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ABSTRACT: Lignin biosynthesis in grasses exhibits unique
metabolic flexibility, yet the precursor-specific routing of carbon
into lignin polymers remains poorly resolved in planta. Here, we
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combine 13C-isotope labeling with solid-state NMR under

sensitivity-enhancement by dynamic nuclear polarization (DNP), \‘\/\COOH sf‘fz/ :f op,, 1
to directly track phenylalanine- and tyrosine-derived carbon @ 130
incorporation into the lignin polymer in Brachypodium distachyon. :
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Precursor-specific '>C labeling reveals that phenylalanine is the O 450
dominant contributor to canonical guaiacyl and syringyl lignins,
whereas tyrosine preferentially enriches hydroxyphenyl lignin and
hydroxycinnamates, including ferulates characteristic of grass cell
walls. Two-dimensional *C—"3C correlation NMR resolves distinct
lignin moieties arising from each precursor. Disruption of p-
coumarate 3-hydroxylase (C3H) selectively impairs phenylalanine-derived lignification, while tyrosine-derived lignin remains
comparatively unchanged, maintaining polymer assembly through alternative metabolic routes. These findings show precursor-
dependent control of lignin composition and reveal tyrosine-mediated lignification as a compensatory pathway in grasses. This work
also establishes precursor-resolved solid-state NMR and DNP as a powerful framework for dissecting lignin biosynthesis and
metabolic plasticity in plant cell walls.
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B INTRODUCTION

Lignin is one of the most structurally complex and abundant
biopolymers in terrestrial plant biomass, second only to
cellulose."” Located in the secondary cell walls of vascular
plants, it provides mechanical support, hydrophobicity for
water transport, and defense against pathogens.” These
functions are essential for plant viability and productivity in
food and bioenergy crops, and reflect the evolutionary

oxidatively polymerized through radical-mediated coupling
reactions to form the lignin macromolecule.'*”"* The pathway
comprises sequential deamination, hydroxylation, and methyl-
ation steps catalyzed by a suite of specialized enzymes,
including phenylalanine ammonia-lyase (PAL), cinnamate 4-
hydroxylase (C4H), p-coumarate 3-hydroxylase (C3H), p4-
coumarate-CoA ligase (4CL), caffeoyl shikimate esterase
(CSE), ferulate S-hydroxylase (FSH), and caffeate O-
methyltransferase (COMT)."”

advantage conferred by lignification during land plant
colonization.”® At the same time, lignin’s heterogeneous and
highly cross-linked polyphenolic structure presents a major
barrier to biomass conversion and utilization.”” In the context
of biofuel production, its resistance to enzymatic saccharifica-
tion and chemical extraction limits the efficient release of
fermentable sugars, posing challenges for sustainable bioenergy
and bioproduct development.*’

At the biochemical level, lignin is synthesized through the
phenylpropanoid pathway, which converts the aromatic amino
acids phenylalanine (Phe) and, in monocots, also tyrosine
(Tyr), into monolignol precursors. These intermediates,
including p-coumaryl alcohol, coniferyl alcohol, and sinapyl
alcohol, give rise to the hydroxyphenyl (H), guaiacyl (G), and
syringyl (S) monolignol subunits, respectively.'’”'* After
synthesis, monolignols are exported to the cell wall and
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American Chemical Society
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In dicotyledonous plants such as Arabidopsis thaliana, flux
into the phenylpropanoid pathway occurs exclusively through
Phe via PAL.'*™Y Interestingly, commelinid monocots,
including grasses, have bifunctional phenylalanine/tyrosine
ammonia-lyases (PTALs), which can deaminate both phenyl-
alanine and tyrosine to generate cinnamic acid and p-coumaric
acid, respectively."®™>" This additional entry point introduces
greater metabolic flexibility and may contribute to the distinct
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Figure 1. '*C Solid-state NMR reveals differential aromatic precursor incorporation into lignin. (A) 1D *C CP spectra of Brachypodium root
samples labeled with '*C-Phe, '*C-Tyr, and "*C-glucose (black), or with only *C-glucose (pale yellow). (B) Magnified view of the aromatic and
carbonyl region showing carbon signals of guaiacyl (G), ferulate (FA), and syringyl (S) monolignol units. The simplified structures and carbon
numbers of G and S are shown on the right side. (C) 1D '*C CP spectra of *C-Phe-labeled root (black), stem (orange), and leaf (blue). The
asterisk denotes the dominant carbohydrate peak at 73 ppm that is not '*C-enriched (from natural abundance of '*C present in unlabeled
carbohydrates); this peak was used as the reference for intensity normalization. (D) Overlay of 1D *C CP spectra collected on root samples
enriched using '*C-Phe (black) and "*C-Tyr (orange), alongside an unlabeled control (blue). Labeling with '*C-Phe yields higher aromatic signal
intensity than *C-Tyr. (E) Histogram of lignin incorporation index values reflecting relative extent of *C enrichment in lignin in each sample
relative to unlabeled sample, calculated from aromatic-region integrals (108—16S ppm) normalized to the unlabeled control and scaled to the 73-
ppm carbohydrate peak. The open circles in light brown represent the *C-labeling percentage of each sample, projected to the y-axis on the right
(Supporting Text). (F) Spectral deconvolution of the partially overlapping G/FA3,4 (orange dashed) and S3,5 (purple dashed) peaks in '*C-Phe-
labeled (top) and '*C-Tyr-labeled (bottom) root samples. Numbers indicate the molar percentages of S and G units. Experimental (Exp; black)
and simulated (Sim; blue) spectra are shown.

structural and compositional features of grass lignins, including To achieve this, here we use solid-state NMR spectroscopy,
their elevated proportion of hydroxyphenyl subunits and the which allows direct probing of insoluble and heterogeneous
unique incorporation of tricin and other flavonoid-derived biopolymers in situ without chemical extraction or degrada-
moieties.””*" Despite these observations, the relative con- tion.”>~** Solid-state NMR has been widely used to investigate
tributions of Phe- and Tyr-derived precursors to lignin the organization of cellulose, hemicellulose, and lignin in plant
biosynthesis in grasses remain poorly resolved. In particular, cell walls and to characterize interactions between poly-

it is unclear to what extent Phe or Tyr-derived p-coumarate
pools are diverted into the monolignol pathway versus diverted
the flavonoid or soluble phenolic branches, and how metabolic
flux through these dual entry points responds to genetic
perturbations.””” These uncertainties limit efforts to rationally
engineer hgr-un ComPOSItlgg,zf;)r improved biomass digestibility Nuclear Polarization (DNP), a sensitivity-enhancement
and processing efficiency.

Stable isotope labeling offers a powerful approach to trace
metabolic flux and to distinguish the fates of individual
precursor pools.'”***’ Feeding '*C-labeled Phe or '*C-Tyr
enables monitoring of label incorporation into lignin and

saccharides and lignin.”** Nevertheless, the intrinsically low
sensitivity of solid-state NMR, particularly for 13C nuclei, has
constrained its application in isotope-tracing studies, especially
when labeling levels are low or spectral complexity is high.
Therefore, we combined solid-state NMR with Dynamic

technique that transfers polarization from unpaired electrons
to NMR-active nuclei under microwave irradiation, increasing
signal intensity by one to 2 orders of magnitude in complex
biological solids.””~** When coupled with 2D correlation

downstream phenylpropanoid metabolites using mass spec- experiments, DNP-enhanced solid-state. NMR has been
trometry.'****" To extend these molecular insights to intact employed to enable detailed mapping of incorporation sites,
cell walls, complementary approaches are required that can interunit linkages, and spatial organization within lignocellu-
probe the native polymeric architecture of lignin, where lose.”** To date, most solid-state NMR studies have focused
molecular packing, interunit linkages, and interactions with on static architecture rather than how metabolic inputs shape
polysaccharides are preserved. polymer structure in planta. The present study bridges this gap
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and directly links metabolic entry points to lignin polymer
composition within intact biomass.

This integrated approach is applied to Brachypodium
distachyon, a model grass that uses the most common C3
form of photosynthesis and is widely used for bioenergy and
developmental research due to its small genome, short life
cycle, and phylogenetic proximity to major cereals.”” In
addition to wild-type plants, we examine a C3H mutant that
disrupts a key 3-hydroxylation step in the phenylpropanoid
pathway. C3H catalyzes the conversion of p-coumaric acid to
caffeic acid, a precursor leading to G and S monolignols; loss-
of-function mutations reduce lignin content and shift
composition, making this mutant an informative system to
track precursor incorporation.”’ By feeding '3C-labeled Phe
and Tyr to Brachypodium plants, we track the incorporation of
both precursors into lignin in both genotypes. This work
provides new insight into the differential utilization of aromatic
amino acid precursors in grass lignification and into how
pathway perturbation reshapes flux through the phenyl-
propanoid pathway. It also establishes a method combining
isotopic labeling, reverse genetic analysis, and DNP-enhanced
solid-state NMR to understand lignin biosynthesis during cell
wall assembly and to support future efforts in plant engineering
for improved energy and biomaterial applications.

B RESULTS

Precursor-Specific '*C Labeling Reveals Tissue-Dependent
Lignin Incorporation

To investigate how aromatic amino acid precursors contribute
to lignin biosynthesis, we used isotope labeling strategies using
uniformly C-labeled phenylalanine, tyrosine, and glucose in
Brachypodium distachyon. Samples were labeled individually
with each precursor, as well as with a combination of all three
to separate general metabolic carbon incorporation from
lignin-specific biosynthetic flux. We first evaluated the impact
of 3C-glucose labeling as a reference for bulk metabolism.>" As
expected, the resulting *C CP-MAS spectrum was dominated
by intense signals in the 60—10S ppm region, corresponding to
widespread incorporation of glucose-derived carbon into
cellulose and hemicellulose (Figure 1A). In contrast, lignin-
derived aromatic signals were comparatively weak and only
became apparent upon magnification of the 110—190 ppm
region, where resonances characteristic of G, ferulate (FA),
and S units were observed (Figure 1B). The addition of *C-
Phe and "*C-Tyr did not alter the carbohydrate region but
produced discernible changes in aromatic signal intensity and
pattern (Figure 1B), indicating that aromatic amino acids
contribute specifically to lignin labeling beyond bulk glucose
metabolism.

The aromatic amino acids phenylalanine and tyrosine enter
lignin biosynthesis through the phenylpropanoid pathway.’' In
grasses, the presence of PTAL allows both amino acids to be
directly deaminated and routed toward monolignol forma-
tion."®*° This metabolic feature provides an opportunity to
compare how different aromatic amino acid precursors are
incorporated into lignin and how carbons from Phe and Tyr
are distributed across plant tissues.””

We therefore examined tissue-specific incorporation in root,
stem, and leaf tissues. The 1D *C CP spectra revealed distinct
aromatic resonances near 153, 130, and 115 ppm, correspond-
ing to G/FA- and S-lignin carbons (Figure 1C). After
normalization to the unlabeled carbohydrate resonance, root

tissues exhibited the highest aromatic signal intensity, followed
by stem and then leaf. Because the '*C-labeled precursors were
supplied through the growth medium, uptake occurs primarily
through the root system, which may contribute to the higher
labeling observed in roots. This tissue-dependent trend is also
consistent with established lignification gradients in grasses,
where vascular bundles and pericycle tissues in roots undergo
extensive secondary cell wall deposition and lignin biosyn-
thesis.” >~

A parallel analysis of '*C-Tyr-labeled samples revealed the
same tissue-dependent trend, with roots showing the highest
aromatic signal intensity and substantially weaker signals in
stems and leaves (Figure S1). This trend was consistently
observed across all tissues examined, with aromatic signal
intensity decreasing from root to stem to leaf, which confirmed
that lignification is tightly regulated at the tissue level,
independent of precursor identity. Given the robust aromatic
labeling in roots, we focused subsequent analyses on Phe- and
Tyr-labeled root tissues.

Direct comparison with an unlabeled control confirmed that
both *C-Phe and "*C-Tyr enhanced lignin-associated signals,
as evidenced by the appearance of resonances assigned to S
and G/FA units (Figure 1D). Although grasses are generally
known to contain a higher proportion of S units than G units,
S-lignin peaks observed in our spectra were weak across all
tissues compared with G/FA, suggesting that phenylalanine
and tyrosine are preferentially incorporated into G rather than
S units. Notably, Phe-labeled roots consistently exhibited
higher aromatic signal intensity than Tyr-labeled roots across
lignin-specific regions, indicating more efficient routing of
phenylalanine-derived carbon into lignin. This observation is
consistent with the higher phenylalanine ammonia-lyase
activity and greater flux through phenylalanine in grass
phenylpropanoid metabolism.””***" In contrast, the lower
aromatic signal intensity observed with tyrosine labeling may
reflect differences in precursor uptake, PTAL kinetics, or
diversion of tyrosine into competing metabolic pathways.’**’

To assess precursor utilization, we defined a lignin
incorporation index representing the fold increase in aromatic
lignin signal relative to the unlabeled control, normalized to
the highest carbohydrate peak at 73 ppm. After accounting for
natural *C abundance and residual unlabeled lignin con-
tributions, this index was converted to '*C-labeling percentages
(Figure 1E and Supporting Text). In root tissues, the lignin
incorporation index decreased from 29 to 12 when the
precursor was switched from "*C-Phe to '*C-Tyr, correspond-
ing to a reduction in labeling from 31% to 13%. Thus,
phenylalanine exhibits approximately 2—3-fold higher incor-
poration into lignin than tyrosine. A similar reduction in
precursor incorporation was observed in stems and leaves
(Figure S2).

Beyond differences in overall incorporation efficiency, the
two precursors also showed distinct preferences for lignin
subunit incorporation. Spectral deconvolution of the aromatic
region revealed changes in the relative contributions of signals
in G/FA carbons 3 and 4 at 147 ppm versus S-lignin carbons 3
and S at 153 ppm. In '*C-Phe-labeled roots, G/FA units
accounted for 87% of this region, whereas S units comprised
13% (Figure 1F). In contrast, "*C-Tyr-labeled roots showed a
shifted ratio of 71:29. These differences suggest precursor-
dependent modulation of lignin composition, with *C-Tyr
being incorporated more efficiently than '*C-Phe into S units.
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Figure 2. DNP-enabled 2D *C-"3C spectra reveals precursor-specific lignin labeling in wildtype root. (A) Dynamic nuclear polarization (DNP)
enhancement of NMR sensitivity in 1D *C CP spectra of '*C-Phe-labeled wild-type roots acquired with (top) and without (bottom) microwave
(MW) irradiation. The DNP enhancement factor (&) is 11. (B) Representative full 2D *C—"3C correlation spectrum measured with a 100 ms
DARR mixing time on a '*C-Tyr-labeled wildtype root sample. Black dashed boxes highlight unlabeled (**C) protein/lipid and carbohydrate signals
arising from natural isotopic abundance, which show only diagonal peaks and their spinning sidebands (ssb). The magenta dashed box highlights
13C-labeled lignin, which exhibits additional off-diagonal intramolecular cross-peaks. (C) High-contour-threshold plots of the lignin region from 2D
spectra of wildtype root samples labeled with '*C-Phe (blue) or *C-Tyr (purple). The contours start at 10% (for '*C-Phe-labeled sample) and 6%
(for *C-Tyr-labeled sample) of the maximum intensity in the aromatic region, corresponding to the diagonal peak at (105, 105 ppm). Contour
levels increase by a multiplication factor of 1.07. The predominant signals correspond to G-lignin. (D) Simplified structures of different monolignol
units, with carbon numbering in black and corresponding "*C chemical shifts annotated in gray. (E) Low-contour-threshold plots of the lignin
region from 2D spectra of wild-type root samples labeled with *C-Phe (blue) or "*C-Tyr (purple), revealing additional signals from S, FA, and H
units. Red dashed boxes indicate characteristic positions expected for pCA units, which were not observed, likely due to their low abundance. The
contours start at 3% (for *C-Phe-labeled sample) and 2% (for '*C-Tyr-labeled sample) of the maximum intensity in the aromatic region,
corresponding to the diagonal peak at (105, 10S ppm). Contour levels increase by a multiplication factor of 1.07.

DNP-Enhanced 2D Correlation Spectra Reveal
Precursor-Specific Lignin Substructures

reduces NMR experimental times by 100—1600-fold (Figure
S4), thereby enabling collection of 2D "*C—"C correlation

The limited sample quantity and partial *C-labeling precluded spectra for detailed analysis of lignin structure.

multidimensional correlation analysis using conventional solid-
state NMR. Therefore, we employed DNP to overcome this
sensitivity limitation, which enhances NMR intensity by
transferring polarization from unpaired electrons in the stable
biradical Asympol-POK to nearby nuclei.’”*>**** The DNP
enhancement, quantified by comparing spectra acquired with
and without microwave irradiation, was approximately 11-fold
for the '*C-Phe-labeled root sample (Figure 2A) and 8-fold for
the *C-Tyr-labeled root, with enhancement factors of 38—42
observed for other Brachypodium samples (Figure S3). This

14549

The resulting 2D "“C—"C correlation spectra exhibited
intense intramolecular cross-peaks arising from lignin, due to
effective incorporation of '*C-labeled precursors. In contrast,
carbohydrates, proteins, and lipids remained largely unlabeled.
As a result, these molecules contributed primarily to diagonal
signals and their associated spinning sidebands, without
generating off-diagonal cross-peaks (Figure 2B). Therefore,
these labeling schemes allowed for unambiguous resolution of
lignin structure against the complex cellular background. In
addition, because the methoxy groups of lignin are introduced

https://doi.org/10.1021/jacs.6c02462
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Figure 3. Impact of C3H knockdown on lignin biosynthesis from precursors in Brachypodium root. (A) Overlay of 1D '*C CP spectra from "*C-
Phe-labeled (top) and *C-Tyr-labeled (bottom) root samples for WT (black) and C3H-knockdown plants (orange). The '*C-Phe-labeled mutant
shows a marked reduction in lignin-associated signal intensity. Asterisk: the highest peak of unlabeled carbohydrate used for spectral intensity
normalization. (B) Bar graph comparing lignin incorporation indices in WT (frosted blue) and mutant (yellow) roots labeled with '*C-Phe (left) or
BC-Tyr (right). The open circles in light brown represent the *C-labeling percentage of each sample, projected to the y-axis on the right. (C)
Simplified phenylpropanoid pathway highlighting the role of C3H in converting p-coumaric acid (pCA) to caffeic acid (CA), a key step channeling
Phe-derived metabolites toward lignin biosynthesis. Phe enters upstream via PAL and proceeds through C3H, whereas Tyr enters via PTAL at p-
coumarate, bypassing PAL, consistent with the reduced sensitivity of Tyr-derived lignin to the mutation.

by S-adenosyl-L-methionine-dependent O-methylation during
monolignol biosynthesis, their methyl carbons originate from
the general metabolic carbon pool rather than directly from the
supplied '*C-Phe or 'C-Tyr precursors; consequently,
methoxy-aromatic cross peaks were not observed in the
spectra (Figure 2B).

To visualize lignin signals of different intensities, the spectra
were examined at multiple contour thresholds, where the
contour threshold refers to the starting contour level expressed
as a percentage of the maximum spectral intensity. A high
contour threshold displays fewer signals, primarily from the
dominant species, whereas a low contour threshold reveals
more signals, including those from minor species.

At high contour thresholds, which emphasize dominant
molecules while filtering out minor components, the spectra
were dominated by signals characteristic of G-lignin (Figure
2C). Prominent cross-peaks included correlations between
C2/5 and C1 (G2/5—1) and between the C2/5 and C3/4
(G2/5—3/4). These features were consistently observed in
root samples labeled with either *C-phenylalanine or "*C-
tyrosine, demonstrating that both precursors contribute to G-
lignin incorporation in Brachypodium cell walls.

When the contour threshold was lowered in order to detect
lower-abundance components, numerous additional cross-
peaks emerged in both root samples, corresponding to S-
lignin, H-lignin, and FA units (Figure 2D,E). Ferulate-derived
signals were readily identified by correlations involving its
carbonyl carbon (C9), which resonates at 168—170 ppm,
including FA2/5/8—9, FA1/6—9, and FA3/4/7—9 cross-
peaks.' " Signals from syringyl lignin were resolved primarily
through its distinctive aromatic carbons C2 and C6, which
resonate uniquely upfield at 102—108 ppm, as well as through
C3 and CS, the methoxylated ring carbons resonating at 153—
155 ppm. Accordingly, the characteristic $2/6—3/5 correlation
appeared at approximately (104 ppm, 153 ppm), accompanied
by additional resolved cross-peaks such as S2/6—1 and S2/6—
4. Hydroxyphenyl lignin was identified by H3/5—4 and H2/
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6—4 cross-peaks, resolved through its C4 carbon at around 160
ppm. This pronounced change in chemical shift arises from
strong electron withdrawal (deshielding) of the aromatic
carbon directly bonded to a phenolic oxygen, further
accentuated by the absence of methoxy substitution, which
leaves C4 more electronically exposed.

Compared to 13C-Phe-labeled root, the 13C-Tyr-labeled root
exhibited relatively stronger FA signals (Figure 2E), indicating
that tyrosine preferentially labels ferulate moieties, which are
abundant constituents of grass cell walls.'”* We next
searched for signals from p-coumarate (pCA), a closely related
hydroxycinnamate that lacks the ring methoxy substitution
present in FA. However, we did not observe cross-peaks at the
characteristic pCA C4/C9 chemical shifts (160 ppm, 168 ppm;
dashed boxes in Figure 2E).®* Because these carbons are only
three-bond apart, such correlations should be detectable if pCA
were abundant; therefore, the absence of the C4—C9 cross
peak suggests that the fraction or labeling percentage of pCA
was low under these conditions. While plants grown in soil or
pots in the greenhouse have shown a reasonable level of pCA,
the lack of their signals here could be due to the growth stage
used here, namely five-week-old plantlets, or to the growing
conditions using culture tubes.

Analysis of C3H Mutant Reveals Precursor-Specific
Sensitivity to Lignin Pathway Disruption

To determine how disruption of the phenylpropanoid pathway
alters precursor-specific lignin incorporation, we examined "*C-
phenylalanine- and '*C-tyrosine-labeling in C3H-knockdown
mutant of Brachypodium.”® C3H catalyzes the 3-hydroxylation
of p-coumaric to caffeic acid, a central step required for the
biosynthesis of guaiacyl and syringyl monolignols.”"*° In root
tissues, comparison with wild-type plants revealed a
pronounced reduction in aromatic signal intensity in the
C3H-deficient mutant for '*C-phenylalanine-labeled samples
(Figure 3A), indicating substantially diminished incorporation
of phenylalanine-derived carbon into lignin when C3H activity
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Figure 4. Altered lignin composition in C3H mutant revealed by DNP-enhanced 2D '*C-"*C spectra. (A) DNP enhancement of NMR sensitivity in
1D *C CP spectra of *C-Phe-labeled C3H mutant roots acquired with (top) and without (bottom) microwave (MW) irradiation; the DNP
enhancement factor (&,,/04) is 42. (B) DNP-enhanced 2D '*C—'*C DARR spectra of WT (left, blue) and C3H (right, purple) roots labeled with
3C-Phe (top) or *C-Tyr (bottom). Distinct aromatic and side-chain correlations from p-hydroxyphenyl (H), guaiacyl (G), syringyl (S), and
ferulate (FA) units are observed. Spinning sideband: ssb. Contours start at 1.7% (WT) and 1.0% (C3H) for the spectra of '*C-Phe-labeled samples,
and 1.2% (WT) and 0.7% (C3H) for the spectra of *C-Tyr-labeled samples, relative to the maximum intensity in the aromatic region (diagonal
peak at 105, 10S ppm). Contour levels increase by a multiplication factor of 1.07—1.08 for all the four spectra. (C) Relative lignin-component ratios
in the mutant for *C-Phe-labeled (left) and '*C-Tyr-labeled (right) roots, expressed relative to WT. (D) Molar composition of lignin in '*C-Phe-
labeled (top) and "*C-Tyr-labeled (bottom) roots of WT (left) and C3H (right); different lignin units are color-coded.

is disrupted. In contrast, this reduction was not observed in
B3C-tyrosine-labeled roots, which showed only subtle differ-
ences in aromatic signal intensity between wild-type and C3H
genotypes. This divergence suggests that tyrosine-derived
lignin biosynthesis is comparatively insensitive to C3H loss,
potentially reflecting its distinct metabolic routing or
redirection toward H-lignin.sz’65

In roots, the lignin incorporation index for phenylalanine
decreased from 29 in wildtype plants to 20 in the C3H mutant,
whereas the tyrosine-derived index remained largely un-
changed at approximately 12 (Figure 3B). A similar, though
less pronounced, preferential decline in 13C-Phe-labeled lignin
was observed in stem tissues (Figure SS), where the index
decreased from 10 to 8, while no consistent precursor-
dependent differences were detected in leaves, consistent with
their low lignin content (Figures 3B and S6). These results
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indicate that the impact of C3H disruption on precursor
incorporation is both precursor- and tissue-dependent.

This differential sensitivity can be explained by the distinct
metabolic entry points of the two precursors within the
phenylpropanoid pathway. Phenylalanine enters through the
canonical route via PAL, proceeding through cinnamic acid
and p-coumarate to caffeic acid before incorporation into
lignin. In contrast, tyrosine enters downstream via PTAL
directly at the level of p-coumarate (Figure 3C). This partial
bypass of upstream steps reduces the dependence of tyrosine-
derived lignin biosynthesis on C3H-mediated hydroxylation,
explaining the relative resilience of tyrosine labeling to C3H
disruption.””*”> The C3H knockdown mutant was then
analyzed using DNP, yielding sensitivity enhancements of
22-fold for the "*C-Phe-labeled root sample (Figure 4A) and
18-fold for the *C-Tyr-labeled root sample (Figure S3). The
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resulting 2D "C—"3C correlation spectra revealed that
disruption of C3H led to substantial remodeling of lignin
composition rather than a uniform reduction in lignin content
(Figure 4B).

Notably, ferulate-derived signals responded in a precursor-
dependent manner. In '*C-Phe-labeled roots, FA cross-peaks
were substantially enhanced in the C3H mutant compared
with wildtype, whereas in '*C-Tyr-labeled roots, FA signals
were reduced upon C3H disruption (Figures 4B and S7).
Intensity analysis confirmed a 1.8-fold increase in FA content
in the mutant when '*C-Phe was used as the precursor, but a
decrease to 64% of wildtype levels when C-Tyr was used
(Figure 4C). As a result, FA accounted for 18% of detected
monolignol units in '*C-Phe-labeled wild-type roots but
increased to 32% in the C3H mutant (Figure 4D). In contrast,
FA content in *C -Tyr-labeled roots decreased from 30% in
wildtype to 19% in the mutant.

Spectral comparison further revealed a selective increase in
H-lignin in the C-Tyr-labeled C3H mutant relative to the
wild type, as evidenced by the enhanced H3/5—4 cross-peak
(Figure 4B). Quantitative analysis showed that H-lignin
intensity increased by approximately 2.6-fold in the mutant
compared with wild type (Figure 4C), with its molar fraction
rising from 10% to 26% (Figure 4D). These results indicate
that, upon C3H disruption, tyrosine-derived intermediates are
less efficiently retained within the hydroxycinnamate pool,
specifically cell-wall-bound ferulates, and are instead redirected
toward incorporation into H-type lignin.

In addition, G-lignin exhibited a moderate decline only in
the *C-Phe-labeled C3H mutant. In this condition, approx-
imately three-quarters of the G-lignin signal intensity was
retained relative to the wildtype (Figure 4C), corresponding to
a decrease in molar fraction from 52% to 39% (Figure 4D). No
comparable reduction was observed in '3C-Tyr-labeled
samples, in which the G-lignin fraction remained stable at
~40% of total lignin. This precursor-specific trend mirrors the
preferential loss of G-lignin signals observed for '*C-Phe
labeling in the 1D '*C spectra (Figure 3A), suggesting that G-
lignin formation is selectively sensitive to C3H disruption in
the phenylalanine-derived pathway.

Because these results were used to trace "*C incorporation
from labeled phenylalanine and tyrosine into lignin, the NMR-
derived fractions were interpreted as the relative proportions of
lignin that incorporated BC from the supplied precursors,
rather than as absolute quantification of total lignin content.
Although total lignin abundance was not measured in this
study, the observed compositional trends provide meaningful
insight into how precursor incorporation influences the relative
distribution of lignin monomers in both wild-type and mutant
plants.

Tyr- and Phe-Driven Lignification Reveals
Pathway-Specific Control by C3H in Grasses

Our results show that disruption of C3H elicits a precursor-
dependent reorganization of lignin biosynthesis in Brachypo-
dium. Phe-derived lignin is sensitive to C3H loss, showing
reduced overall incorporation, overaccumulation of cell wall-
bound FA and a concomitant decline in G-lignin. In contrast,
Tyr-derived lignin exhibits a more buffered response to C3H
disruption, maintaining overall incorporation into G-lignin and
redistributing carbon away from free hydroxycinnamate pools
toward H-lignin.

Overall, the solid-state NMR observations of lignin structure
in C3H-deficient Brachypodium mutants grown under Tyr- and
Phe-labeling conditions support a model in which lignification
in grasses is modular and pathway-specific. These responses are
best explained by a dual-route model of lignification in grasses,
in which a Tyr-derived cytosolic soluble pathway and a Phe-
derived canonical ER-localized pathway contribute differently

to lignin and hydroxycinnamate biosynthesis (Figure 5).°%>*
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Figure S. Distinct entry points of Phe and Tyr into phenylpropanoid
metabolism. Schematic overview of the early phenylpropanoid steps
focused on the two upstream routes. Phenylalanine enters the
canonical ER-localized shikimate-ester pathway (blue), whereas
tyrosine enters a soluble/free-acid pathway (yellow). Solid-state
NMR-observed content changes in Tyr- or Phe-labeled samples are
annotated in magenta for an increase (+), decline (—), or no change
(nc). Dash lines indicate paths where multiple reactions are needed.

More specifically, phenylalanine is deaminated to cinnamic
acid and converted to p-coumaroyl-CoA through the
shikimate-ester pathway, which supports the formation of H-,
G-, and S-lignin deposition via membrane-associated cyto-
chrome P450 p-coumaroyl shikimate 3’-hydroxylase (C3'H)
and FSH/COMT-dependent reactions. In contrast, tyrosine
forms p-coumarate directly via PTAL and proceeds through a
soluble route (or free-acid pathway) that requires the 3-
hydroxylation of pCA to produce caffeic and ferulic acids.
Under C3H knockdown, the soluble pathway is impaired,
and Tyr-derived p-CA cannot be efficiently 3-hydroxylated in
the absence of functional C3H, leading to the increased
incorporation of labeled Tyr into H-units (Figure S). At the
same time, the pools of *C-Tyr required for FA and S-lignin
formation are restricted. Notably, Tyr-derived G-lignin
remained near wild-type levels, suggesting that C3H restricts
flux mainly through the soluble pathway, with no impact on
the shikimate ester route. In contrast, the PAL pathway
remains active and Phe-derived phenylpropanoid flux con-
tinues to enter the canonical route. Reduced G-lignin
deposition derived from the canonical pathway in the C3H
lines can be explained by the ascorbate peroxidase activity of
C3H, which may contribute to lignin polymerization in the cell
wall.®® This may promote carbon repartitioning, consistent
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with the increased incorporation of '*C-Phe into cell wall-
bound FA pools. Moreover, the levels of '*C-Phe incorporated
into S-lignin were consistent with buffering at downstream
steps of the canonical pathway, likely via FSH and COMT
branch, maintaining Phe-labeled S-lignin near wild-type levels
despite perturbations in the free phenolic acids route. In
addition to differences in subcellular localization, these parallel
pathways may reflect cell type-specific contributions to
lignification, with the soluble Tyr route providing hydrox-
ycinnamates and S-lignin to fiber cells during stress-induced
lignification, and the canonical Phe-derived route supporting
developmental lignification in xylem vessels.'”**

B DISCUSSION

The *C-detected solid-state NMR and DNP results presented
here establish that lignin biosynthesis in Brachypodium
distachyon is strongly shaped by precursor identity, both
under native conditions and in response to pathway
perturbation. Precursor-resolved '*C-labeling combined with
DNP-enhanced solid-state NMR demonstrates that phenyl-
alanine and tyrosine contribute to lignin through distinct
metabolic routes, conferring differential effects on polymer
composition and robustness. These findings reveal that
lignification in grasses is regulated not only by enzymatic
capacity within the phenylpropanoid pathway, but also by the
routing and utilization of specific aromatic amino acid pools.

In grasses, both phenylalanine- and tyrosine-derived path-
ways contribute to lignin biosynthesis and are essential for cell
wall formation and plant development.'® Consistent with this,
disruption of lignin biosynthesis such as in Brachypodium
distachyon c3h mutants leads to severe growth defects including
dwarfism, delayed senescence, and reduced seed viability.’
Moreover, several other enzymes in the phenylpropanoid
pathway derived from phenylalanine and tyrosine metabolism
can also be engineered, and perturbations in these enzymes
similarly affect lignin biosynthesis.”

Although metabolic flexibility in grass lignification has been
recognized, the extent to which precursor identity itself
governs lignin structure in planta has remained unclear.®"®’
By directly tracing precursor-derived carbon into intact cell
walls, this study shows that phenylalanine is incorporated more
efficiently into the lignin polymer (Figure 1D,E), whereas
tyrosine contributes less to total lignin accumulation but
preferentially enriches noncanonical subunits, including
ferulate- and hydroxyphenyl-associated motifs (Figure 2E).
This divergence establishes precursor entry point as a critical
and previously under%ppreciated determinant of lignin
heterogeneity in grasses. °

These observed differences are consistent with the
organization of the phenylpropanoid pathway in grasses.
Phenylalanine enters through the canonical PAL-mediated
route that supports high flux toward guaiacyl and syringyl
monolignols, whereas tyrosine enters downstream via PTAL, a
feature unique to grasses.'®***”7® Although PTAL-mediated
entry supports lignification, the lower overall incorporation of
tyrosine-derived carbon suggests that this route functions as a
secondary input that preferentially supplies structurally distinct
lignin subunits rather than maximizing polymer yield.

A key implication of this aromatic amino acid precursor-level
organization is revealed under pathway perturbation. Dis-
ruption of C3H does not simply reduce lignin deposition, but
instead induces pronounced, precursor-dependent remodeling
of lignin composition. Phenylalanine-derived lignin is highly

sensitive to C3H loss, showing reduced guaiacyl incorporation
and increased ferulate accumulation (Figures 3A and 4D),
whereas tyrosine-derived lignification remains comparatively
resilient, maintaining overall polymer assembly despite marked
shifts in subunit composition (Figure 4C,D).

This resilience highlights an important functional role for
PTAL-mediated entry into the phenylpropanoid pathway.
Because tyrosine enters at the level of p-coumarate, down-
stream of PAL and partially decoupled from upstream control
points, tyrosine-derived flux is less constrained by C3H
disruption.””*> Consequently, lignification can be sustained
even when canonical monolignol biosynthesis is impaired,
though with altered subunit composition, positioning tyrosine-
mediated flux as a buffering mechanism that preserves cell-wall
integrity under constrained phenylpropanoid flux.”””"”*

The increased incorporation of hydroxyphenyl units in
tyrosine-labeled C3H mutants further suggests that tyrosine-
derived intermediates are redirected toward less substituted
lignin structures under constrained flux. Such H-rich lignin has
been associated with altered cross-linking and increased
chemical accessibility, properties that may influence wall
mechanics, stress responses, and biomass recalcitrance.”>™"°
From an evolutionary perspective, PTAL-mediated lignifica-
tion may therefore represent an adaptive strategy that enhances
cell-wall robustness under fluctuating metabolic or environ-
mental conditions.””

Interpreting the precursor-dependent lignin remodeling
observed here by '*C-detection relies on recent advances in
high-resolution solid-state NMR and an expanding body of
lignocellulose data.”®””® Multidimensional *C correlation
experiments, fast magic-angle spinning 'H-detection, DNP
enhancement, and selective polarization transfer techniques
have revealed that cell-wall polymers are not randomly
assembled but instead form a chemically and spatially
organized network.”” ™% In particular, xylan adopts a defined
2-fold flat-ribbon conformation when bound to cellulose
microfibrils and stabilizes lignin-polysaccharide interactions
through its 3-fold conformation, reframing the secondary cell
wall as a regulated interpolymer network.”>*~%

The "3C solid-state NMR and DNP approaches applied in
the present study preserves native polymer context while
enabling observation of precursor-derived carbon—carbon
correlations in neo-synthesized and polymerized lignin.
Labeling efficiencies reflect relative flux rather than absolute
composition, and extension to additional tissues, developmen-
tal stages, or environmental conditions will further test the
generality of precursor-dependent lignification. At the same
time, we could not detect signals of tricin, which is typically
reported to be incorporated as a lignin end group in grasses.
This may be due to its low abundance in Brachypodium,
accounting for only 0.5 wt % even in the aerial tissues where
tricin is more abundant,”>”° which makes it difficult to detect
by solid-state NMR; therefore, follow-up studies are required
to evaluate its role.

More broadly, the findings demonstrate that lignin
composition in grasses is governed not only by enzyme
activity but also by the availability and routing of precursor
pools. This precursor-level control provides an additional lever
for modulating lignin architecture and suggests new strategies
for engineering biomass with improved processing character-
istics.”””” By revealing tyrosine-mediated lignification as a
compensatory and flexible pathway, this work advances our
understanding of grass cell-wall metabolism and highlights
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metabolic plasticity as a key feature of plant structural
biopolymers.

B CONCLUSION

This work demonstrates the utility of precursor-specific *C-
labeling combined with DNP-enhanced solid-state NMR
spectroscopy for understanding lignin biosynthesis in grasses.
Using this approach, we resolved lignin substructures derived
from phenylalanine and tyrosine directly in intact Brachypo-
dium cell walls. The results reveal that these precursors
contribute through distinct metabolic routes and respond
differently to perturbation of the phenylpropanoid pathway.
These findings highlight metabolic plasticity in grass
lignification and illustrate how sensitivity-enhanced solid-state
NMR can uniquely link precursor metabolism to polymer
architecture in native plant biomass.

B EXPERIMENTAL SECTION

Wildtype and Mutant Plants of Brachypodium distachyon

Brachypodium distachyon T-DNA line JJ25124 (IL000024891) was
obtained from the Joint Genome Institute (JGI) T-DNA collection
and corresponds to an activation-tagged line generated using the
pJJ2LBA vector.*® In this line, the T-DNA is inserted in the last intron
of the c3h gene (Bradilg65820), in the positive orientation and
located 121 bp upstream of the stop codon resulting in a partial loss of
function (knockdown) mutant. The Brachypodium distachyon
accession Bd213, the parental background of the T-DNA mutant
population, was used as the wildtype control.

Isotopic Labeling and Growth Conditions

To trace carbon incorporation into lignin biosynthesis, Brachypodium
distachyon seedlings were grown under isotopic labeling conditions
using '3C-labeled precursors, following approaches previously
developed for grasses.'®*° Seeds were surface-sterilized and plated
on half-strength Murashige and Skoog (MS) medium lacking sucrose,
as it will likely dilute the incorporation of 13C-glucose, solidified with
0.5% Gelrite (pH 5.7), and grown for S weeks under continuous light
conditions (120—150 gmol m™2 s™!) at 26 °C. The MS medium was
supplemented with the following labeling treatments: (i) 10 mM
unlabeled p-glucose as a control (unlabeled), (ii) 0.1 mM *C,-labeled
phenylalanine plus 10 mM unlabeled glucose (Phe-labeled), (iii) 0.1
mM C,labeled tyrosine plus 10 mM unlabeled glucose (Tyr-
labeled), (iv) 10 mM '3*Cg-labeled glucose (Glc-labeled), or (v) a
combination of 0.1 mM "*C,-phenylalanine, 0.1 mM '*Cg-tyrosine,
and 10 mM "*Cy-glucose (uniformly labeled).

All labeling stock media were prepared fresh. Specifically, *C,-
labeled Tyr and Phe (10 mM) were dissolved in a mixture of DMSO,
HCI, and Milli-Q water at a ratio of 1:0.1:8.9 (v/v), and *C¢-glucose
(1 M) was prepared in Milli-Q water. Approximately 15 seeds were
plated per tube. After growth, roots, stems, and leaves were harvested,
flash-frozen in liquid nitrogen, and stored at —80 °C. Intact grass
tissues were cut into millimeter-scale pieces using a razor blade. In
their native state, the tissues were highly hydrated and contained
substantial excess water. The material was visibly swollen, such that
approximately 10 mg was sufficient to fill a 3.2 mm MAS rotor. For
each sample, approximately 10 mg of material was packed into 3.2
mm Bruker MAS rotors for solid-state NMR measurements, and the
remaining material was embedded in a DNP matrix and transferred to
3.2 mm sapphire rotors for MAS-DNP experiments.

1D '3C Solid-State NMR Experiments

Solid-state NMR experiments were conducted using a Bruker Avance
Neo spectrometer equipped with a 32 mm MAS HCN triple-
resonance probe. The spectrometer operated at a magnetic field
strength of 600 MHz (14.1 T) at the Max T. Rogers Facility at
Michigan State University. Experiments were performed at a MAS
frequency of 14 kHz and a thermo-couple reported sample
temperature of 283 K. '*C chemical shifts were externally referenced

to tetramethylsilane (TMS) by calibrating the adamantane CH, peak
to 38.48 ppm,” with the resulting spectral reference applied to the
spectra collected on plant samples. Typical radiofrequency field
strengths were 83 kHz for 'H decoupling and 83.3 kHz and 50—62.5
kHz for the 90° hard pulses of 'H and *C, respectively. Due to the
limited sample quantity and selective labeling, only 1D *C NMR
spectra could be acquired. 1D 'H—'3C CP experiments were
measured on all samples to selectively detect rigid molecular
components. Each 1D *C CP spectrum was acquired with 15,360
scans and a recycle delay of 2 s, resulting in a total acquisition time of
approximately 8.5 h per sample. Spectra were processed in Topspin
using Gaussian Multiplication (GM) apodization. The key parameters
of experimental acquisition and spectral processing are listed in Table
S1. The broad-range plots (—50 ppm to 250 ppm) of all 1D *C CP
spectra were provided in Figure S8 to facilitate the evaluation of the
baseline and noise level.

MAS-DNP Experiments

After acquisition of 1D C CP spectra using conventional solid-state
NMR, the root samples labeled with *Cy—Phe and 3C,y-Tyr were
further processed for sensitivity-enhanced MAS-DNP measurements
to enable 2D 3C—"3C correlation experiments on these low-quantity
samples. For each sample, approximately 10 me of plant material was
impregnated with 10 mM Asympol-POK*”** in S0 uL of a
cryoprotectant solvent mixture, referred to as the DNP matrix (or
DNP juice), consisting of dg-glycerol/D,0/H,0 at 60/30/10 Vol
9%.*°%%% The samples were then manually ground in a chilled mortar
and pestle for 15—20 min to promote radical diffusion into the plant
cell wall material.”® The hydrated samples were subsequently packed
into a 3.2 mm sapphire MAS rotor and sealed with silicone plugs for
low-temperature MAS-DNP analysis.

DNP-enhanced solid-state NMR experiments were performed on a
600 MHz/395 GHz MAS-DNP spectrometer housed by National
High Magnetic Field Laboratory (Tallahassee, FL) equipped with a
32 mm probe.”” Samples were spun at MAS frequencies of 10.5—
11.2 kHz. The gyrotron microwave source operated at 395 GHz with
a cathode current of 150 mA and a voltage of 162 kV. The MW
irradiation was varied and optimized to be approximately 14.5 W by
modulating the power using a series of grids on the quasi-optical
bench. The sample temperature was maintained at 110K under
microwave irradiation. The DNP signal buildup time constants ranged
from 0.6 to 1.7 5. 2D *C—"C correlation spectra were acquired using
a 100 ms *C—"3C DARR mixing period, with 64 scans and a recycle
delay of 1 s, resulting in a total acquisition time of approximately 16 h
per sample. The *C chemical shifts resolved for key lignin units were
documented in Table S2.

The wild-type samples were measured in an earlier set of DNP
experiments, where enhancement factors of 8—11 were obtained,
whereas mutant samples measured in later experiments showed higher
enhancements of 38—42. Because DNP efficiency depends on a
variety of experimental parameters such as microwave power, radical
distribution, sample properties, and sample preparation, enhancement
factors obtained under different conditions are not directly
comparable. The observed differences may arise from multiple
factors. First, DNP enhancements were initially low for wild-type
samples prepared and measured in 2024 but increased reproducibly
for mutant samples prepared and measured in 2025 after optimization
of the sample preparation workflow. Second, the mutant samples may
exhibit differences in macromolecular assembly, such as compromised
packing and increased porosity, which could facilitate radical
distribution within the biomass. Third, the microwave irradiation
conditions were further optimized in the later experiments. However,
because the overall texture of the wild-type and mutant tissues
appeared comparable, we consider it more likely that the higher
enhancements observed in the later mutant experiments primarily
reflect improved experimental conditions and increased experience in
preparing these grass materials for DNP measurements.

Estimation of Precursor Incorporation

To assess the extent of incorporation of '*C-labeled aromatic
precursors into lignin, we analyzed 1D '*C CP spectra obtained
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from Phe- and Tyr-labeled root samples alongside an unlabeled
control. The spectral region corresponding to aromatic lignin carbons
was defined as 108—165 ppm, encompassing chemical shifts
characteristic of monolignol subunits.'>** The total integral of this
region was recorded for each spectrum. To account for variations in
spectral scaling arising from differences in sample mass, acquisition
parameters, or contact times, each spectrum was normalized to its
highest-intensity peak, typically located at 72—73 ppm and
corresponding to carbohydrate iC2/C3/CS signals.57 We then
defined a lignin incorporation index, calculated by comparing the
integrated aromatic-region signal of a labeled sample to that of an
unlabeled control and multiplying this ratio by a normalization factor
that corrects for overall spectral intensity differences. Although not an
absolute measure of lignin content, this index enables comparative
assessment of precursor utilization efficiency across experimental
conditions. These indices reflect relative incorporation trends rather
than absolute carbon content; they represent how many-fold more
lignin carbons are '*C-labeled from precursor incorporation compared
with the unlabeled sample. The lignin-incorporation index was further
converted to a '*C-labeling percentage by accounting for the
contribution of naturally abundant 'C present in unlabeled
molecules, with the procedures detailed in Supporting Text.

Estimation of Molecular Composition of '*C-Labeled
Portion of Lignin

Relative molar fractions of guaiacyl (G), syringyl (S), p-
hydroxyphenyl (H), and ferulate (FA) units in the lignin fraction
enriched through the incorporation of *C-precursors were estimated
from integrated volumes of diagnostic aromatic cross-peaks in the 2D
B3C—13C DARR spectra. Cross-peaks corresponding to characteristic
lignin correlations were assigned based on established lignin chemical
shift references. Peak volumes were integrated around well-resolved
aromatic correlations for each component, and relative contributions
were obtained by normalizing the integrated intensities to the total
aromatic lignin signal

I
X (%) = —% x 100

total

where X represents the lignin unit type (G, S, H, or FA), Iy is the
integrated cross-peak volume of that component, and I, is the sum
of the integrated cross-peak volumes of all four components (I,y, = Ig
+ Iy + Iy + Igy). The resulting values provide semiquantitative
estimates of relative lignin unit composition.
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