 20.01� 0.46 16.35� 0.520 15.57� 0.12 14.42� 0.38 20.90� 0.41
Lignin monomer composition (%)

H units 10.32� 0.45 6.40� 0.63 nd 6.49� 0.51 6.17� 0.56 10.87� 0.19 nd
G units 21.24� 0.40 23.94� 0.46 28.45� 0.17 26.12� 0.76 23.95� 0.50 20.58� 0.68 27.08� 0.59
S units 68.48� 0.52 69.66� 0.50 71.55� 0.17 67.39� 0.77 69.88� 0.31 68.55� 0.54 72.92� 0.59
Structural polysaccharides (% w/w)

Glucose 46.08� 0.85 44.73� 0.41 46.05� 0.21 46.08� 0.85 44.17� 0.48 45.50� 0.27 45.50� 0.16
Xylose 20.54� 0.50 20.24� 0.19 17.90� 0.38 20.53� 0.31 21.06� 0.33 21.76� 0.14 16.97� 0.14
Mannose 0.98� 0.02 0.80� 0.08 1.88� 0.07 0.83� 0.05 0.91� 0.04 1.22� 0.06 1.94� 0.10
Galactose 1.00� 0.06 1.09� 0.03 0.87� 0.06 1.09� 0.13 1.05� 0.13 0.81� 0.03 1.04� 0.11
Arabinose 0.37� 0.02 0.42� 0.01 0.34� 0.01 0.42� 0.01 0.43� 0.02 0.35� 0.00 0.32� 0.02
Rhamnose 0.51� 0.03 0.56� 0.02 0.49� 0.02 0.56� 0.03 0.52� 0.03 0.51� 0.01 0.45� 0.01
Cell-wall-bound acetyl (% w/w)

Acetyl 4.55� 0.30 4.25� 0.10 3.40� 0.07 4.18� 0.07 4.23� 0.03 4.17� 0.01 3.32� 0.04

Lignin content and composition, structural polysaccharides composition, and acetyl content from extractive-free wood of 5-month-old trees. Values repre-
sent the average� standard error of the mean for three biological replicates (n = 3). Values in bold are significantly different fromWT using Student’s t-test
(P < 0.01). nd, not detected.

New Phytologist (2022) 235: 234–246
www.newphytologist.com

� 2022 The Authors

New Phytologist� 2022 New Phytologist Foundation

Research

New
Phytologist238



0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Line 1 Line 2 Line 5 Line 10 Line 14 Line 15 WT

%
 D

HB
A 

(w
/w

 o
f e

xt
ra

ct
ive

-fr
ee

 w
oo

d)

Alkaline hydrolysis Acid hydrolysis of the alkaline hydrolysate

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

%
 p

HB
A 

(w
/w

 o
f e

xt
ra

ct
ive

-fr
ee

 w
oo

d)
 

* *** *

Peak RT (min) Confirmed ID Possible ID MSMS mass (Da) Formula Fragments 1H NMR HSQC HMBC References
(-) mode (-) mode Da

1 10.75 DHBA-4-  O -  glucoside 315.0718 C13H15O9 216.9093, 153.0193,  Schuster et al. (1986)

109.0296, 96.9601 
2 13.45 4-O-glucosyl-3-methoxybenzoate 329.0881 C14H17O9 167.0352, 152.0115

123.0452, 108.0216
3 13.55 DHBA-3-  O - glucoside 315.0718 C13H15O9 216.9097, 153.0193 Yamakada et al. (1995)

109.0299, 96.9606 
4 14.5 DHBA 153.0189 C7H5O4 109.0291

(dihydroxybenzoic acid)
5 16.45 DHBA-O -pyranose 285.0625 C12H13O8 153.0193, 96.9603 Liang et al. (2013)

6 16.5 3-O-glucosyl-4-methoxybenzoate 329.0884 C14H17O9 167.0353, 152.0122 Wang et al. (2011)

7 19.25                     pHBA 
      (4-hydroxybenzoic acid)

137.0244
 
C7H5O3 93.0346

8 19.5 4-O-xylosyl-3-methoxybenzoate 299.0775 C13H16O8 255.2347, 167.0353
152.012

9 21.65 4-hydroxy-3-methoxybenzoate 167.0353 C8H7O4 152.0109, 123.0454
(vanillic acid) 121.0306, 108.0205 

10 22.80 3-hydroxy-4-methoxybenzoate 167.0361 152.0128, 123.0504
(iso-vanillic acid) 121.0303, 108.0213 

C8H7O4 

x x

x

x

x x

x

x
x

WT(alkaline hydrolysis)
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(alkaline hydrolysis)
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Fig. 2 Cell-wall-bound phenolics in the xylem tissue ofQsuB-poplar and wild-type (WT) trees. (a) Ultrahigh-pressure liquid chromatography (UHPLC)
traces of alkaline hydrolysates of extractive-free wood fromQsuB-poplar line 1 (blue) and WT (grey). The trace of an alkaline hydrolysate subjected to acid
hydrolysis is also shown forQsuB-poplar line 1 (pink). (b) Structure of compounds released by alkaline hydrolysis of extractive-free wood fromQsuB-
poplar line 1. (c) Compound identities, high-resolution mass spectrometry (HRMS) [M � H]–, chemical formulae, HRMS fragments, and nuclear magnetic
resonance (NMR) analysis. (d) Amount of 3,4-dihydroxybenzoic acid (DHBA) and p-hydroxybenzoic acid (pHBA) released after alkaline hydrolysis and acid
hydrolysis of the alkaline hydrolysates of extractive-free wood. Error bars represent the standard error of the mean (n = 3). Asterisks denote statistically
significant differences fromWT (P < 0.01; Student’s t-test).
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(Fig. 2c). We also observed the loss of a hexose (162.0529) to
DHBA ([M �H]– 153.0193) after acid hydrolysis of the alkaline
hydrolysate, further supporting the phenolic glucoside assign-
ment. Comparing the UV-visible spectrum of the DHBA 3-O-
glucoside to that of the DHBA 4-O-glucoside showed a c. 4-nm
red shift in the p–p* transition to 254 nm vs 250 nm, respec-
tively, and a c. 4-nm blue shift in the n–p* transitions to shoulder
at 287 nm vs the discrete peak at 291 nm (Fig. S6). The NMR
spectra of the two compounds were also distinct allowing for the
confirmation of the compound identities by comparisons with
previously reported spectra obtained from synthetic standards
(Schuster et al., 1986; Yamanaka et al., 1995). Another DHBA
conjugate, peak 5 ([M � H]– 285.0625 Da), exhibited a loss of
xylose (132.0432) under MS/MS fragmentation to the DHBA
fragment (153.0193), and this peak was absent after acid hydrol-
ysis (Fig. 2c). We hypothesized that it corresponds to the DHBA
O-xylopyranoside, which was previously reported from Lysi-
machia clethroides (Liang et al., 2013).

Based on the HRMS data, we hypothesized that peak 2 corre-
sponds to 4-O-glucosyl-3-methoxybenzoate with a mass of [M �
H]� of 329.0881 Da, whereas peak 6 with a similar HRMS [M
� H]– of 329.0884 Da corresponds to 3-O-glucosyl-4-
methoxybenzoate (Fig. 2a–c). As peak 6 was chromatographically
resolved from other major compounds, we were able to acquire a
unique UV-visible spectrum (p–p* transition of 254 nm and the
n–p* transitions at 287 nm as a shoulder) that closely matched
that of the 3-O-glucoside of DHBA (Fig. S6). NMR analysis of
peak 6 further supported this assignment with chemical shifts
corresponding to those previously reported (Wang et al., 2011).
Additionally, peak 8 corresponds to 4-O-xylosyl-3-
methoxybenzoate with a mass of 299.0775 Da. All three com-
pounds (peaks 2, 3, and 8) were lost in acid hydrolysis releasing
either a hexose (162.0529) or a xylose (132.0432 Da) and the 4-
hydroxy-3-methoxybenzoate fragment (167.0353 Da).
Furthermore, peak 9 (which was retained during acid treatment)
was validated with authentic standards as 4-hydroxy-3-
methoxybenzoate.

Identification of DHBA (peak 4) and pHBA (peak 7) by
HRMS was also validated with authentic standards. Quantifica-
tion of the extractive-free tissue (Fig. 2d) showed that the total
cell-wall-bound DHB accumulated up to 5.07 mg g�1 in QsuB-
poplar line 15. All transgenic lines showed a significant reduction
in pHB moieties (Fig. 2d).

Degree of polymerization of lignin and DHBA-derived
benzodioxane units

The degree of polymerization of lignin isolated from QsuB-
poplar and WT biomass following enzymatic hydrolysis was ana-
lyzed by GPC. The distribution curves of the molecular weights
showed an increased abundance of lignin in the lower molecular
weight range (< 7500 Da) and a decreased abundance of higher
molecular weight lignin (> 10 000 Da) in QsuB-poplar lines 1
and 15 when compared to WT (Fig. 3).

Analysis of the same lignin (lignin isolated following enzymatic
digestion with cell wall degrading enzymes) by 2D-NMR further

supported the results obtained by thioacidolysis and alkaline
hydrolysis of the cell wall material (Fig. 4). Remarkably, a- and
b-C/H correlations consistent with benzodioxane structures from
the lignin of QsuB-poplar (by their identity with analogous peaks
from the synthesized model compound) showed the presence of
DHB, implying that not only do monolignol–DHB conjugates
participate in radical coupling reactions during the formation of
lignin, but the DHB moiety itself (unlike pHB, for example) is
involved in radical coupling reactions. One of the C/H aromatic
peaks corresponding to the benzodioxane signatures is clear in
this region of the spectra (Fig. 4), whereas the other two peaks
overlap with the large correlations from the normal G-lignin
units (Figs S7, S8).

Saccharification potential

Finally, to assess how these changes in lignin chemistry may have
affected cell wall recalcitrance, we performed saccharification
assays on stem tissues of QsuB-poplar and WT trees. Ionic liquid
([Ch][Lys]) pretreatment was followed by enzymatic hydrolysis
reactions. Saccharification potential was improved significantly in
most of the transgenic lines, with lines 1 and 15 showing 31%
and 40% more glucose release than WT, and line 15 releasing
33% more xylose than WT (Fig. 5).

Discussion

Lignin engineering withQsuB

Fast-growing and highly productive hardwood species such as
eucalypts, poplars, and willows are abundant sources of lignocel-
lulosic biomass, and have increasingly become targets for breed-
ing and/or genetic modifications aimed at altering wood
properties to improve the efficiency of industrial biomass utiliza-
tion (Mahon & Mansfield, 2019; Murphy et al., 2021). Gain-of-
function approaches that not only reduce cell wall recalcitrance
but which also impart additional value to biomass represent a
particularly promising strategy to enable more cost-effective pro-
cessing of woody biomass.

100 1000 10 000 100 00 1000 000

 WT

 Line 1
 Line 5
 Line 15

Molecular weight (Da)

WT Line 1 Line 5 Line 15
M (Da) 5740 5287 5938 5337

(Da) 11 796 10 67 12 61 11 118
Ð 2.055 2.018 2.125 2.083

Fig. 3 Gel-permeation chromatograms of cellulolytic enzyme-lignins.
Values for number average of the molecular weight in Daltons (Da) (MN),
weight average of the molecular weight (MW), and dispersity index (��D) are
indicated forQsuB-poplar lines and wild-type (WT) trees.
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In this study, we transformed hybrid poplar with a bacterial 3-
dehydroshikimate dehydratase gene (QsuB) that was previously
shown to reduce lignin deposition and improve saccharification
yields in Arabidopsis and switchgrass (Eudes et al., 2015; Hao
et al., 2021). Expression of QsuB in hybrid poplar led to the

hyperaccumulation of soluble DHB in the xylem, and effectively
diverted carbon flux away from the phenylpropanoid pathway
resulting in decreased lignin content, altered lignin monomer
composition, and improved saccharification potential compared
to WT trees. Cell wall analysis of the QsuB-poplars showed that
conjugated forms of DHBA were actually polymerized into the
lignin leaving some DHB as ester-linked pendent groups. More-
over, the discovery of DHB-derived benzodioxane structures in
the 2D-NMR spectra suggests that the DHB moieties of these
conjugates can also participate in radical coupling reactions
themselves leading to backbone-integrated DHB and the possi-
bility of a new type of ‘zip-lignin’ resulting from the ester bonds
derived from lignification using monolignol–DHB conjugates.

Hyperaccumulation of DHB inQsuB-poplar

Transgenic QsuB-poplar accumulated significant amounts of sol-
uble DHB/DHBA, presumably as glycosylated forms (Fig. 1).
DHBA produced in planta could be extracted as soluble com-
pounds that can, for example, be further converted into cis,cis-
muconic acid (ccMA), a precursor for chemicals such as adipic acid,
terephthalic acid, and trimellitic acid, all of which are used in the
production of various plastics and nylons (Xie et al., 2014). Recent
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studies have demonstrated that DHBA produced by genetically
engineered tobacco expressing QsuB can be converted into ccMA
using an engineered Escherichia coli strain (Wu et al., 2017).
Employing the same lignin-specific promoter, the QsuB-poplar
lines in this study produced up to 11.5mg g�1 of extractable
DHBA in xylem tissue (Fig. 1) compared to just 1.45, 0.133 and
0.375mg g�1 produced by QsuB-expressing tobacco, Arabidopsis,
and switchgrass, respectively (Eudes et al., 2015; Wu et al., 2017;
Hao et al., 2021). Given the fast growth rates of hybrid poplar and
the proven capacity to generate substantial amounts of DHB, these
trees could prove to be useful as value-added woody feedstocks.

Incorporation of DHB conjugates into lignin

Lignin is synthesized via dehydrogenative polymerization driven
by the radical coupling of, primarily, the three canonical mono-
lignols p-coumaryl, coniferyl, and sinapyl alcohol. However, lig-
nification is a highly flexible process and a growing number of
noncanonical subunits have been reported in diverse plant taxa
(del R�ıo et al., 2020). In this study, we have shown that QsuB-
poplar trees not only accumulate DHB in the soluble fraction,
but DHB conjugates were also incorporated into the lignin
resulting in ester-linked DHB pendent groups, as well as lignin
backbone-integrated units (Figs 2, 4).

Unlike in most other dicots, the lignin of poplar is abundantly
decorated with pHB pendent groups, which are conjugated to
monolignols in the cytosol prior to export to the cell wall space
where the monolignol moieties of these conjugates radically couple
into lignin, giving rise to free-phenolic pendent groups of pHB
(Ralph, 2010). The biosynthesis of pHBA proceeds from
p-coumarate, an intermediate of the general phenylpropanoid
biosynthetic pathway (Loscher & Heide, 1994; Sircar & Mitra,
2008). By diverting carbon flux in the shikimate pathway away
from the production of phenylpropanoids including p-coumarate,
expression of QsuB in poplar evidently reduced the availability of
pHBA for lignin acylation.

p-Hydroxybenzoylation of lignin occurs via the incorporation
of acylated monolignols rather than by post-polymerization acy-
lation (Lu et al., 2015). And, the gene encoding this specific
p-hydroxybenzoyl-coenzyme A (CoA) monolignol transferase
has recently been identified and functionally tested in poplar in
two independent studies (Zhao et al., 2021; de Vries et al.,
2022). In QsuB-poplar, we observed significant reductions in
pHBA released from the cell wall following alkaline hydrolysis.
By contrast, several conjugates of DHBA were detected (Fig. 2),
with several of these being glycosylated forms. It is plausible
that these novel cell-wall-bound DHB groups could have arisen
from the same monolignol transferase(s) that are normally
responsible for the production of monolignol–pHB conjugates
(Fig. S9). If so, our findings imply that these transferases possess
significant promiscuity in substrate tolerance and that monolig-
nol–DHB conjugates can be effectively exported to the cell wall
and incorporated into lignin. Competition for the transferase
between endogenous pHBA and excessive DHBA could also
partly explain the observed decreases in cell-wall-bound pHB
groups. Surprisingly, the glycosylated forms may also be

accepted by the transferase as these too occurred on the lignin
of QsuB-poplar. In addition to the transferase, 4CL or 4CL-like
enzymes must also then act on DHBA to produce the CoA
thioester form (Fig. S9).

Alternatively, given that DHB esters can evidently participate in
radical coupling reactions, it is possible that DHB esters other than
those conjugated with a monolignol could be exported and incor-
porated into lignin without the involvement of any monolignol
acyltransferases. As support for this hypothesis, cell wall analyses of
the leaves of Vitis vinifera and the roots of Ginkgo biloba (both
species that are not known to possess highly acylated lignin)
showed that DHB can occur naturally in a cell-wall-bound form at
low levels (Codignola et al., 1989; Weber et al., 1995). Whether or
not DHB-acylation of lignin in QsuB-poplar is facilitated by
monolignol acyltransferases is a question that will be best answered
in due course using enzyme activity assays of the recently character-
ized p-hydroxybenzoyl-CoA monolignol transferase.

NMR analysis of QsuB-poplar lignin revealed signatures of
DHB-derived benzodioxane structures (Fig. 4). As was observed in
transgenic poplars expressing an exotic feruloyl-CoA monolignol
transferase in which increased levels of readily cleavable ester bonds
were incorporated into the lignin backbone (Wilkerson et al.,
2014), DHB evidently participates in radical coupling reactions
and thereby incorporates into the backbone structure of lignin.
Unlike pHB esters that prefer radical transfer over radical coupling
reactions and thus occur as pendent groups in poplar, the second
hydroxyl group of DHB appears to render it more compatible with
the radical coupling reactions of lignification, leading to DHB units
that integrally incorporate into the polymer.

Alkaline hydrolysis also revealed the presence of cell-wall-
bound glycosides of 4-hydroxy-3-methoxybenzoate and 3-
hydroxy-4-methoxybenzoate in QsuB-expressing poplar. As these
compounds were absent from the alkaline hydrolysates of WT
poplar, we postulate that they may have been produced
directly from DHBA. This would involve one or more
O-methyltransferase enzymes that methylate the para or meta
hydroxyl groups of DHBA. Although none of the 26
O-methyltransferases in poplar has been specifically reported to
have such activity, such enzymes are known to accept diverse phe-
nolic substrates (Lam et al., 2007; Barakat et al., 2011). Indeed,
nonspecific O-methyltransferase activity towards DHBA has been
described previously in poplar and in various other plant taxa as
well (Finkle &Masri, 1964; Kuroda, 1983).

Although we have not conclusively demonstrated their associa-
tion with lignin, it is apparent that phenol-glycosylated monolig-
nol–DHB esters can be incorporated into the cell wall. Phenols
involved in radical coupling following one-electron oxidation (‘rad-
icalization’) need to be in their free-phenolic form, but monomers
or monomer conjugates in which other noncrucial phenolic groups
are glycosylated can still enter lignification via the radical generated
from the molecule’s free phenolic group. As a precedent, hydroxys-
tilbene glucosides were recently identified in the bark of Norway
spruce (Rencoret et al., 2019). We anticipate that future studies will
uncover further examples of such lignin-bound sugars, particularly
in plant tissues in which phenolic glycosides accumulate to high
levels.
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Effects on lignin and biomass recalcitrance

Targeted expression of QsuB in the plastids of lignifying xylem
tissue diverts carbon flux away from the shikimate pathway and
towards the production of DHBA. In transgenic Arabidopsis
lines expressing QsuB there was no reduction in tryptophan,
phenylalanine, tyrosine or salicylate, all downstream products of
the shikimate pathway; even so, there was an accumulation of the
precursors for the H lignin units (p-coumarate, p-coumaralde-
hyde, and p-coumaryl alcohol) (Eudes et al., 2015). In poplar, we
found that heterologous expression of QsuB results in reduced
lignin content and a significant accumulation of H-lignin units
along with a higher S : G lignin monomer ratio compared to WT
trees. Reduction of carbon flux into or within the phenyl-
propanoid pathway often results in reduced overall lignin, com-
bined with an increase in the S : G ratio, as metabolic flux into
G-lignin is more severely impacted by a reduction in substrate
availability (Wang et al., 2014, 2018).

QsuBacts to divert carbon flux upstream of shikimate and, in
so doing, could lead to a reduction in the pool of shikimate avail-
able during lignin biosynthesis. As p-hydroxycinnamoyl-CoA
shikimate p-hydroxycinnamoyl transferase (HCT) requires shiki-
mate as a co-substrate, a reduction in the available shikimate
would clearly hinder the progression of monolignol biosynthesis
beyond HCT leading to coniferyl and sinapyl alcohols (Bonawitz
& Chapple, 2010). In this way, proportionately more
p-coumaryl alcohol would be produced resulting in an increase in
H-lignin units, as we saw with QsuB-poplar. In previous work, it
has been shown that at least one poplar HCT can accept DHBA
as a co-substrate instead of shikimate (Eudes et al., 2016). While
it remains to be seen whether the resulting p-coumaroyl–DHB is
tolerated by coumarate 3-hydroxylase (C30H, p-coumaroyl shiki-
mate 30-hydroxylase), and whether the ester moiety can be subse-
quently released by HCT or caffeoyl shikimate esterase (CSE),
this could provide another possible explanation for the altered
flux through the metabolic grid that is monolignol biosynthesis.

In addition to compositional changes to lignin, we observed a
reduced degree of polymerization (DP) in the lignin fraction of
transgenic trees compared to WT controls. Reduced DP has been
observed in lignin exhibiting higher amount of H units and has
been proposed as an alternative strategy to improve saccharifica-
tion efficiency (Ziebell et al., 2010; Eudes et al., 2012; Mottiar
et al., 2016). Altogether, the reductions in lignin content and DP
likely played significant roles in improving saccharification yields
by up to 40% for glucose and up to 33% for xylose.

Perspectives on lignin engineering

Perturbations of the phenylpropanoid pathway in poplar in pre-
vious studies have often resulted in a reduction of total lignin
accompanied by compensatory increases in cell wall polysaccha-
rides, typically cellulose (Li et al., 2003; Lepl�e et al., 2007; Cole-
man et al., 2008b; Bjurhager et al., 2010). Elevated levels of
cellulose in low-lignin plants are generally assumed to be the
result of increased carbon availability for polysaccharide biosyn-
thesis. However, in QsuB-poplar we observed no increase in

glucose (i.e. cellulose), despite achieving comparable reductions
in lignin content. QsuB-expressing lines displayed more xylose
(i.e. xylan) in cell walls compared to WT. Increases in hemicellu-
lose content and changes in hemicellulose composition have been
reported in other low-lignin poplar trees (Coleman et al., 2008a;
Van Acker et al., 2014), as well as in aspen mutants with reduced
cellulose (Joshi et al., 2011), all of which displayed an irregular
xylem phenotype similar to QsuB-poplar.

Cell-wall-bound DHB evidently occurs in the lignin of QsuB-
poplar in two forms: as ester-linked pendent groups, and as
backbone-integrated units (Fig. S9). As mentioned earlier, the
latter form introduces ester linkages directly into the backbone of
lignin polymers to form zip-lignin structures. These alkali-labile
linkages readily translate into improved biomass processability by
rendering the lignin more amenable to chemical deconstruction.
However, the pendent DHB groups also offer industrial advan-
tages as these ester-linked moieties can be easily cleaved during
processing. Once separated, these clip-off phenolics could be used
as platform compounds in chemical or microbial upgrading to
produce an array of high-value biochemicals. In this way, lignin
engineering strategies such as that exemplified by QsuB-poplar
can provide both reduced recalcitrance and value-added lignin.

This study adds to a growing body of evidence which shows
that any compounds that are compatible with radical coupling
and that are present in the cell wall during lignin deposition can
become incorporated into lignin (Ralph et al., 2008b). In the case
of the QsuB-poplar, the plants are clearly capable of producing
and transporting DHB esters (and the various glycosylated conju-
gates as well) to the cell wall for polymerization. These new
monolignol–DHB conjugates offer another example of how engi-
neering bioenergy crops can not only improve the efficiency of
industrial biomass processing but also potentially increase the
value of lignin as DHBA itself could be a valuable coproduct in
future biorefineries.
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