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ABSTRACT: Carbon-rich plant cell walls contain biopolymers that, with some
processing, could replace fossil fuels as a major component of the current petrochemical
production. To realize this, biorefineries need to be paired with biomass that during the
deconstruction and fractionation processes transforms into the desired products. One
component of interest is p-coumarate that, in some species, can account for up to 1% of
the biomass’ dry weight. When p-coumarate is present in eudicot cell walls, it is mostly
part of the suberin (bark and root), acylates the γ-hydroxy group of the lignin, in part of
the tannins, or is a metabolite. The current understanding of eudicot plant cell wall
composition is that the lignin is sometimes acylated with acetate and rarely with
hydroxycinnamates (p-coumarate or ferulate). This study identified a clear division in the
Rosales in which three families produce p-coumaroylated lignins whereas the other six
families showed no evidence of the trait.

■ INTRODUCTION
With the continual increase in atmospheric greenhouse gases
and the destructive impact of global climate change, it has
become evident that alternative renewable feedstocks are
needed to produce a large portfolio of petrochemicals and fuels
that are currently derived from fossil fuels. One such feedstock
is lignocellulosic biomass that could become a fossil fuel if
incubated in the ground for millions of years.

In a lignocellulosic biorefinery, the plant cell walls are
converted to a hydrolysate (predominantly as monomeric
sugars with some oligosaccharides) that are then microbially
transformed into biofuels and commodity chemicals. The first
step in hydrolysate production is the separation of poly-
saccharides (cellulose and hemicellulose) from the lignin with
a fractionation aid: strong acid, base, organic solvents, deep
eutectic solvents, homogeneous or heterogeneous catalysts, or
enzymatic digestion.1,2 This deconstruction process often
generates undesired microbial toxins from phenolic compo-
nents of the cell wall polymers, i.e., from lignin, tannins,
suberin and, for commelinid monocots, the arabinoxylan
bound hydroxycinnamates.3−7 Understanding the chemical
composition of lignin is therefore crucial for optimizing
biomass fractionation steps for the microbial production of
plant-derived fuels and chemicals.

Lignin makes up 10−25% of the plant cell walls. It is a
copolymer formed primarily through the combinatorial radical
coupling of monolignols (ML; p-coumaryl, coniferyl, and
sinapyl alcohols) with the resulting aromatic subunits
abbreviated as 4-hydroxyphenyl (H), guaiacyl (G), and
syringyl (S).8 Some clades of plants acylate the γ-hydroxy
group of a portion of the MLs via dedicated monolignol
acyltransferase enzymes; we will refer to these acylated

monolignols as monolignol conjugates (ML-conj).9 To date,
three classes of monolignol acyltransferases have been
identified and confirmed with in planta studies: p-coumaroyl-
CoA monolignol transferase (PMT),10−14 feruloyl-CoA
monolignol transferase (FMT),15,16 and p-hydroxybenzoyl-
CoA monolignol transferase (pHBMT).17,18 The ML-conjs are
formed in the cytosol and exported to the apoplast where they
are oxidized by laccases and/or peroxidases and radical-couple
with the growing lignin polymer.19,20 The ML-conjs couple to
the growing lignin polymer chain primarily through the ML
moiety of the conjugate. This is because the more electron-
deficient phenolate ester (hydroxycinnamate or hydroxy-benz-
oate) functions as a radical sensitizer for the more electron-rich
monolignol, whereby phenolate ester radicals undergo radical
transfer to MLs over radical coupling.21 During active plant
deposition of lignin (secondary cell wall formation), the flux of
new MLs into the polymerization region outpaces the
temporally limited radical generation, so this radical-transfer
mechanism dominates. As a result, the three most abundant
phenolate esters�p-hydroxy-benzoate (pHB), p-coumarate
(pCA), and ferulate (FA)�remain largely as free-phenolic
pendent groups.22 As the tissue matures (e.g., in heartwood or
as a wound response), the flux of new phenolics decreases,
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allowing for a fraction of the phenolate esters to radical-couple
to other phenolic radicals.

More plant species are being identified as producing
phenolic pendent groups, the most abundant of which are
pCA, found in commelinid monocots that include the grasses
(Poaceae), pHB, that has long been known to be part of
Salicaceae lignins (poplars and willows), and acetate, which is
on the lignin of many plant species.23−27 More recently the
types of phenolic pendent groups and species that produce
them have expanded to include: pCA in the eudicot genus
Morus28 and the distantly related Jute (Corchorus capsu-
laris)29,30 and Kenaf (Hibiscus cannabinus)14 of the eudicot
family Malvaceae, FA in many clades distributed across the
angiosperms,15 pHB in some seagrasses and palms,31−33 and
benzoate (BA) itself at low levels in some palms.34

Regardless of how plant biomass is being processed (strong
acid, base, organic solvents, deep eutectic solvents, hetero-gen-
eous catalytic systems, or via enzymatic digestion), it is
essential to understand the chemical composition of its
primary components to maximize their conversion to liquid
fuels and commodity chemicals. Depending on the biorefinery
structure, the presence of phenolic pendent groups such as
pCA and FA may lead to toxins inhibiting microbial growth,35

generate new or increased amounts of coproducts,36 or alter
the severity of conditions required for lignin removal.16,37

Understanding the diversity of plant species that produce
phenolic pendent groups will enable more consensus around
design when biorefineries look to use single or mixed
feedstocks or when determining a tolerance threshold for
toxins present in those feedstocks. Herein, we explore the
lignin composition of 15 commercially relevant plant species in
13 different families across six of the nine families of the
Rosales order of eudicots.

■ MATERIALS AND METHODS
General Information. All chemicals used were purchased

from Sigma-Aldrich unless otherwise specified.
Plant Material. The sample of Urtica dioica was a 4-month-

old stem tissue segment growing 2−8″ above the ground. The
tissue was harvested by hand from the Wisconsin Energy
Institute’s mixed prairie demonstration plot. After harvest, the
leaves were removed, the stem was washed with water,
segmented into 3” pieces, and lyophilized to <5% moisture.
The dried stem tissue was stored at room temperature until
further processing as described below.

The sample of Cannabis sativa was provided to us by
Highway 69 Hemp Farms after harvest for CBD production.
The tissue used in this study was a segment of mature stem
collected from 2−5″ above the ground.

Samples of the other 13 specimens were purchased from
Firewood Treasures, MD, as part of a wood identification kit;
these samples were sourced from timber that was harvested as
commercial lumber.
Extract-Free Cell Wall (CW) Preparations. The dry

samples were cut into <1″ pieces and placed into 50 mL
stainless steel milling jars with one 25 mm stainless steel ball-
bearing. They were then milled to a fine flour on a Retsch
MM400 shaker operating at 30 Hz for 3 min. The milled
biomass (1 g) was then solvent-extracted with water (3 × 45
mL), 80% ethanol (3 × 45 mL), and acetone (1 × 45 mL).
The extracted biomass was then dried under vacuum and
stored at room temperature in sealed containers in the dark for
the characterization assays.

Enzyme-Lignin (EL) Preparation. A fraction of the dried
biomass CW material (750 mg) was ball-milled in 20 mL agate
jars with 10 × 10 mm agate ball bearings using a Fritsche
Pulverisette 7 planetary ball mill operating at 600 rpm for 35
cycles of 10 min grinding, followed by 5 min rest intervals to
avoid excessive heating. The ball-milled samples (650 mg)
were suspended in 25.5 mM acetate buffer pH 5.0 (45 mL)
and then treated with crude cellulases (Cellulysin, Calbiochem,
20 mg). The samples were then shaken at 250 rpm for 3 days
of incubation at 35 °C. After the initial digestion had been
completed, the samples were pelletized via a centrifuge (10
min at 1777 rcf on an Eppendorf 5810R). The acetate buffer
was then decanted, and the enzymatic digestion was repeated.
After two digestion cycles, the samples were washed three
times with RO water, the solids suspended in the water,
pelleted, and the wash water decanted. Finally, the samples
were frozen at −20 °C and lyophilized (pressure <20 mTorr)
to produce the enzyme lignin (EL).
Quantification of Phenolic Acids by Alkaline Hydro-

ly-sis. Extract-free biomass CW (50 mg) was added to 2 mL
screw-top vials (Sarstedt AG & Co., P/N: 72.694.600). p-
Anisic acid (299.82 μg) was added to the samples as an
internal standard, followed by the addition of 2 M sodium
hydroxide (1 mL). The samples were then heated to 90 °C for
90 min. After the base hydrolysis, the samples were acidified
with 72% sulfuric acid (100 μL) and then placed on ice for at
least 5 min to cool the solution. The samples were centrifuged
at 14,000 rcf for 1 min in an Eppendorf miniSpin Plus to pellet
the suspended solids. The supernatant was removed and
filtered through a 0.2 μm nylon filter into 1.5 mL LC-vials. The
samples were then placed into a batch queue for LC analysis
on a Shimadzu Nexera X2 as described in the Supplemental
Data.
2D HSQC (1H−13C) NMR Spectroscopy of Isolated ELs.

NMR experiments were performed on enzymatically isolated
lignins as previously described.38,39 The EL (10−20 mg) was
dissolved in 500 μL of DMSO-d6/pyridine-d5 (4:1, v/v), using
sonication and occasional vortexing to dissolve all of the solids.
The samples were analyzed using a Bruker Biospin (Billerica,
MA) NEO 700 MHz spectrometer equipped with a 5 mm QCI
1H/31P/13C/15N cryoprobe with inverse geometry (proton
coils closest to the sample). The 1H−13C correlation
experiment was an adiabatic HSQC experiment (Bruker
standard pulse sequence ‘hsqcetgpsisp2.2’; phase-sensitive
gradient-edited-2D HSQC using adiabatic pulses for inversion
and refocusing).40 HSQC experiments were carried out using
the following parameters: acquired from 11.65 to−0.66 ppm in
F2 (1H) with 3,448 data points (acquisition time, 200 ms) and
215 to −5 ppm in F1 (13C) with 618 increments (F1
acquisition time, 8 ms) of 24 scans with a 1 s interscan delay;
the d24 delay was set to 0.89 ms (1/8J, J = 140 Hz). The total
acquisition time for a sample was 6 h. Processing used typical
matched Gaussian apodization (GB = 0.001, LB = −0.5) in F2
and squared cosine-bell in F1 (without using linear
prediction). The spectra were referenced using the central
DMSO solvent peak (δC 39.5, and δH 2.49 ppm). The peak
assignments were performed manually based on previously
reported correlation peaks.41,42 Volume-integration of contours
in HSQC plots was performed manually using fixed rectangular
integration boxes in the TopSpin 4.1.4 software, and no
correction factors were used; that is, the data represent
volume-integrals only. The aromatic signals are reported on a
1

2*S2/6 + G2 = 100% basis and the side chains are reported on
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an Aα + Bα + Cβ = 100% basis, in which A = β-ether, B =
phenylcoumaran, C = resinol.
Pyrolysis of EL in the Presence of TMAH. About 100 μg

of EL was treated with 20 μL of 25 wt % tetramethylammo-
nium hydroxide (TMAH) in methanol. The sample was loaded
into a Frontier Lab pyrolyzer and suspended above the furnace.
The pyrolysis chamber was flushed with helium four times
(pressurized to 18.6 kPa each time) to purge residual air. The
sample was then released from the holder and dropped into the
furnace to flash-pyrolyze at 500 °C, directly injecting the
pyrolysis mixture onto the top of an RXi-5Sil MS column
(Restek, 30 m × 0.25 mm × 0.25 μm) in a Shimadzu GCMS-
2010. The GC was operated at a constant linear velocity of
28.1 cm/s and an initial pressure of 18.6 kPa. The injection
port was set to 300 °C with a split ratio of 50:1. The GC
temperature program started at 50 °C for 2 min, then the
temperature was ramped at 20 °C/min to 100 °C, and the
ramp rate was slowed to 4 °C/min to 150 °C, then to 1 °C/
min to 170 °C before being increased to 10 °C/min to 305 °C
and held at 305 °C for 24.5 min to clean the column. The total
gradient program time was 75 min. The mass-spectrometric
(MS) interface was set to 300 °C and the ion-source
temperature was set at 280 °C. After a 2.7 min solvent cutoff
time, the MS acquired mass spectra from 3−75 min, scanning
from 40 to 800 m/z with an event time of 0.3 s. Compound
identification was performed by extracting target-ion chroma-
tograms, and the relative intensities of three reference ions
were used to validate each compound identity, Table S1. The
relative ion ratios were determined from the MS spectra
present in the NIST 2011 GC−MS library and previous lignin
pyrolysis literature.43−45 The relative abundances of the
compounds in the chromatogram reported in Table 2
represent the relative peak area of the target ion vs the
summation area of all quantified target ions in each sample.
Derivatization Followed by Reductive Cleavage

(DFRC). The incorporation of monolignol conjugates (ML-
pCA and ML-FA) into the lignin was determined using the
ether-cleaving ester-retaining DFRC method previously
established for ML-OH, ML-pCA, and ML-FA conju-
gates.16,46,47 The DFRC protocol used here is as follows:
The lignified cell-wall preparations (10−15 mg of EL or 50 mg
of CW, in duplicate) were stirred in 2-dram vials fitted with
polytetrafluoroethylene (PTFE) pressure-release caps in acetyl
bromide/acetic acid (1/4 v/v, 3 mL). After being heated for
2.5 h at 50 °C, the solvents were removed on a SpeedVac
(Thermo Scientific SPD131DDA, 50 °C, 35 min, 50 Torr/min
ramp down to 0.1 Torr). The crude films were suspended in
absolute ethanol (0.5 mL), dried on the SpeedVac (50 °C, 15
min, 50 Torr/min ramp down to 0.1 Torr), and then
suspended in 1,4-dioxane:acetic acid:water (5/4/1 v/v/v, 5
mL) to which nanopowdered zinc (150 mg) was added. The
vials were then sealed and sonicated for 1 h to ensure a
suspension of solids. The reaction mixtures were then spiked
with a mixture of isotopically labeled internal standards (165.8
μg d8-H, 618.9 μg d8-G, 551.8 μg d8-S, 180.7 μg d10-S-pCA,
160.7 μg d10-G-FA, 162.7 μg d10-S-FA, and 169.7 μg d8-S-
pBA)46 and quantitatively transferred with dichloromethane
(DCM, 2 × 2 mL) into separatory funnels charged with
saturated ammonium chloride (10 mL). The phenolics were
extracted with DCM (3 × 10 mL), the combined DCM
extracts were dried over anhydrous sodium sulfate and filtered,
and the solvents were removed via rotary evaporation (water
bath at 40 °C) under reduced pressure. The free hydroxyl

groups were then acetylated overnight with acetic anhydride
and pyridine (1:1 v/v, 4 mL), after which the solvents were
removed on a rotary evaporator (water bath at 50 °C) to yield
crude oily films. To remove most of the polysaccharide-derived
coproducts, the acetylated mixtures were loaded onto solid-
phase-extraction (SPE) cartridges (Supelco Supelclean LC-Si
SPE tube, 3 mL, P/N: 505048) with DCM (2 × 2.0 mL) and
the purified phenolic products eluted with hexanes:ethyl
acetate (4:1 v/v, 12 mL). The solvents were then removed
by rotary evaporation (water bath at 40 °C) and transferred to
GC vials with DCM for final sample volumes of ∼1 mL.
Samples were analyzed on a triple-quadrupole GC−MS/MS
(Shimadzu GCMS-TQ8030) operating in multiple-reaction-
monitoring (MRM) mode calibrated with a 7-point calibration
curve based on concentration ratio vs peak area ratio of
synthetic standards vs isotopically labeled standards. The GC
program and acquisition parameters are listed in Supporting
Information Tables S2 and S3, respectively.

■ RESULTS AND DISCUSSION
The Rosales encompass many economically important food
crops, species that are harvested for lumber, used in
landscaping, or deployed as cash crops. We recently reported
that mulberry trees (Morus spp.) produced lignins with pCA
pendent groups.28 Interested in identifying closely related plant
species that also produce lignins with pCA pendent groups, we
collected plant specimens across the Rosales to identify how
widely distributed this trait was within this economically
important clade of plants, as shown in Figure 1. The most

distantly related plants studied were found in the Rosaceae, or
rose family, and included hawthorn (Crataegus douglasii) and
common fruit trees such as apple (Malus domestica), pear
(Pyrus spp.), black cherry (Prunus serotina), and plum (Prunus
domestica). Species that are more closely related to the
mulberry include some important exotic and common lumber
species: pink ivory (Berchemia zeyheri, Rhamnaceae), American
elm (Ulmus americana, Ulmaceae), slippery elm (Ulmus rubra,
Ulmaceae), zelkova (Zelkova serrata, Ulmaceae), hackberry
(Celtis occidentalis, Cannabaceae), osage orange (Maclura
pomifera, Moraceae), bloodwood (Brosimum rubescens, Mor-
aceae), and iroko (Milicia excelsa, Moraceae). We also selected

Figure 1. Phylogeny of the species included in this work representing
six of the nine families of the Rosales. Chemical assays with positive
detection of pCA are indicated by a solid orange square; assays with
negative detection (less than the threshold of detection) are denoted
by empty squares.
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hemp (Cannabis sativa, Cannabaceae), which is grown for its
medicinal oils and high-quality fiber, and stinging nettle (Urtica
dioic, Urticaceae), a common invasive weed found in many
agricultural fields and mixed prairies; nettles are used
sometimes to make a tea purported to have health benefits.48

Cell-wall-bound phenolics, such as pCA, FA, or pHB, were
reported to be present in many eudicot plants,49 and some
evidence for the possibility that these were lignin-bound was
presented.24 More recently, the gene for forming the ML-pCA
(monolignol p-coumarate) conjugates was identified from
kenaf,14 a distantly related eudicot, augmenting those
discovered in grasses.10−13 pCA has been associated with
cutin and suberin,50,51 tannins,52 and other metabolites.53−55

For our study, we chose to use a combination of analytical
techniques with varying degrees of sensitivity to provide
evidence that at least a portion of the pCA is bound to the cell
wall as a pendent group.

Mild alkaline hydrolysis of extract-free biomass was first used
to identify the presence of pCA. As hydrolysis cleaves the ester
linkage, the detected free pCA does not retain any information
relating to the chemical origin of the compound, i.e., its
regiochemical attachment. Positive hits for pCA were found in
three families in the Rosales: Moraceae, Urticaceae, and
Cannabaceae (Table 1 and Figure 1). These three families
cluster closely together as indicated by phylogenetic analysis of
the species.56 Of the positive hits, the largest concentration
detected was in Urtica dioica at 29.1 mg/100 g of extractive-
free cell wall (CW) material, followed by Milicia excelsa at 5
mg/100 g. Brosimum rubescens, Celtis occidentalis, and Cannabis
sativa contained 1.6 mg, 0.5 mg, and 1 mg/100 g CW material,
respectively. Although we detected trace levels of pCA in
Maclura pomifera, the level was below the threshold of
quantification for our assay. We also screened for the presence

of ferulic acid, which was found to be present at detectable
levels in our assay in Urtica dioica and Ulmus rubra, Table 1.

Lignin fractions were next enzymatically isolated from the
cell walls and analyzed by 2D HSQC NMR. This provides
chemical characterization data for the lignin polymer and gives
some insight into the relative abundance of the lignin
subunits.57 The HSQC spectra showed strong agreement
with the saponification data (Figures 1 and 2, and Table 1).
Urtica dioica again contained the highest level of pCA among
all of the samples at around 10% calculated based on volume-
integration of the pCA2/6 peak on a 1

2S2/6 + G2 = 100% basis).
In agreement with the saponification trends, Milicia excelsa
contained the second highest concentration of pCA at 2%,
whereas Brosimum rubescens, Celtis. occidentalis, and Cannabis
sativa contained 1% pCA. The only discrepancy between the
two techniques was for Maclura pomifera, in which pCA was
detected at trace levels by saponification but was apparently
below the threshold for detection for HSQC NMR. Also,
contrary to the saponification results, there was not an
identifiable signal for FA in Urtica dioica or Ulmus rubra.

As a quick screening technique, we assayed the isolated
lignins by pyrolysis−GC−MS in the presence of TMAH.
Under such conditions, esters efficiently transesterify to their
methyl counterparts, and phenolic hydroxy groups present in
the sample or formed by pyrolytic cleavage of the lignin
polymer are also methylated.44 Samples that contained pCA
pendent groups were identified by the release of methyl 4-
methoxycinnamate (Figure S2 and Table 2). The screening
assay required the processing of extracted ion chromatograms
to identify the presence of the target ion and the use of
selected fragment ions to confirm the identity; without this
processing, it was difficult to deconvolute some of the target
product peaks from coeluting compounds. Under this analysis,

Table 1. Summary of Characterization Data for the Rosales Samples

a1
2*S2/6 + G2 = 100% monolignol basis.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c11429
ACS Omega 2025, 10, 6220−6227

6223

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c11429/suppl_file/ao4c11429_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11429?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11429?fig=tbl1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c11429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


methyl 4-methoxycinnamate could be observed in Celtis.
occidentalis, Cannabis sativa, Urtica dioica, Brosimum rubescens,
and Milicia excelsa.

The DFRC assay provides chemical evidence that
monolignol conjugates (e.g., ML-pCA and ML-FA) have
been incorporated, during lignification, into the lignin polymer.
DFRC cleaves β-O-4 bonds and releases intact ester-linked
ML-conjugates; the double bond on the cinnamyl moiety
arises only when a β-ether is cleaved.47 Utilizing this property
of the assay, the DFRC results from extract-free biomass CWs
confirmed the release of ML-pCA from Celtis occidentalis,
Cannabis sativa, Urtica dioica, Maclura pomifera, Brosimum
rubescens, and Milicia excelsa. Detectable levels of coniferyl

ferulate esters (G-FA) were also noted from Cannabis sativa,
Urtica dioica, and Milicia excelsa. These results support the
HSQC NMR, saponification, and pyrolysis data regarding the
presence or absence of pCA and indicate that, although
resource intensive, DFRC is perhaps one of the most sensitive
methods for the identification of monolignol conjugates. The
results were consistent with the abundance trends from both
NMR and saponification with Urtica dioica releasing the most
ML-pCA predominantly as S-pCA at 10.6 mg/100 g CW and
ML-FA as G-FA at 4.6 mg/100 g CW, followed by Cannabis
sativa with S-pCA at 4.4 mg/100 g CW and G-FA at 0.2 mg/
100 g CW. Milicia excelsa released more G-FA (0.9 mg/100 g)
than G-pCA (0.1 mg/100 g) and no detectable S-pCA. Celtis

Figure 2. 2D 1H−13C HSQC NMR spectra in DMSO-d6/pyridine-d5 (4:1, v/v), showing the aromatic regions of enzyme lignins (EL) isolated
from representative species of the Rosales. Lignin aromatic subunit structures are shown below the spectra. The substructure units and labels are
color-coded to match the correlation peaks assigned in the spectra.
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occidentalis, Maclura pomifera, and Brosimum rubescens all
released only G-pCA detectable at levels of ∼0.1 mg/100 g
CW. S-FA was not detected from any samples despite being
present in a variety of commelinid monocots.15

■ CONCLUSIONS
Now that the previously accepted notion that only commelinid
monocots have lignin-bound pCA has been overturned, the list
of eudicots confirmed to produce and incorporate ML-pCA
into their lignins continues to expand. Currently, the species
are all in the Rosids, with one species (kenaf) from the Malvids
clade, and this current work reports many species within the
Rosales order of the Fabids. These eudicot species consist of
trees grown for commercial lumber, some crops grown for use
in textiles and for their chemical extractives, and a common
weed found in many agricultural plots. Although the amount of
ML-pCA derived from many of these species is modest
compared to that from many grasses, the presence of polymers
derived in part from the presence of ML-pCA in the
lignification monomer pool indicates some favorable driving
force guiding plants to upregulate their production of the PMT
enzymes that are required for making these conjugates or
augmenting them with other more efficient PMTs. This also
provides us with an array of potential feedstocks from which
we could extract and isolate pCA without the nearly equivalent
level of FA contamination present in grasses, allowing for
simpler purification.
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