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Solid-state 13C nuclear magnetic resonance (NMR) spectroscopy was applied to intact and isolated
loblolly pine wood samples to identify potential structural changes induced by tree age, milling, lignin
extraction, or naturally occurring mutations. Special attention was paid to ketone and aldehyde as
well as nonpolar alkyl groups, which could be observed at low concentrations (<2 in 1000 C) using
improved spinning-sideband suppression with gated decoupling. Carbonyl structures were present
in intact wood, and there are more keto groups than aldehydes. Their concentrations increased from
juvenile to mature wood and with milling time, whereas extraction did not alter the CdO fraction.
Significant amounts of aldehyde and dihydroconiferyl alcohol residues were present in coniferyl
aldehyde dehydrogenase-deficient wood, confirming solution-state NMR spectra of the corresponding
lignin. These results demonstrate the utility of solid-state NMR as an assay for changes in the lignin
structure of genetically modified plants.
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INTRODUCTION

Native lignin is an amorphous, three-dimensional copolymer
of phenylpropanoid units linked through ether and carbon-
carbon bonds. It provides mechanical support for plants, as well
as facilitating transport of nutrients and providing defense
against attack from microorganisms (1-5). Polymerization of
monolignols occurs within the cell wall, embedded in a
polysaccharide gel, thereby producing molecular association and
possibly covalent linkages of lignin and polysaccharides (4, 6,
7). Due to this intimate association, quantitative isolation of
the complete lignin polymer has proven to be impossible. As a
result, most structural information has come from isolated lignin
preparations, specifically solution-state nuclear magnetic reso-
nance (NMR) of milled wood lignin (MWL) (8-19), which is
typically only 15-20% of the native lignin and is extracted as
a dioxane-soluble, low molecular weight material (20).

It is known that the structure of lignin is modified by the
commonly used milling processes and solvent extraction

techniques (21), although the extent of structural changes has
not been verified. As a result, relatively minor structural features
may be merely artifacts of lignin isolation. Additionally, there
have been many reports on the heterogeneous nature of lignin
in wood, and it has been shown that the layers of the cell walls
are not proportionally represented in the MWL (22-24). As a
result, it would be preferable to analyze the structure of lignin
intact in wood.

Solid-state NMR can address the issue of processing-induced
structural changes or selective extraction, because it can provide
spectra of whole wood as well as lignin. However, previous
solid-state NMR studies of wood and lignin have mostly focused
on the three major substitution types of the aromatic rings in
lignin (9, 25, 26) rather than on differences between lignin
before and after separation from other components of wood.
The bonding structures of the three-carbon alkyl components
in the lignin repeat units have been rarely investigated in native
plants, requiring13C labeling and difference spectroscopy to
remove the overlap with cellulose resonances (27,28).

Discrimination between true and processing-induced struc-
tures is particularly relevant in the evaluation of the effects of
transgenics and natural mutations. In this study, we applied
solid-state NMR to probe potential structural changes induced
by the milling of wood and to quantify the levels of coniferyl
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aldehyde and dihydroconiferyl alcohol in intact coniferyl
aldehyde dehydrogenase (CAD)-deficient loblolly pine by13C
solid-state NMR. A combination of total suppression of spinning
sidebands (TOSS) with an improved dipolar dephasing scheme
was used, which prevents dipolar dephasing from reintroducing
sidebands. Additionally, pulse sequences novel to wood chem-
istry are applied to separate methine and methylene carbons
from overlapping peaks. Such experiments can be used to
provide assay capabilities to scan sets of genetically modified
plants for structural changes without the arduous task of lignin
isolation. Most significantly, we can investigate the lignin
component in intact woods, which cannot be achieved using
solution NMR.

MATERIALS AND METHODS

Samples.Wood samples used in this study were of two different
origins: mature loblolly pine (Pinus taeda) and a pair of samples from
juvenile (4-year-old) loblolly pines, one expressing a natural mutation
exhibiting a 99% deficiency in the cinnamyl alcohol dehydrogenase
enzyme responsible for reducing coniferyl aldehyde to coniferyl alcohol
(CAD-nl) and the other a wild type for reference.

The mature loblolly pine was analyzed as the intact wood sample
and after having been ground to pass a 20-mesh screen and Soxhlet
extracted with ethanol/benzene and ethanol for 24 h each (Wiley milled
wood). The Wiley milled wood was further milled by two different
techniques to produce two distinct wood flours. The first batch was
milled according to our standard technique, 1 week of rotary milling
under a N2 atmosphere with porcelain balls, followed by 2 days of
vibratory milling in toluene with steel balls [conventionally milled
wood, termed “Vibratory in Toluene Wood” in previous work (18)].
The second technique involves 6 weeks of milling in the rotary ball
mill under a N2 atmosphere with porcelain balls [P-6 milled wood,
termed “Rotary Porcelain 6 Week Wood” in previous work (18)]. From
each of these wood flours, the MWL was isolated in the typical manner
(21) (Figure 1).

NMR Spectroscopy.Experimental Parameters.The experiments
were performed in a Bruker DSX400 spectrometer at 100 MHz for
13C with 7-mm rotors and in a double-resonance probe. Intact,
cylindrical wood pieces of sizes fitting 7-mm rotors were cut from the
outermost growth ring(s) of the wood samples.13C CP/TOSS (cross
polarization/total sideband suppression) experiments at a spinning speed
of 6.5 kHz and a CP time of 1 ms, with a1H 90° pulse length of 4µs,
were run. The recycle delay was 1 s in order to optimize sensitivity in
a given measuring time. We checked that the shape of the 1-s spectrum
of milled wood lignin (MWL) was identical to that of the fully relaxed
3-s spectrum. This is expected due to efficient spin diffusion between
protons on a 50-nm scale within 1 s, which makes their longitudinal
relaxation times identical. Numbers of scans ranged between 40K and
104K for wood samples and between 10K and 40K for lignin samples.
For optimized detection of aldehyde13C resonances, irradiation of the

13C pulses was at 160 ppm and decoupling of1H at 9 ppm for most
spectra shown. The measuring time for 16 spectra together was 130 h.
For optimized detection of signals in the alkyl-C region of the native
and homozygous CAD-deficient wood, irradiation of13C was applied
at 80 ppm and decoupling of1H at 2.5 ppm; for either spectrum, 36K
scans were averaged (20-h total measuring time).

Spectral editing was also applied. CH-only spectra were obtained
by dipolar DEPT (29) at a 5.787-kHz spinning speed. To remove the
OCH3 signal completely, the dipolar dephased spectrum (29) in the
alkyl-C region was scaled up by 1.6 before taking the difference. Sixty
thousand scans total were averaged. Spectral editing of immobile CH2

signals by three-spin coherence selection (30) was applied at a spinning
speed of 5.787 kHz. In addition to a CH2OH band near 63 ppm, signals
of ethers (C-O-CH2-C) at 72 ppm and of nonpolar CH2 groups (C-
CH2-C) at 40 ppm can be seen. One hundred and twelve thousand
scans were averaged. Selection of immobile sp3-hybridized CH2 and
CH carbons (31) was achieved by a 70-µs CSA filter [three-pulse
version (31)] combined with short, 50-µs CP, at 5-kHz MAS; 16K scans
were averaged. Selection of immobile-CH and-CH2 signals was
achieved by short-CP minus short-CP plus dipolar dephasing (32) at
6.5-kHz MAS, with 64K scans total. Some residual signal of the
dominant OCH3 peak is observed in many of these spectra. The pulse
programs for these experiments can be found at http://www.public.ia-
state.edu/∼nmrksr.

ImproVed Dipolar Dephasing with Sideband Suppression.Dipolar
dephasing, that is, gating the decoupler off for∼40 µs, is a simple but
useful spectral-editing method for generating a subspectrum of non-
protonated carbons and mobile groups, such as rotating CH3 (33).
However, the orientation dependence of the C-H dipolar coupling (34)
results in differential dephasing that interferes with sideband suppression
by TOSS. TOSS requires equal contributions from carbons at various
orientations, traditionally characterized by the angleγ (34). The residual
sideband of protonated aromatic carbons observed near 200 ppm at
spinning frequencies near 7 kHz is particularly troublesome for
spectroscopy of keto and aldehyde groups, which resonate in this
spectral range. Significantly faster spinning would require smaller rotors,
which take less sample and therefore reduce the sensitivity by>2-
fold, which is problematic for detection of small CdO signals.

To eliminate the residual sidebands, 40-µs dipolar dephasing was
combined with an incrementation of its position in the rotation period
in four steps of∼tr/4 within the TOSS pulse sequence, as shown in
Figure 2. This provides the “γ-integral” that suppresses sidebands up
to fourth order (35). In other words, signals of the same C-H carbon
are superimposed with various C-H dephasing factors that average
out and permit TOSS to work correctly.

RESULTS AND DISCUSSION

Overview Spectra. Figure 3gives examples of the13C NMR
(CP/TOSS) spectra of the intact pieces of three loblolly pines:
mature wood (Figure 3A), 4-year-old juvenile wood (Figure
3B), and 4-year-old juvenile mutant wood (Figure 3C). In
addition, panelsD-F of Figure 3 show spectra of variously
milled wood samples. Because cellulose and hemicellulose
comprise approximately 70% of the dry weight of wood, the

Figure 1. Procedure for the different milling techniques and the milled
wood lignin (MWL) isolation.

Figure 2. Pulse sequence of the improved dipolar dephasing technique
with total suppression of sidebands (TOSS). The four different timings of
the gated decoupling shown are run in a loop after completion of the
TOSS phase cycle.
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spectra are dominated by carbohydrate resonances between 108
and 60 ppm. After intense milling, these peaks have broadened
greatly (Figure 3E,F), which was observed previously and is
attributed to the destruction of the crystalline structure of the
cellulose.

Aromatic Moieties. Figure 4 presents13C NMR spectra of
variously processed samples, demonstrating the effects of
different milling techniques and lignin extractions on the
aromatic portion of the lignin. The13C CP/TOSS spectra in the
left column show all of the qualitative information on each
sample; they have been scaled to make the aromatic peaks of
the lignin component well visible even in the whole-wood
samples. Those in the right column, that is, dipolar-dephased
spectra obtained with the pulse sequence ofFigure 2, display
signals of nonprotonated carbons and of mobile segments, in
particular, rotating methyl groups. Residual signals of the large

OCH peaks of cellulose are most likely due to partly mobile
carbohydrate residues. The corresponding spectra of juvenile
whole wood (wild type) and a juvenile mutant wood are shown
in Figure 5.

Features in the wood spectra that are exclusively associated
with lignin include not only the downfield aromatic and CdO
resonances but also the methoxyl peak of the guaiacyl lignin at
56 ppm. The acetyl-CH3 band of the hemicelluloses is observed
at 21.6 ppm, whereas the acetyl CdO contributes significantly
to the peak at 172 ppm (36). Some further signal assignment is
provided by dipolar dephasing, using the improved pulse
sequence ofFigure 2, which suppresses the signals of rigid
protonated carbons by introducing a 40-µs period of gated
decoupling. For instance, the dipolar dephasing of a significant
fraction of the resonances near 200 ppm identifies these signals
as arising from aldehydes, HCdO. To measure the small CdO
signals around 196 ppm without reduction by excitation effects,
we placed the carrier frequency at 160 ppm for13C.

Due to the limited overlap of cellulose and aromatic lignin
peaks, we can compare the aromatic components of all samples,
including the untreated and the milled wood. This allowed us
to detect potential structural modifications by changes in the
peak patterns of the aromatic fraction due to milling or
extraction. The aromatic carbon spectra for mature and juvenile
whole wood,Figures 4A and5A, respectively, matched very
closely. The aromatic C-O peak near 148 ppm appeared to be
slightly reduced, relative to the shoulder at 152 ppm, which
tracked the rest of the aromatic signal more closely, after
intensive milling and in the extracted lignins. By comparison,
the spectra of mutant wood displayed in panelsC and D of
Figure 5 showed major differences in peak intensities. Process-
ing-induced changes in the CdO peak near 195 ppm will be
discussed below.

The comparison can be made more quantitative by comparing
the integral of the aromatic C-O region (162-142 ppm) with
that of the total aromatic resonances. In the whole wood, the
cellulose O-CH-O signal prevented integration to chemical
shifts below 109 ppm, but analysis of the extracted-lignin
spectrum shows that the aromatic signal extending to<109 ppm
accounts for only 4.5% of all aromatic C. We corrected the
162-109 ppm whole-wood aromatic integrals correspondingly.
Although cross polarization does not produce completely
quantitative results, in the present samples the signal distortions
are minor. In the lignin structures ofFigure 7, all carbons are
within one or two bonds from the nearest proton, and at the
moderate spinning frequency used, the two-bond transfer is
>90% complete within the 1-ms cross-polarization time.

Table 1 shows the number of C-O carbons per aromatic
ring. The observed values were near 2, as expected for guaiacyl
lignin with its two etherified carbons (C3 and C4). The specific
values for the two MWL samples were very similar to those
found in solution NMR (∼5% smaller) (18). Significantly lower
values, between 1.62 and 1.74, were found for the three whole-
wood samples. The aromatic C-O concentration increased
significantly in the Wiley milled wood, probably due to the
removal of extractives and low molecular weight materials by
Soxhlet extraction. Comparison of panelsA andC of Figure 4
showed a reduction of bands in the 125-100 ppm region, which
corresponds to aromatic and olefinic C-H moieties commonly
found in extractive compounds. Although the extracted com-
pounds appeared to represent 15% of the sp2-hybridized carbons,
they accounted for only∼0.3 × 15% ) 5% of all carbons,
because lignin makes up only 30% of the sample. This agreed
with an extractive content of around 5% found in an earlier

Figure 3. Solid-state CP/TOSS 13C NMR spectra of (A) mature wood,
(B) juvenile wood (wild type), (C) juvenile mutant wood (homozygous CAD-
deficient wood), (D) mature Wiley milled wood, (E) mature conventionally
milled wood, and (F) mature P-6 milled wood, all from loblolly pines. The
spectra have been scaled to equal height of the lignin peak at 148 ppm.
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study (37). Reductions in the alkyl C signals from extractives
were obscured by the overwhelming intensity of the carbohy-
drate peaks. The intensity of the OCH3 signals, which can be
observed free of overlap in the dipolar-dephased spectra, tracked
quite closely with the aromatic C-O signal, as expected. The
only exception was the larger OCH3 resonance observed in the
CAD-deficient sample, which highlights the pronounced struc-
tural changes due to the mutation.

Ketone and Aldehyde Quantification. Figure 6focuses on
the lignin signals in the downfield region. The smallest peaks
correspond to ca. 2 in 1000 carbons. For a meaningful
comparison, the aromatic C-O signals in all of the spectra were
scaled to equal area. Dipolar dephasing identified aldehydes (Hs
CdO), which are the only protonated carbons that resonate

downfield of 170 ppm in diamagnetic materials. The nonpro-
tonated carbonyls of ketones and quinones in this same range
were not significantly reduced by dipolar dephasing, and thus
the amounts of aldehydes could be quantified by difference.

To make the comparisons more quantitative, we obtained the
ratio of the integral between 220 and 187 ppm relative to the
integral between 163 and 142 ppm (aromatic ethers and phenols)
for each sample. The integral between 220 and 187 ppm from
the 13C CP/TOSS spectrum was that of all CdO carbons
(aldehyde and keto groups; quinones are unlikely to occur in
appreciable amounts in these samples). The integral between
220 and 187 ppm from the13C CP/TOSS spectrum after dipolar
dephasing was that of nonprotonated CdO (keto groups). The
difference was due to HsCdO carbons (aldehydes). The Cd

Figure 4. Solid-state CP/TOSS 13C NMR spectra (left column) and corresponding dipolar dephased spectra, showing signals of nonprotonated (quaternary,
“Cq”) and of methyl carbons (right column) of (A, B) mature wood, (C, D) mature Wiley milled wood, (E, F) mature conventional MWL, (G, H) mature
conventional MWL (I, J) mature P-6 milled wood, and (K, L) mature P-6 MWL, all from loblolly pines.
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O peaks were integrated relative to the aromatic CsO region
(163-142 ppm). This gave the number of CdO per aromatic
CsO, after multiplication by a factor of 0.85 to correct for the
higher detection efficiency of CdO compared to aromatic
carbons in TOSS. For each sample, the number of CdO per
aromatic CsO was converted to the number of CdO per
aromatic ring by multiplication with the number of aromatic
CsO per aromatic ring, that is, with the factor given inTable
1. The results are listed inTable 2.

The CdO numbers per ring found in the two lignins were
∼1.6 times larger than reported in a solution-state NMR study
of the same samples (18). This deviation is larger than the
uncertainty of the solid-state NMR values ((20%). It cannot
be attributed to insufficient cross polarization of nonprotonated
carbons, because fewer CdO than aromatic carbons are pro-
tonated, which means that CdO carbons should be under-
estimated rather than overestimated. It may be partly due to
excitation effects in high-field solution13C NMR. With a 10-
µs 90° pulse, the excitation profile decreases by about 15% for
sites that are 12 kHz off-resonance (34). With excitation near
the middle of the spectrum (at∼100 ppm) and given 125 Hz/
ppm (18), the CdO peaks at 195 ppm are indeed about 12 kHz
off-resonance. Limited probe-head bandwidth may have further
reduced the detection efficiency in solution NMR. To minimize
excitation effects, the solid-state NMR experiments were
performed with irradiation near the CdO peaks (35 ppm off
resonance) with strong, short pulses.

Trends in CdO Concentrations.On the basis ofTable 2,
we explored potential changes in the amount of types of CdO

groups induced by milling and lignin extraction. The milling
process involves depolymerization of the lignin polymer, mostly
by cleavage of labile ether bonds. Another consequence of
milling is that radical generation can lead to oxidation reactions,
resulting in CdO groups (38). As milling proceeds, lower
molecular weight lignin fragments are created, which can be
solubilized in aqueous dioxane, becoming the MWL fraction.
It is suspected that a large number of the oxidized structures
are extracted in the dioxane-soluble portion, resulting in an over-
representation of CdO structures. Solid-state NMR can quantify
the levels of naturally incorporated CdO structures versus those
generated by milling.

The data inTable 2 show that the nonprotonated CdO
structures were higher in abundance than the aldehyde groups
in all samples studied. The total CdO concentration was the
lowest in the juvenile wood (0.10 per aromatic ring) and
increased slightly in the mature wood (0.14 per aromatic ring).
The contributions of aldehydes in the two intact woods were
similar, whereas the nonprotonated CdO concentrations were
clearly higher in the mature wood. The CdO concentrations in
mature wood and Wiley milled wood agreed within the error
margins, which indicated that no significant oxidation occurs
during Wiley milling, a long accepted conclusion.

Intense further milling of Wiley milled wood to produce wood
flour results not only in a reduction of particle size but also in
structural changes in the cell wall components. InFigure 6,
we observed increases in the total CdO concentrations above
what was already present in the unmodified wood samples. The
P-6 milling is a long, low-intensity rotary-milling process,

Figure 5. Solid-state CP/TOSS 13C NMR spectra (left column) and corresponding dipolar dephased spectra of (A, B) juvenile wood and (C, D) juvenile
mutant wood.

Table 1. Estimated Number of Aromatic C−O Carbons per Aromatic Ringa

mature
wood

Wiley milled
wood

conventionally
milled wood

MWL
(conventional)

P-6 milled
wood P-6 MWL

juvenile
wood

CAD-nl
wood

C−O/ring 1.68 1.98 1.77 1.92 1.86 2.04 1.74 1.62

a The systematic error due to differences in chemical-shift anisotropy and cross-polarization efficiency is ∼ ±10%, but the relative uncertainty, when different values in
the table are compared, is smaller (∼ ±5%), because all samples are subject to similar systematic errors.
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whereas the conventional milling process involves a much
shorter but higher energy vibratory-milling process. The total
CdO concentrations in the milled wood fractions (Table 2)
increased with milling time (Wiley milling< conventional
milling < P-6 milling), indicating that short, high-energy milling
is better than a long milling process. The total CdO content
increased 60% in the P-6 milled wood prepared from the Wiley
wood meal from 0.15 to 0.24 per aromatic ring, but increased
only ∼25% in the conventionally milled wood, to 0.20 per
aromatic ring.

The MWL fractions were similar in total CdO content per
aromatic ring to the two milled-wood preparations from which
they were extracted, although the content in the conventional
MWL was slightly reduced. These results indicated that the
dioxane extraction does not provide a MWL substantially
enriched in oxidized material. It appears that end groups in the
lower molecular weight fraction are not overly susceptible to
oxidation reactions and that oxidation occurs throughout the
lignin polymer.

Specific CdO-Bearing Structures.The relatively high ratio
of keto to aldehyde groups (∼0.10 to 0.03 structures per
aromatic ring) in the mature wood and the Wiley milled wood
is interesting to note. Nonprotonated CdO groups are likely to

be at theR-position on the lignin side chain (i.e., conjugated
carbonyls), and representative structures are likely to beâ-aryl
ethers withR-carbonyl constituents (1) and Ar-CO-CH2-CH2-
OH (2) structures (Figure 7). The biosynthetic pathways for
these types of structures are unclear, but these NMR data
confirm that they do exist in unaltered wood and are not merely
artifacts of the isolation process.

As mentioned, conjugated aldehyde structures were also
present in unmodified wood, although to a lesser extent, 0.03-
0.05 per aromatic ring in this study. Known aldehyde structures
in wood are primarily coniferyl aldehyde (3) and vanillin (4).
Finally, the recently proposed structure spirodienone (5) (39),
which is a quinone methide trapped within a previously
unreportedâ-1′ subunit, may be represented by the small peak
at 182-180 ppm.

Several of the lignin structures inFigure 7 can be confirmed
by spectral editing.Figure 8A shows the overall CP/TOSS
spectrum of the mature conventional MWL. The qualitative
match with the solution13C NMR spectrum of the same sample
(18) is good, if one takes into account a∼6 ppm inhomogeneous
line broadening in the solid state. Most solution NMR signals
in this guaiacyl-based lignin typical of conifers have been
assigned to specific structures (18), some of which are shown

Figure 6. Aldehyde/ketone/aromatic C−O region (250−140 ppm) of the 13C NMR spectra of Figures 3 and 4, scaled to equal height of the lignin
aromatic C−O peak at 148 ppm. Above each spectrum, the region of 250−165 ppm is shown expanded vertically by a factor of 2.5 to make the small
aldehyde and ketone bands more visible. Columns 1 and 3 were obtained without dipolar dephasing (all CdO, black area), columns 2 and 4 with dipolar
dephasing (nonprotonated CdO, gray area). (A, B) Mature wood; (C, D) mature conventionally milled wood; (E, F) mature conventional MWL; (G, H)
juvenile wood; (I, J) mature Wiley milled wood; (K, L) mature P-6 milled wood; (M, N) mature P-6 MWL; (O, P) juvenile mutant wood (homozygous
CAD-deficient wood).
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in Figure 7. A feature in the solid-state NMR spectrum that is
not obvious from the solution spectrum (in part due to the
DMSO solvent peak near 39.5 ppm) was the significant fraction
of nonpolar alkyl residues resonating at chemical shifts below
50 ppm. These accounted for∼1/10 of all alkyl carbons in the
two lignins studied. In spectra of CH2 + CH groups (Figure
8B) and of protonated immobile alkyl sites (Figure 8C) these
were also prominently visible. Spectral editing (Figure 8D,E)
showed that they consist of a broad range of CH signals between
55 and 35 ppm, as well as a CH2 band between 42 and 32 ppm.
The latter can be assigned to C-CH2-C segments in structure
2 and, to a lesser extent, structures6 and8. Whereas CH signals
near 52 ppm have been assigned to CH not bonded to O, for
example, in5 and7, the only CH resonances previously reported

below 50 ppm were from secoisolariciresinol (8), estimated by
solution NMR to be∼0.02 per aromatic ring (40). The nonpolar
alkyl bands were also present in Wiley milled wood (Figure
8F,G).

Other special protonated sites observed in these spectra at
low intensities were the aldehydes near 193 ppm and thed
CRH vinyl sites of coniferyl aldehyde near 155 ppm. The latter
seemed to be decreased in lignin compared to Wiley milled
wood. Spectral editing also confirmed that near 72 ppm, OCRH
signals overlap with CγH2-O-C ethers found inâ-â′ structures
such as7.

NMR of Transgenic Whole Wood.NMR techniques suitable
for elucidating specific structural information in solid wood
samples can aid in the rapid assay of transgenic and bioengi-

Figure 7. Structures containing keto, aldehyde, methine, and methylene groups identified by 13C CP/TOSS and spectral-editing experiments. Groups
specifically detectable in these solid-state NMR experiments have been highlighted.

Table 2. Estimated Number of CdO Carbons Resonating in the 220−187 ppm Range per Aromatic Ringa

mature
wood

Wiley milled
wood

conventionally
milled wood

MWL
(conventional)

P-6 milled
wood P-6 MWL

juvenile
wood

CAD-nl
wood

all CdO 0.14 0.15 0.20 0.17 0.24 0.25 0.10 0.30
nonprotonated CdO 0.11 0.12 0.15 0.11 0.17 0.17 0.06 0.15
aldehydes 0.03 0.03 0.05 0.06 0.07 0.08 0.04 0.15

a The absolute uncertainty is on the order of ±20%, but the ratios of different values in the table are more reliable (±8%), allowing trends to be discerned.
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neered plants without isolation or modification of cell-wall
components. As an example, we have studied whole wood from
a 4-year-old loblolly pine that was 99% CAD-deficient. It was
reported previously that these pines compensate for CAD
deficiency by incorporating atypical subunits in the lignin
biosynthetic pathway, most notably coniferyl aldehyde (3),
vanillin (4), 4-hydroxy-2-methoxybenzaldehyde (9), and dihy-
droconiferyl alcohol (6) (41). Coniferyl aldehyde has a Cγ
chemical shift centered at 196 ppm, whereas vanillin has a
chemical shift in the range of 194-191 ppm. It was suggested
from long-range C-H correlation NMR that 4-hydroxy-2-
methoxybenzaldehyde (IX), a subunit previously undetected in
lignins, was incorporated into the mutant wood (41). The
juvenile CAD-deficient wood exhibited a shoulder centered at
∼190 ppm that disappeared in the dipolar dephasing spectra
(Figure 6O,P), indicating an aldehyde. This observation sup-
ports the conclusion that 4-hydroxy-2-methoxybenzaldehyde is
incorporated into the mutant wood.Table 2 shows that the
4-year-old mutant wood contained 3 times the total CdO
amount compared to the wild type, comprising 30% of the total
monomeric input in the unmodified wood samples.

Figure 5 also shows dramatic differences in the aromatic
region of the CAD-deficient wood. Typically, the C4 carbon
signal is a shoulder at 151 ppm on the more prominent peak of
the C3 carbon at 148 ppm, which is bonded to the methoxyl
group. This can be seen in the juvenile wild-type sample in

Figure 5A,B. In the mutant spectra, however, the signal at 151
ppm was more prominent than the C3 peak at 148 ppm (Figure
5C,D). Nevertheless, the juvenile mutant appeared to have a
similar or higher methoxyl content. The difference in the ratio
of the peaks at 151 and 148 ppm can be explained at least in
part by the incorporation of the 4-hydroxy-2-methoxybenzal-
dehyde subunit (9), the aromatic C-O (C2 and C4) signals of
which are shifted downfield.

There was a prominent shoulder in both the13C and the
dipolar dephased spectra at∼140 ppm, indicating a nonproto-
nated aromatic carbon. This could be indicative of further
structural changes in the lignin caused by incorporation of either
the mentioned subunits or some other monomeric precursor.
Ralph et al. (41) estimated that∼15% of the subunits were either
of the 4-hydroxy-2-methoxybenzaldehyde type or unknown. Of
the known structural features in lignin, a peak in this area could
possibly be indicative of an increase inâ-5′ (10) or 4-O-5′ (11)
structures, both of which have been reported to have resonances
in the 144-142 ppm range in solution NMR.

Another striking characteristic in the solution-state NMR
spectra of lignin extracted from homozygous CAD-deficient
wood was a set of CH2 resonances near 32 and 62 ppm, which
have been assigned to the side chain of dihydroconiferyl alcohol
6 (41). Figure 9 compares the alkyl-C region of unmodified
mutant wood with that of the wild type. The 32 ppm resonance
was clearly detected, and the 62 ppm signal could be deduced
from the enhanced intensity in this spectral region. The area
fraction of the peak of the two CH2 groups near 32 ppm relative
to the aromatic carbon signal was 14%. Taking into account
the TOSS efficiency factor of∼0.75 for the aromatic carbons,
it was estimated that 0.3 dihydroconiferyl alcohol unit per

Figure 8. Spectral editing of (A−E) mature conventional MWL and (F,
G) Wiley milled wood: (A) unselective CP/TOSS spectrum of MWL; (B)
selection of immobile CH and CH2 signals; (C) selection of immobile sp3-
hybridized CH2 and CH carbons; (D) CH-only spectrum; (E) signals of
immobile CH2 groups; (F) unselective CP/TOSS spectrum of Wiley milled
wood; (G) spectrum of immobile CH and CH2 signals in Wiley milled wood,
scaled so that the aromatic C−H band matches that in (B).

Figure 9. 13C NMR CP/TOSS spectra of (A) juvenile wood (wild type)
and (B) juvenile homozygous CAD-deficient wood (mutant wood) from
loblolly pines. Signals characteristic of dihydroconiferyl alcohol in the mutant
wood are labeled by arrows.
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aromatic ring was incorporated into the CAD-nl wood, consis-
tent with the 0.3 dihydroconiferyl alcohol unit per ring estimated
from solution NMR of the extracted lignin (41).

In summary, we applied13C solid-state NMR to several wood
and lignin samples. In particular, we quantified the amounts of
aldehyde and protonated carbonyl structures in intact wood,
proving that some are biosynthetically incorporated. There was
no significant difference in the total aldehyde and ketone
concentrations between mature wood and Wiley milled wood.
However, total CdO fractions were increased by longer milling,
without a strong effect of the intensity of milling. Consistent
with higher total CdO concentrations in P-6 milled wood versus
conventionally milled wood, there were more total CdO groups
in P-6 MWL than in conventionally milled wood. The aldehyde
and CsCH2sC signals in the lignin of 99% CAD-deficient
mutant wood were detected and estimated for the first time in
the unprocessed wood, proving that they are biosynthetically
incorporated.

The results obtained here highlight that solid-state NMR is a
valuable method for characterizing structural details in whole-
wood samples. The experiments allow for nondestructive,
routine assay of genetically engineered sample sets for variations
in cell-wall structure. Additionally, application of spectral-
editing techniques can provide a detailed assessment of lignin
structure in samples exhibiting abnormalities.
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