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Lignin changes during plant growth were investigated in a selected Eucalyptus globulus clone. The lignin composition and
structure were studied in situ by a new procedure enabling the acquisition of two-dimensional nuclear magnetic resonance
(2D-NMR) spectra on wood gels formed in the NMR tube as well as by analytical pyrolysis-gas chromatography-mass
spectrometry. In addition, milled-wood lignins were isolated and analyzed by 2D-NMR, pyrolysis-gas chromatography-mass
spectrometry, and thioacidolysis. The data indicated that p-hydroxyphenyl and guaiacyl units are deposited at the earlier
stages, whereas the woods are enriched in syringyl (S) lignin during late lignification. Wood 2D-NMR showed that 8-O-4" and
resinol linkages were predominant in the eucalypt lignin, whereas other substructures were present in much lower amounts.
Interestingly, open B-1’ structures could be detected in the isolated lignins. Phenylcoumarans and cinnamyl end groups were
depleted with age, spirodienone abundance increased, and the main substructures (8-O-4’ and resinols) were scarcely
modified. Thioacidolysis revealed a higher predominance of S units in the ether-linked lignin than in the total lignin and, in
agreement with NMR, also indicated that resinols are the most important nonether linkages. Dimer analysis showed that most
of the resinol-type structures comprised two S units (syringaresinol), the crossed guaiacyl-S resinol appearing as a minor
substructure and pinoresinol being totally absent. Changes in hemicelluloses were also shown by the 2D-NMR spectra of the
wood gels without polysaccharide isolation. These include decreases of methyl galacturonosyl, arabinosyl, and galactosyl
(anomeric) signals, assigned to pectin and related neutral polysaccharides, and increases of xylosyl (which are approximately

50% acetylated) and 4-O-methylglucuronosyl signals.

Plant cell walls are composed mainly of three struc-
tural polymers, the carbohydrates cellulose and the hemi-
celluloses and the aromatic polymer lignin. The lignin
polymer provides mechanical support to the plant. In
addition, it waterproofs the cell wall, enabling trans-
port of water and solutes through the vascular system,
and plays a role in protecting plants against patho-
gens. Lignin is a complex polymer synthesized mainly
from three hydroxycinnamyl alcohols differing in their
degree of methoxylation: p-coumaryl, coniferyl, and
sinapyl alcohols (Higuchi, 1997; Boerjan et al., 2003;
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Ralph et al., 2004a). Each of these monolignols gives
rise to a different type of lignin unit called p-hydroxy-
phenyl (H), guaiacyl (G), and syringyl (S) units, re-
spectively, when incorporated into the polymer. The
amount and composition of lignins vary among taxa,
cell types, and individual cell wall layers and also
with environmental conditions. Softwood lignin con-
sists almost exclusively of G-type lignin, while hard-
wood lignin also consists of S units (H units being
minor components). After their synthesis, the lignin
monomers are transported to the cell wall, where they
are polymerized in a combinatorial fashion by free
radical coupling mechanisms in a reaction mediated
by peroxidases and/or laccases, generating a variety
of structures and linkages within the polymer (Boerjan
et al, 2003; Ralph et al., 2004a). Wood (secondary
xylem) is produced seasonally at the periphery of the
trunk by the vascular cambium (Déjardin et al., 2010).
Lignin deposition is one of the final stages of xylem
cell differentiation and mainly takes place during
secondary thickening of the cell wall. Lignification
starts in the middle lamella and cell corners and
proceeds toward the lumen, filling up pores in the al-
ready deposited polysaccharide network (Donaldson,
2001; Boerjan et al., 2003). The relative abundance of
the different linkages formed depends on the relative
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contribution of the particular monomers to the po-
lymerization process as well as on steric hindrances
and chemical interactions in the growing wall. There-
fore, the differences in the timing of monolignol de-
position and the changes in cell wall ultrastructure
during growth would regulate lignin composition and
structure during lignification.

A main challenge in elucidating the structure of
lignins is in obtaining high-yield isolation from wood
in a chemically unaltered form (the same applies to
hemicellulose polysaccharides). Several lignin isola-
tion procedures have been developed, but it is well
recognized that the different procedures, including the
reference milled-wood lignin (MWL), yield only a part
of the native lignin in wood and may not be represen-
tative of the whole lignin. Indeed, it has also been
demonstrated that MWL can undergo some structural
modifications during isolation, especially during the
milling process, and often contains some amount of
“contaminating” compounds (such as lignin-linked
carbohydrates; Fujimoto et al., 2005; Guerra et al., 2006;
Hu et al., 2006; Balakshin et al., 2008). Because lignin is
intimately interpenetrating the other major compo-
nents (cellulose and hemicelluloses), it is obvious that
its truly native form can only be studied by analytical
methods applicable directly on the whole plant mate-
rial. For this purpose, in this paper, the wood samples
were analyzed in situ by two-dimensional (2D)-NMR
spectroscopy and pyrolysis-gas chromatography-mass
spectrometry (Py-GC-MS). The use of these techniques
avoids isolation procedures that may lead to partial or
modified polymer extraction. For in situ NMR analy-
ses, a recent approach has been developed that con-
sists of swelling finely ground plant material in
deuterated dimethyl sulfoxide (DMSO-d,; Kim et al.,
2008; Rencoret et al.,, 2009) or DMSO-d,:pyridine-ds
(4:1; Kim and Ralph, 2010) and forming a gel directly
in the NMR tube, which is readily amenable to NMR
analysis. Heteronuclear single quantum correlation
(HSQC) NMR of these gels has been shown to be an
efficient method for the rapid in situ analysis of lignin
in plants without the need of prior isolation. The
method requires only low amounts of sample and can
be used for rapid characterization of the major struc-
tural features of plant lignins (i.e. interunit linkages
and H-G-S composition), also providing information
on the hemicellulose polysaccharides. Py-GC-MS is
another powerful tool for the in situ characterization
of plant constituents, especially lignin (Ralph and
Hatfield, 1991; Rodrigues et al., 1999; del Rio et al.,
2005; Rencoret et al., 2007). Wood lignin is pyrolyzed to
produce a mixture of relatively simple phenols, which
result from cleavage of ether and certain carbon-
carbon linkages. These phenols retain their substitu-
tion patterns from the lignin polymer, and it is thus
possible to identify compounds from the H, G, and S
lignin units.

The aim of this paper is to elucidate the changes
produced in the composition and structure of the
lignin in eucalypt wood with maturation and includes
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analyses of young plants and adult trees. This knowl-
edge is important not only for providing additional
insight into the mechanisms of lignin deposition but
also for the industrial processing of wood for pulp,
chemical, or biofuel production, as the lignin compo-
sition and structure greatly influence the delignifica-
tion reactions (Gonzalez-Vila et al., 1999; del Rio et al.,
2005). For this purpose, samples of Eucalyptus globulus
wood from the same clone (to avoid genetic variations
within species) were collected at different stages of
growth (1 month, 18 months, and 9 years) and the
composition and structure of their lignins were thor-
oughly investigated. A combination of the above-
mentioned 2D-NMR and Py-GC-MS of whole wood
samples was used for the in situ study of lignin
changes. In order to obtain further insights into their
structures and compare with the results from the in
situ analyses, MWL was also isolated from the differ-
ent woods and analyzed by NMR, pyrolysis, and
thioacidolysis. As far as we know, this is the first
report describing in situ structural analyses of wood
lignin during tree growth using a combination of 2D-
NMR and other techniques.

RESULTS AND DISCUSSION

After a general analysis of wood composition in E.
globulus plants of different ages (young and adult trees
from a clonal plantation), the changes in lignin (and
hemicellulose) during growth were analyzed in situ by
a combination of Py-GC-MS and 2D-NMR of whole
wood, and the results were compared (and comple-
mented) with those obtained from lignins (MWL)
isolated from the same samples.

Wood Composition during Eucalypt Growth

The contents of the main wood constituents (i.e. ace-
tone extractives, water-soluble material, Klason lignin,
acid-soluble lignin, crystalline cellulose, amorphous
glucan, xylan, arabinan, galactan, mannan, rhamnan,
fucan, total uronic acids, and ash) in the selected E.
globulus clone at different stages of growth are sum-
marized in Table I. The total lignin content (Klason
lignin plus acid-soluble lignin) increased during
growth (from 16% in the 1-month-old sample to 25%
in the 9-year-old wood), whereas the content of other
constituents (namely acetone extractives, water-soluble
material, and ash) decreased with maturity. Interest-
ingly, there is also a great variation in the composition
of polysaccharides (from neutral sugar analysis) dur-
ing maturation, with a depletion of Ara, Gal, and Man
and a progressive enrichment of Xyl. The amount of
crystalline cellulose has the highest content (37%) after
18 months, while that of amorphous glucan was lower
and showed a progressive increase during growth.
Finally, the uronic acid content was the highest after
1 month (7%) and showed only a moderate decrease
during growth. Variations in the uronic acid nature
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Table I. Abundances (%) of the main constituents of E. globulus
wood at different growth stages

Constituents 1 Month 18 Months 9 Years
Acetone extractives 8.6 0.5 0.6
Water-soluble extracts 6.6 1.4 2.2
Klason lignin 13.0 17.5 19.8
Acid-soluble lignin 2.7 5.2 4.7
Cellulose (crystalline) 25.0 36.7 29.9
Glucan (amorphous) 11.4 15.0 16.2
Xylan 12.2 14.0 17.1
Arabinan 3.8 0.9 0.8
Galactan 2.7 1.2 1.5
Mannan 0.9 0.4 0.4
Rhamnan 0.7 0.4 0.5
Fucan 0.3 0.1 0.1
Uronic acids 7.4 5.9 5.8
Ash 4.6 0.7 0.4

during growth are discussed after the NMR analyses
below.

Py-GC-MS of Whole Woods and Their Isolated Lignins

Py-GC-MS, although not a fully quantitative tech-
nique, has been successfully used to analyze the
relative H-G-S composition of lignin in different hard-
woods, including eucalypt wood (Rodrigues et al.,
1999; Yokoi et al.,, 1999, 2001; del Rio et al.,, 2005;
Rencoret et al., 2007, 2008). Pyrograms from the euca-
lypt wood samples after different growth periods and
their corresponding MWLs are shown in Figures 1 and
2, and the identities and relative molar abundances of
the released lignin-derived compounds are listed in
Table II.

The pyrolysis of the different eucalypt woods re-
leased both carbohydrate- and lignin-derived com-
pounds. Among the latter, guaiacol- and syringol-type
phenols, derived from the G and S lignin units, were
identified, including guaiacol (compound 2), 4-vinyl-
guaiacol (8), syringol (11), 4-methylsyringol (14), 4-vinyl-
syringol (22), 4-allylsyringol (25), trans-4-propenylsyringol
(32), syringaldehyde (34), and trans-sinapaldehyde
(49). In addition, significant amounts of compounds
derived from H lignin units, such as phenol (1),
methylphenols (3 and 4), and dimethylphenol (6),
could be detected after pyrolysis of the youngest
wood, although some of them can also derive from
polysaccharides (Ralph and Hatfield, 1991). The H-G-S
composition of the lignin in the different woods,
obtained from the molar areas of all the lignin-derived
compounds, is shown in Table II. In all samples, the
S-type phenols were released in higher abundances than
the respective G-type phenols, with a S-G ratio ranging
from 1.4 in the youngest wood to 3.8 in the oldest
wood. The amount of H-type compounds from the
youngest wood (9%) decreases during maturation (to
only 2% in the oldest wood). This indicates that H
units are deposited first, followed by G and then S
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units, in agreement with previous microautoradiogra-
phy and microspectroscopy studies in other plants
(Terashima et al., 1986). An increase of lignin S-G ratio
with plant maturity has also been reported after
Py-GC-MS of nonwoody fibers (Mazumder et al., 2005).
This difference in timing of monolignol deposition
would also be responsible for the within-tree variation
of the S-G ratio observed in Eucalyptus camaldulensis
wood (Ona et al., 1997; Yokoi et al., 1999).

Pyrolysis of the MWLs isolated from the different E.
globulus woods (Fig. 2) released a similar distribution
of lignin-derived compounds as from their respective
woods, although the content of H units was lower
(Table II). This is especially evident in the case of the
MWL isolated from the 1-month-old wood. However,
we must note that MWL may reflect only the most
accessible part of the native lignin in the plant, which
may be depleted in highly condensed H lignin units.
In any case, the same trend observed in the pyrolysis
of woods, which indicates an increase of S lignin units
and a decrease of H and G lignin units with maturity,
was also observed in the pyrolysis products of MWL,
supporting the in situ analysis and confirming a
monolignol deposition order of H, G, and then S
during E. globulus lignification.

2D-NMR of Wood Gels and Their Isolated Lignins

The eucalypt wood samples from different growing
periods were analyzed by 2D-NMR (in the gel state) to
overcome the drawbacks associated to polymer isola-
tion, namely low yield and artifact formation, and the
spectra were compared with those from the lignins
(MWL) isolated from the same woods.

The HSQC spectra of the different woods, and their
MWLs, are shown in Figures 3 and 4. Carbohydrate
signals were predominant in the spectra of the whole
wood. They included correlations in the range 8-/6y
60 to 85/2.5 to 5.5, which partially overlapped with
lignin signals, and the well-resolved anomeric corre-
lations in the range 6./8 90 to 110/3.5 to 6.0. How-
ever, lignin signals were also clearly observed in the
HSQC spectra, including that of the youngest wood
with the lowest lignin content. On the other hand, the
spectra of the MWL presented mostly lignin signals
that, in general terms, matched those observed in the
HSQC spectra of the woods.

Lignin and carbohydrate contours in the HSQC
spectra were assigned by comparison with the litera-
ture (Ammadlahti et al., 1998; Ralph et al., 1999, 2004b;
Capanema et al., 2001, 2004, 2005; Balakshin et al., 2003,
2005; Liitid et al., 2003; Ha et al., 2005; Golovchenko
et al., 2007; Ibarra et al., 2007a, 2007b; del Rio et al.,
2008, 2009; Kim et al., 2008; Rencoret et al., 2008, 2009;
Cetinkol et al., 2010; Kim and Ralph, 2010; Ralph and
Landucci, 2010). The main lignin correlation assign-
ments are listed in Table III, and the main lignin
substructures found in the different eucalypt woods
are depicted in Figure 5. The assignments of the main
carbohydrate signals are listed in Table IV.
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Figure 1. Py-GC-MS chromato-
gram of the E. globulus wood sam-
ples at different growth stages. The
numbers refer to the lignin-derived
compounds, whose identities and
relative abundances are listed in
Table Il. Letters refer to the carbo-
hydrate-derived compounds: a,
hydroxyacetaldehyde; b, (3H)-furan-
2-one; ¢, (2H)-furan-3-one; d, fur-
fural; e, 2-hydroxymethylfuran; f,
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Side Chain Region of the HSQC Spectra: Analysis of
Interunit Linkages in Lignin

The side chain region of the spectra gave useful
information about the interunit linkages present in
lignin. All the spectra showed prominent signals
corresponding to 8-O-4’ ether units (substructure A).
The C,-H, correlations in 8-O-4’ substructures were
observed at /8y 71 to 72/4.7 to 4.9 ppm, while the
CB-HB correlations were observed at 8/6;; 84/4.3 and
86/4.1 ppm for substructures linked to G and S units,
respectively. The C,-H, correlations in B-O-4" sub-
structures were observed at 6-/8,;59/3.4 and 3.7 ppm,
partially overlapped with other signals. In addition,
strong signals for resinol (8-B8") substructures (B) were
observed in all spectra, with their C,-H,, C;-Hg, and
the double C,-H, correlations at 6-/8;; 85/4.7, 54/3.1,
and 71/3.8 and 4.2, respectively. Phenylcoumaran
(B-5') substructures (C) were also found, although in
lower amounts, the signals for their C-H, and C,-H
correlations being observed at 6-/8; 87/5.5 and 54/
3.5, respectively, and that of the C -H, correlation
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Time (min)

overlapping with other signals around 6-/8; 63/3.7.
Finally, small signals corresponding to spirodienone
(B-1"/a-O-a’) substructures (D) could also be ob-
served in the spectra, their C,-H,, C,-H,, Cg-H,,
and C "HB’ correlations being at 6./6;; 82/5.1, 87/4.4,
60/ 2.8B, and 79/4.1, respectively. Other small signals
observed in the side chain region of the HSQC spectra
corresponded to Cz-Hy correlations (at 8-/ 84/5.2)
of B-O-4' substructures bearing a C, carbonyl group
(F) and the C -H, correlation (at 8-/8y; 62/4.1) as-
signed to p-hydroxycinnamyl alcohol end groups (I).
The HSQC spectra of the isolated MWL also reflected
the same side chain signals observed in the spectra of
the whole woods, although they were better resolved
and some new signals were observed. These included
small signals corresponding to C;-H, correlations (at
8¢/8y4 55/2.8) of conventional open B-1' substructures
(E; Lundquist, 1987) that were observed only in the
MWL spectra. Some aliphatic (nonoxygenated) cross-
signals appeared in the 6./8; 10 to 40/0.5 to 2 ppm
region (not included in Fig. 4), which were especially
abundant in the 1-month sample and could include
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Figure 2. Py-GC-MS chromato-
gram of the MWLs isolated from
the E. globulus wood samples at
different growth stages. The identi-
ties and relative abundances of the
released compounds are listed in
Table II.
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cutin-like material (Deshmukh et al., 2005) or other
polymethylenic structures.

Aromatic Region of the HSQC Spectra: Analysis of
Lignin Units

The main cross-signals in the aromatic region of the
HSQC spectra corresponded to the aromatic rings of
the different lignin units. Correlations from S, G, and H
lignin units could be observed in the spectra of whole
wood and their MWLs. The S lignin units showed a
prominent signal for the C,-H, ; correlation at 5-/8y
104/6.7, while the G units showed different correlations
for C,-H, (SC/B 111/7.0), Cs-Hy (6-/65 115/6.7 and
7.0), and C 6 (6c/6¢ 119/6. 8) Signals corresponding
toCy-Hy g correlatlons in C_-oxidized S lignin units (S")
were observed at §-/8 107/7.3 and 107/7.2. Signals of
H lignin units at -/ 8H 115/6.7 and 128/7.2 for C;5-H; 5
and C,.-H,, respectively, were only detected in the
HSQC spectra of the youngest wood sample (1 month),
in agreement with the higher presence of H units
shown by Py-GC-MS. An extra and well-resolved sig-
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nal was also detected at 6-/6;; 109/7.1 in this sample
(in both wood and MWL) that was tentatively assigned
to a G-type structure. Olefinic cross-signals of fatty acid
structures with one/two double bonds, similar to those
from oleic acid (8-/6; 130/5.3) and linoleic acid (6-/8
128/5.3 and 130/5.3), were also identified (Fig. 4). They
probably originate from the cutin-like structures men-
tioned in the previous section. The cross-signal of
pyridine used to form the wood gels was also observed
(6c/ 8y around 124/7.3).

Summary of Changes in Lignin Structure as Revealed
by 2D-NMR

The relative abundances of the H, G, and S lignin
units, and those of the main interunit linkages (re-
ferred to as per 100 aromatic units and as a percentage
of the total side chains), calculated from the HSQC
spectra of the whole woods and of their respective
MWLs, are shown in Table V. The H-G-S composition
and the S-G ratio (ranging from 1.2 in the youngest
wood to 3.3 in the oldest one) are in close agreement
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Table 1. Identification and relative molar abundance (%) of the lignin-derived compounds identified
in the Py-GC-MS of E. globulus wood at the different growth stages and from their isolated MWLs

1 Month 18 Months 9 Years

No. Compounds

Wood MwL Wood MWL Wood MwL
1 Phenol 5.5 1.0 0.8 0.2 0.7 0.3
2 Guaiacol 8.7 8.4 4.0 3.6 3.5 3.8
3 Methylphenol 0.9 0.5 0.3 0.1 0.3 0.2
4 Methylphenol 2.7 0.5 0.4 0.1 0.4 0.2
5 4-Methylguaiacol 2.9 7.3 1.7 3.5 2.2 3.0
6 Dimethylphenol 0.3 0.6 0.4 0.2 0.5 0.1
7 4-Ethylguaiacol 1.9 2.6 0.6 0.8 0.5 0.8
8 4-Vinylguaiacol 9.7 10.0 4.5 3.9 4.9 3.3
9 Eugenol 0.9 0.5 0.6 0.6 0.6 0.6
10 Propylguaiacol 0.5 0.2 0.1 0.1 0.1 0.1
11 Syringol 11.8 13.4 14.1 10.7 11.4 13.1
12 cis-Isoeugenol 0.7 0.6 0.5 0.7 0.4 0.6
13 trans-Isoeugenol 5.4 2.3 3.1 2.5 2.7 2.5
14 4-Methylsyringol 3.9 9.0 7.9 9.0 9.6 8.5
15 Vanillin 0.9 2.6 0.7 2.4 0.8 1.9
16 Propynylguaiacol 0.4 0.4 0.5 1.0 0.4 0.4
17 Propynylguaiacol 0.4 0.5 0.6 1.1 0.4 0.5
18 Homovanillin 0.0 0.2 0.3 0.9 0.5 0.9
19 4-Ethylsyringol 2.9 3.2 2.3 1.9 0.2 2.1
20 Vanillic acid methyl ester 0.0 0.3 0.0 0.3 0.0 0.3
21 Acetoguaiacone 0.6 1.6 0.8 1.3 0.6 1.3
22 4-Vinylsyringol 12.6 8.7 14.6 6.6 12.3 6.9
23 Guaiacylacetone 0.8 1.2 0.3 0.5 0.4 0.4
24 Propylsyringol 0.0 0.6 0.0 0.7 0.0 0.8
25 Allylsyringol 2.4 0.4 3.4 1.6 3.5 1.7
26 Propiovanillone 0.1 0.4 0.1 0.3 0.1 0.3
27 Guaiacylvinylketone 0.0 0.4 0.0 1.1 0.0 1.0
28 cis-Propenylsyringol 1.9 1.0 2.1 1.9 1.9 2.0
29 Propynylsyringol 0.5 0.6 1.8 1.7 2.4 1.1
30 Propynylsyringol 0.3 0.4 0.9 1.2 1.1 0.7
31 Vanillic acid 0.0 0.5 0.0 0.2 0.0 0.1
32 trans-Propenylsyringol 6.4 3.0 11.2 6.5 11.4 7.1
33 Dihydroconiferyl alcohol 0.7 0.5 0.9 0.3 0.7 0.3
34 Syringaldehyde 1.8 5.5 4.6 10.4 5.2 9.1
35 Homosyringaldehyde 0.0 0.0 0.7 2.3 3.2 3.1
36 Syringic acid methyl ester 0.1 0.3 0.2 0.6 0.2 0.5
37 Acetosyringone 1.4 2.6 2.6 4.2 3.5 4.3
38 trans-Coniferyl alcohol 3.0 0.0 0.8 0.5 0.3 0.8
39 Coniferaldehyde 0.5 1.3 0.8 1.6 1.1 1.4
40 Syringylacetone 2.2 23 23 1.4 3.0 1.5
41 Propiosyringone 0.7 0.9 0.7 1.1 0.9 1.0
42 Syringyl-3-oxo-propanal 0.0 0.6 0.0 0.6 0.0 0.7
43 Syringylvinylketone 0.1 0.1 0.2 1.2 0.3 1.1
44 Syringic acid 0.0 0.7 0.0 0.7 0.0 0.5
45 Dihydrosinapyl alcohol 0.6 0.2 1.1 0.4 1.2 0.5
46 cis-Sinapy! alcohol 0.5 0.0 0.6 0.5 0.4 0.7
47 cis-Sinapaldehyde 0.0 0.1 0.1 0.1 0.1 0.1
48 trans-Sinapyl alcohol 1.3 0.0 0.6 0.7 0.3 1.8
49 trans-Sinapaldehyde 0.7 2.0 4.8 6.0 5.7 5.7
Total H 9.4 2.6 1.9 0.7 1.9 0.8
Total G 38.5 42.0 21.2 27.5 20.4 243
Total S 52.1 55.4 76.9 71.8 77.6 74.9

with the data obtained by Py-GC-MS, indicating a
decrease of H and G units and an increase of S lignin
units during lignification. The content of H lignin in
the isolated MWL was lower than in the respective
wood samples, as already observed by Py-GC-MS.

672

With respect to the different linkage types, all the
lignins showed a predominance of 8-O-4' units (A and
F; 69%-72% of total side chains) followed by B-B’
resinol-type units (B; 16%-19%) and lower amounts of
B-5' phenylcoumaran-type (C; 1%-5%) and B-1" spiro-
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Figure 3. HSQC NMR spectra (§/8,; 45-135/2.5-8.0 ppm) of the E. globulus wood samples at different growth stages after
forming a gel in DMSO-dj:pyridine-ds (4:1). See Table Il for lignin signal assignment and Figure 5 for the main lignin structures
identified. The assignments of the carbohydrate signals are listed in Table IV.

dienone-type (D; 1%-5%) units. The conventional open
B-1" structures (E; Lundquist, 1987), which were ob-
served only in the MWL samples, ranged from 1% to 2%.

Some interesting information could be obtained
from the wood NMR data. First, it is clear that the
changes in monolignol availability during growth
influence not only the unit composition but also af-
fect the abundances of some interunit linkages. For
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example, despite the relative percentage of the 8-O-4’
linkages remaining relatively constant with growth,
their abundances per aromatic unit slightly increases
(from 46 to 50 linkages per 100 aromatic units), and the
same happens with the B-B8’ resinol-type structures
(which increase from 10 to 12 linkages per 100 aro-
matic units), probably as a consequence of the increase
of S units. Interestingly, the ratio between the abun-
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Figure 4. HSQC NMR spectra (§/8,, 45-135/2.5-8.0 ppm) of the MWLs isolated from the E. globulus wood samples at different
growth stages. See Table IlI for lignin signal assignment and Figure 5 for the main lignin structures identified. Olefinic cross-
signals of unsaturated fatty acid structures (Up) were also identified.
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Table 11l. Assignments of the lignin ">C-"H correlation signals in the HSQC spectra of E. globulus
wood at the different growth stages and their isolated MWLs

Labels 88y, Assignment
ppm
Cﬁ 53.5/3.46 Cﬁ—Hﬁ in phenylcoumaran substructures (C)
Bg 53.5/3.06 Cg-Hg in resinol substructures (B)
E,3 55.0/2.75 Cﬁ—H,3 in B-1' substructures (E)
-OMe  55.6/3.73 C-H in methoxyls
A, 59.4/3.40 and 3.72 C,H, in B-O-4' substructures (A)
Dy 59.6/2.75 CB'HB in spirodienone substructures (D)
L, 61.3/4.09 C,-H, in cinnamyl (sinapyl/coniferyl) alcohol end
groups (1)

Cy 62.5/3.72 Cy—Hy in phenylcoumaran substructures (C)
B, 71.0/3.83 and 4.19 Cy—HV in resinol substructures (B)
A, 71.7/4.86 C,-H, in B-O-4’ substructures (A)
Dﬁ, 79.3/4.11 CB"HB’ in spirodienone substructures (D)
D, 81.2/5.09 C,H, in spirodienone substructures (D)
Agc) 83.5/4.28 CB'HB in B-O-4’ linked to a G unit (A)
FB 83.8/5.23 CB'HB in oxidized (C,=0) B-O-4' substructures (F)
B, 84.8/4.67 C,-H,, in resinol substructures (B)
D, 84.8/4.75 C,H, in spirodienone substructures (D)
Ages) 85.8/4.11 CB'HB in B-O-4’ linked to a S unit (A)

86.8/5.46 C,-H, in phenylcoumaran substructures (C)

S,s  103.8/6.69
S',6 106.6/7.32 and 7.19
G, 110.9/6.99
D,  113.2/6.27
Hy;  114.9/6.74

D,  118.9/6.09
Hye 128.0/7.23

Cq Hy in spirodienone substructure:
C,,6-H, 6 in p-hydroxyphenyl units (

C, 6-H, 6 in etherified syringyl units (S)

C,6-H, 6 in oxidized (C,=0) phenolic syringyl units (")

C,-H, in guaiacyl units (G)
C,.H,. in spirodienone substructures (
! C; 5-H; 5 in p-hydroxyphenyl units (H)
G5/G, 114.9/6.72 and 6.94; 118.7/6.77 Cs-Hs and Cy-Hg in guaiacyl units (G)
s (
H)

D)

D)

dances of B-O-4' and B-B’ resinol-type structures
seems to remain more or less constant along lignifica-
tion. The spirodienone-B-1' ratio also increased during
growth (from 0.8 to 3.2). In contrast, the abundance of
phenylcoumaran structures decreases with lignifica-
tion, which is most probably related to the decrease in
G lignin observed. On the other hand, a small but
continuous oxidation of the Ca of the lignin side chain
(from one to four Ca oxidized B-O-4’ linkages per 100
aromatic units) occurs during lignification, probably
as a result of wood aging. Finally, the abundance of
cinnamyl alcohol end groups decreases with lignifica-
tion, as also observed by Py-GC-MS.

Hemicellulose Polysaccharides

The HSQC spectra also reveal differences in the
carbohydrates present in eucalypt wood after the
different growth periods, which are observed in two
differentiated regions of the spectra: the aliphatic-
oxygenated region and the region corresponding to
the anomeric correlations (Fig. 3). The aliphatic-oxy-
genated region shows strong signals from carbohy-
drates, including naturally acetylated hemicelluloses.
Among them, signals from O-acetylated xylans (3-O-
acetyl-B-pD-xylopyranoside [X';] and 2-O-acetyl-B8-p-
xylopyranoside [X',]) and, at the earlier stages of
growth, O-acetylated mannans (2-O-acetyl-B-D-man-
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nopyranoside [M',]) were observed. Other signals in
this region correspond to C,-H,, C;-H,, C,-H,, and Cs-
Hj correlations of xylans (8-pD-xylopyranoside [X,, X,
X, and X;]), which overlap with unassigned cross-
signals of other pentose and hexose polysaccharide
units (note that crystalline cellulose is practically “in-
visible” in the HSQC spectra of the wood gels due to
its reduced mobility), and the C,-H, correlation for
4-O-methyl-a-p-GlcUA (U,).

However, the main differences are observed in the
carbohydrate anomeric region of the spectra, which
have been depicted in detail in Figure 6. The main C;-
H, correlation signals in this region, which are listed in
Table IV, were assigned according to Kim and Ralph
(2010), together with some additional references for
pectin (Ha et al., 2005; Golovchenko et al., 2007,
Hedenstrom et al., 2008). Cross-signals from arabinans
(Ar; and Aryy)), mannans (M,), galactans (Ga,), xylans
(X1, aX k) and BX; ), and glucans including non-
crystalline cellulose (Gl,), as well as signals from
O-acetylated mannans and xylans (M'; and X';) and
from the 4-O-methyl-a-p-glucuronic (U;) and galact-
uronic (UGA,) acids (the latter forming part of pectin
as the methyl ester) are readily apparent and well
resolved in this region of the spectra. A small signal of
a-Rha (R;) units was also observed, especially in the
18-month-old wood. Interestingly, the signals of arab-
inans, mannans, and galactans, which are observed in
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important amounts in the youngest wood sample,
drastically decrease during maturation, while the
spectra of the oldest samples are progressively en-
riched in xylan moieties. Ara and Gal polymers are
often associated with pectins. Therefore, the high
amounts of these sugars, together with methyl galact-
uronate (UGA; NMR signal), in the youngest wood
samples may reflect the higher content of pectin
(Coetzze and Wolfaart, 2010). During the subsequent
E. globulus growth, a positive correlation was found
between the increases of lignin S-G ratio and the
content of xylan (or the decrease of arabinogalactan),
similar to that reported during within-tree variation
studies in E. camaldulensis and E. globulus (Ona et al.,
1997).

From the intensities of the corresponding carbohy-
drate cross-signals in the spectra, it was possible to
estimate that one of each two Xyl units bears one
acetate group on average occupying the C2 (approx-
imately 60% of units) or C3 (approximately 40%)
position (of monoacetylated and diacetylated xylan
units). 4-O-Methylglucuronic acid xylan branches
seem to be less abundant (one for each eight Xyl units
on average). Interestingly, the acetylation and 4-O-
methylglucuronic acid substitution degree in xylan
remain constant during growth. These results basically
agree with studies on hemicelluloses (xylans and other
polysaccharides) isolated from adult eucalypt woods

Plant Physiol. Vol. 155, 2011
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Figure 5. Main substructures pres-
ent in the E. globulus wood lig-
nin during tree growth. A, B-Ether
structure formed by B-O-4' link-
ages. B, Resinol structure including
B-B’ linkages. C, Phenylcoumaran
structure including B-5' linkages.
D, Spirodienone structure includ-
ing B-1' linkages. E, Open B-1’
structure. F, C,-oxidized B-O-4'
structure. |, Cinnamyl alcohol end
group. H, p-Hydroxyphenyl unit.
G, Guaiacyl unit. S, Syringyl unit.
S’, Oxidized syringyl unitbearing a
carbonyl at Ce.

OMe

(Shatalov et al., 1999; Evtuguin et al., 2003; Lisboa
et al., 2005). Additional studies, required to complete
the assignment of the HSQC cross-signals of carbohy-
drates in the eucalypt wood gels, are outside the scope
of this paper. However, the in situ analysis presented
here provides a global picture of the composition of
the hemicellulose fraction in E. globulus wood and its
variation during tree growth, without isolating the
individual polysaccharides.

Thioacidolysis of the Isolated Lignins

To obtain additional information about the units
involved in different linkages of the lignin structure,
the MWLs isolated from the E. globulus woods at the
different growth stages were also studied by thioaci-
dolysis. The degradation products were then subjected
to a Raney-nickel desulfurization and the products
obtained were analyzed by GC-MS. The chromato-
gram of the trimethylsilylated products of a represen-
tative eucalypt wood MWL sample (from 1-month
wood) is shown in Figure 7. The compounds were
identified according to previously reported mass spec-
tra (Lapierre et al., 1991; Saito and Fukushima, 2005;
Rencoret et al., 2008; del Rio et al., 2009). The structures
of the main compounds identified are shown in Figure
8, and their mass spectral data are summarized in
Table VL
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Table IV. Assignments of the carbohydrate >C-'H correlation signals in the HSQC spectra of
E. globulus wood at the different growth stages

R, Reducing end; T, terminal (nonreducing).

Labels 8./8y, Assignments
ppm

Xs 63.2/3.26 and 3.95 Cs-Hs in B-p-xylopyranoside
M, 70.9/5.41 C,-H, in 2-O-acetyl-B-p-mannopyranoside
X, 72.9/3.14 C,-H, in B-b-xylopyranoside
X', 73.5/4.61 C,-H, in 2-O-acetyl-B-p-xylopyranoside
X, 74.1/3.32 C;-H, in B-p-xylopyranoside
X'y 74.9/4.91 C;-H; in 3-O-acetyl-B-p-xylopyranoside
X4 75.6/3.63 C,-H, in B-p-xylopyranoside
U, 81.4/3.22 C,-H, in 4-O-methyl-a-p-GlcUA

Anomeric correlations (C4-Hy)

aXyg ~ 92.5/5.02
BXig  97.7/4.39
U, 97.7/5.32
M, 99.3/4.78
R, 99.3/5.25
X', 99.8/4.58
M, 101.2/4.69
UGA,  101.7/4.94
X,-X',  102.1/4.38
al, 103.3/4.41
al, 103.6/4.30
Ga, 105.6/4.40
Ar, 107.3/5.05
Aty 108.3/4.91

a-D-Xylopyranoside (R) [a-p-glucopyranoside (R)]
B-b-Xylopyranoside (R) [B-p-glucopyranoside (R)]
4-O-Methyl-a-p-GlcUA
2-O-Acetyl-B-p-mannopyranoside

(1= 2)-a-p-Rhamnopyranoside
2-O-Acetyl-B-p-xylopyranoside

(1 —4)-B-p-Mannopyranoside

Methyl(1 — 4)-a-p-galacturonate

B-p-Xylopyranoside + 3-O-acetyl-B-p-xylopyranoside
(1 —4)-B-p-Glucopyranoside
(1—3)-B-p-Glucopyranoside + (1 — 6)-B-b-glucopyranoside
(1 —4)-B-p-Galactopyranoside

a-L-Arabinofuranoside

a-L-Arabinofuranoside (T)

The yield of thioacidolysis monomers increased
from the 1-month to the 9-year samples (1,450-2,920
umol g_l). The low amounts of monomers released
from the 1-month sample were probably due to the
presence of cutin-like material coextracted or chemi-
cally bound to the lignin, as shown by NMR, whose
presence was especially high in this MWL sample. The
molar composition of the H, G, and S thioacidolysis

monomers in the different MWLs is provided in Table
VIL It showed a predominance of S over G units in the
etherified eucalypt lignin and the nearly complete
absence of H units. The abundances of S units in the
etherified lignin (over 80%—-87%) are higher than in the
total lignin, as shown by NMR (56%-76%) and Py-GC-
MS (55%—75%) analyses, confirming that the ether-
linked lignin is enriched in S units. Possibly, because of

Table V. Lignin structural characteristics from integration of '>C-'H correlation signals in the HSQC
spectra of whole E. globulus wood at different growth stages and their MWLs

Characteristics include abundance of side chains forming different interunit linkages (A-F) and
cinnamyl alcohol end groups (1) per 100 aromatic units (and as percentage of total side chains) as well

as H, G, and S contents.

1 Month

18 Months 9 Years

Characteristics
Wood

MWL Wood MWL Wood MWL

Linkages (% side chains involved)
B-O-4" aryl ether (A) 46 (7
Resinol (B) 10 (1
Phenylcoumaran (C) 34
Spirodienones (D) 101
B-1" structures (E) 0 (0
B-O-4" oxidized at Ca (F) 171
Cinnamyl alcohol end groups (I) 3 (5

Lignin units (%)

H 5
G 41
S 53

1(68) 50(72) 51(69) 50(69) 50 (69)
3(18) 12(18) 14 (19) 12(16) 14 (19)
4 (5) 1(2) 2(3) 1) 1.(1)
2 (3) 2 (3) 3(4) 4 (5) 3(5)
1(2) 0 (0) 1.(1) 0 (0) 1.(1)
1(1) 2(2) 3(3) 4 (5) 2 (4)
2 (3) 2(3) 1(1) 2 (3) 1(1)
2 0 0 0 0
42 26 27 23 24
56 74 73 77 76

676

Plant Physiol. Vol. 155, 2011



Lignin in Young and Adult Eucalypt Plants

Figure 6. Carbohydrate anomeric

A 1 month B 18 months C 9years regions (8./8,, 90-110/3.5-6.0
oXe) ey i ppm) of HSQC NMR spectra of
the E. globulus wood samples at
[9 | % [* different growth stages after form-
U Ui BXic Ui X ing a gel in DMSO-dj:pyridine-dj
s " BXiw) - M ‘ — M (4:1). The assignments of the car-
3 o o G- N s Ry, 2~ 3, " Eloeh?/\irate signals are listed in Ta
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this high abundance of S units in etherified lignin, no
further enrichment was observed in the lignins iso-
lated during tree growth.

The dimers recovered after thioacidolysis provide
information on the various carbon-carbon and diaryl
ether linkages, referred to as the “condensed” bonds
(including 5-5', 4-O-5’, B-1', B-5', and B-B'; Lapierre
etal.,, 1991, 1995). The relative molar percentages of the
different dimers released from the MWLs are shown in
Table VIII. The main dimers obtained were of 5-5'
(dimers 5-7), 4-O-5" (8 and 10), B-1' (9, 11, 13, 16, 18,
and 26), B-5’ (12, 14, 17, and 23), B-B' tetralin (15, 19-
22, and 25), and phenylisochroman (24 and 27-29;
including B-1'/a-O-a’ bonds) types (Fig. 8).

The compounds with -8’ (tetralin) structures were
the most prominent dimers released, accounting from
39% to 52% of the total identified dimers. The high

monomers

2
1004

754

dimers

proportion of tetralin-type dimers was in agreement
with the high amounts of 3-8’ resinol substructures
observed by 2D-NMR. Interestingly, the relative abun-
dances of the tetralin dimers, with respect to the other
condensed structures, increase with lignification.
More interestingly, most of the -8’ dimers released
from the different eucalypt lignins were of syringar-
esinol type, pinoresinol being completely absent, and
the G-S resinol structure appearing only in trace
amounts (Table VIII). The fact that B-B’ resinol struc-
tures are made almost exclusively of S units explains
their increase during lignification due to the parallel
increase of S units. The relative abundances of the g-1’
dimers were anomalously prominent (around 26% of
the total dimeric structures) in comparison with other
lignins (Lapierre et al, 1995; Ralph et al., 2004a).
Although the total relative abundance of 8-1’ dimers

Figure 7. Chromatogram of the thioaci-
dolysis degradation products (after Raney-
nickel desulfurization) of a representative
MWL from E. globulus wood (at 1T month
of growth) as trimethylsilyl derivatives. The
numbers refer to the compounds (mono-
mers and dimers) listed in Table VI, and the
corresponding chemical structures are
shown in Figure 8. .S. refers to octadecane
used as an internal standard.

Relative abundance (%)

254

22

)
5
Time (min)
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Figure 8. Structures of monomeric and main
dimeric compounds obtained after thioacidolysis
and Raney-nickel desulfurization of the MWLs
isolated from the E. globulus wood samples at
different growth stages. All mass spectral data of
the compounds (as trimethylsilyl derivatives) are
listed in Table VI.

Monomers
R3

Ry R4
OH
1 R,=OCHs, Ry=H, Ry=CH,
2 R,=R,=0CH,, R;=CH,
3 R,=0CH,, R,=H, R;=CH,OH
4 R=R,=OCH,, Ry=CH,0H

R ! OCHj3

OH

9 R,=R,=R;=H

11 R,=OCH,, R,=R,=H
13 R,=R,=H, R,=CH,0OH
16 R,=R,=OCH,, R,=H

18 R,=OCH;, R,=H, R;=CH,0H

26 R,=R,=0CH,, R,=CH,0H

55
OH
CH40
OCH;,
OH
Ra

5 R=R,=H
6 R=H, R,=CH,
7 R=R,=CH,

Rz B_SI

OCH;
l OH

OH

R3

Ri OCH3

12 R,=H, R,=CH,, R;=H
14 R,=H, R,=CH, R;=CH,OH
17 R,=OCH,, R,=CH;, R;=H

23 R,=OCH,, R,=CH,, R,=CH,OH

4-0-5'

R
o OCH3

OCH;, OH

8 R=H
10 R=0OCH,

Isochroman

OCH,4

OCHj

24 R=R,=H
27 R,=H, R,=0CH,
28 R,=OCH;,, R,=H
29 R,=R,=0CH,

was not modified during maturation, the distribution
among the different dimeric structures changed, with
an increase of structures having two S units, in agree-
ment with the parallel enrichment of S lignin. The -5’
dimers were also released in important amounts from
the different MWLs (ranging from 20% to 11% of total
dimeric structures) and, in agreement with the HSQC
spectra, their abundances decrease with maturation,
paralleling the decrease of G units. The 5-5’ dimeric
structures, which are considered mostly as being deg-
radation products of dibenzodioxocins and which
could not be detected in the HSQC spectra, were
found in very small amounts in all the samples (rang-
ing from 2% to 5% of all dimeric compounds), and
their content also decreased with maturation, paral-
leling the decrease of G units. Finally, some trimeric
compounds were identified among the thioacidolysis
degradation products as being formed by addition to
the B-B’ tetralin dimers described previously (com-
pounds 20, 22, and 25) of a G lignin unit linked by
a 4-O-5" ether bond (5-8-8'-5'-4'-O-5''-G’’ trimers).
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15 R,=H, R,=CH R,=OCH,

19 R,=OCH,, R,=H, R,=OCH,

21 R,=OCH,, R,=CH, R,=H

20, 22,25 R,=OCH;, R,=CH, R,=OCH,

Three isomers of this trimeric structure, which were
previously reported in Eucalyptus wood (Rencoret
et al., 2008), were detected, as also occurred with the
corresponding dimers, and their relative abundances
also increased during growth due to the progressive
enrichment of S lignin units.

CONCLUSION

This study reports, to our knowledge for the first
time by in situ analyses, how the composition and
structure of lignin and hemicelluloses in E. globulus
wood change during plant growth. This was possible
by the use of Py-GC-MS, which gives information
about the H-G-S composition of the lignin in woods,
and by a very recent spectroscopic methodology that
combines the high resolution of 2D-NMR with spectra
acquisition of the whole wood at the gel stage (by
“swelling” in DMSO-dg:pyridine-d; [4:1]), thus en-
abling the simultaneous analysis of both types of
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Table VI. Identification and mass spectral fragments of the compounds (silylated monomers and
dimers) released after thioacidolysis and Raney-nickel desulfurization of MWLs from the different
E. globulus woods analyzed, whose structures are depicted in Figure 8

Linkage type and molecular weight (MW) are indicated, in addition to main mass fragments (the base

peaks are underlined). m/z, Mass-to-charge ratio.

Compound Linkage Fragments MW
m/z

Monomers
1 G 238,223,209, 179, 73 238
2 S 268, 253, 239,238, 209 268
3 G-OH 326, 311, 236, 206, 179 326
4 S-OH 356, 341, 240 356

Dimers
5 5-5" (G-G) 446, 431, 417, 416, 73 446
6 5-5" (G-Q) 460, 445, 431, 430, 73 460
7 5-5'" (G-G) 474, 459, 445, 444, 385, 357, 73 474
8 4-0O-5" (G-QG) 402, 387, 373, 372, 357, 343, 73 402
9 B-1" (G-Q) 418, 209, 179, 73 418
10 4-0-5" (G-5) 432, 417,403, 73 432
11 B-1" (G-S) 448, 433, 239, 209, 179, 73 448
12 B-5" (G-Q) 460, 445, 251, 236, 209, 207,179, 73 460
13 B-1" (G-G, -OH) 520, 505, 417, 311, 223, 209, 179, 149, 73 520
14 B-5" (G-G, -OH) 562, 472, 352, 263, 209, 191, 73 562
15 B-B' (G-S) 502, 306, 269, 239, 209, 73 502
16 B-1" (S-S) 478, 463, 239, 209, 73 478
17 B-5" (G-S) 490, 239, 209, 73 490
18 B-1" (G-S, -OH) 550, 535, 341, 73 550
19 B-B' (S-S) 518, 503, 489, 488, 292, 73 518
20 B-B' (S-S) 532, 517, 502, 445, 306, 291, 275, 73 532
21 B-B’ (G-S) 502, 487, 472, 415, 276, 73 502
22 B-B' (S-S) 532, 517, 502, 445, 306, 291, 275, 73 532
23 B-5" (G-S, -OH) 592, 502, 472, 239,209, 191, 73 592
24 B-1"/a-O-a' (G-G) 488, 473, 459, 279, 251, 209, 73 488
25 B-B’ (§-9) 532, 517, 502, 445, 306, 291, 275, 73 532
26 B-1" (S-S, -OH) 580, 565, 341, 239, 209, 73 580
27 B-1"/a-O-a" (G-S) 518, 503, 489, 309, 239, 209, 73 518
28 B-1"/a-O-a' (S-G) 518, 503, 489, 279, 251, 239, 209, 73 518
29 B-1"/a-O-a" (S-5) 548, 533, 519, 309, 278, 281, 239, 209, 73 548

polymers without the problems often associated with
isolation (such as low yield, structural modification,
and the presence of contaminating molecules).

The data obtained indicated that not only the lignin
content increases with growth but that its composition
changes with maturation, the order of monolignol
deposition being H, G, and then S at a late stage. The
enrichment of S lignin with respect to G and H lignin
during lignification also affects the abundance of the
different interunit linkages forming the lignin struc-
ture. Thus, a decrease of B-5' phenylcoumaran and
5-5' biphenyl substructures occurred during lignifica-
tion, paralleling the decrease in G units, and a small
increase of B-O-4’ alkyl-aryl ether substructures
was produced, paralleling the enrichment of S units.
B-O-4' alkyl-aryl ether are the major substructures
in eucalypt lignin (69%-72% of side chains) together
with B-B’ resinol substructures (16%—19% of side
chains), which interestingly were almost exclusively
of the syringaresinol type. On the other hand, open
B-1" structures were detected in addition to spirodie-
nones, the abundance of the latter increasing during
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growth. Finally, a small but continuous oxidation of
the Ca of the lignin side chain, together with a decrease
of cinnamyl alcohol end groups, was also observed as
lignification proceeds.

Moreover, significant changes in hemicellulose dur-
ing eucalypt growth were also shown by the HSQC
spectra of the wood gels, including increases of xylosyl
(which appeared 50% acetylated) and 4-O-methylglu-
curonosyl cross-signals, and strong decreases of those
of arabinosyl, galactosyl, and methyl galacturonosyl
units (the latter originating from pectin-like polymers).
Although more work is required for a complete as-

Table VII. Relative molar abundance of etherified monomers after
thioacidolysis of the MWLs isolated from the E. globulus wood at
different growth stages

Growth Stage H G S

1 month 0.1 20.1 79.8
18 months 0.1 12.8 87.1
9 years 0.1 18.6 81.3
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Table VIII. Relative molar percentages of the different dimer types (see Table V and Fig. 8) released after thioacidolysis (and Raney-nickel
desulfurization) of the MWLs isolated from E. globulus wood at different growth stages

Growth 5-5 4-0-5' B-1’ B-5' B-B’ B-1"/a-O-a'

Stage GG GG SG GG SG SS GG SG GG SG SS GG SG SS
1 month 4 3 3 7 7 11 9 11 0 3 42 1 1 1
18 months 3 2 3 4 5 17 4 9 0 1 48 1 1 3
9 years 2 2 4 3 4 19 4 7 0 1 51 1 1 4

signment of all the polysaccharide signals in the wood
gels, the results obtained showed that not only changes
in lignin structure and composition but also the evolu-
tion of polysaccharides during plant growth can be
followed in situ (without time-consuming and prob-
lematic polymer isolation) by the use of 2D-NMR in
combination with other techniques.

MATERIALS AND METHODS
Wood Samples

Samples from a selected Eucalyptus globulus clone (334-1-AR) at different
stages of growth (1 month, 18 months, and 9 years) were provided by the
Grupo Empresarial ENCE pulp mill in Pontevedra, Spain, as representative
of clonal plantation trees used for paper pulp production. Whole stems of
1-month-old plants, and previously debarked 18-month-old and 9-year-old
eucalypt wood chips, were air dried and milled using an IKA cutting mill. The
milled samples were successively extracted with acetone in a Soxhlet appa-
ratus for 8 h and then with hot water (3 h at 100°C). Klason lignin was
estimated as the residue after sulfuric acid hydrolysis of the preextracted
material according to Tappi procedure T222 om-88 (Tappi, 2004). The protein
content in the Klason lignin was determined from the nitrogen content
(Kjeldahl method) using a 6.25 factor (Darwill et al., 1980). The acid-soluble
lignin was determined at 205 nm after the insoluble lignin was filtered off.

Monosaccharide composition of the above wood hydrolysate was deter-
mined using a Dionex HPLC system (ICS 3000) equipped with a Dionex AS
autosampler, a GP40 gradient pump, an anion-exchange column (Dionex
CarboPac PA1), an ED40 electrochemical detector, and different monosaccha-
ride standards. The total uronic acids in the hydrolysate were measured
colorimetrically at 520 nm (Blumenkrantz and Asboe-Hansen, 1973). The
distribution of amorphous (hemicellulose) and crystalline (cellulose) glucan
was calculated by treating the wood with a weak acid, trifluoroacetic acid, and
analyzing the hemicellulose sugars, as alditol acetates, by GC-MS with inositol
as an internal standard (Albersheim et al., 1967). The residue was washed with
the Updegraff (1969) reagent, stripped of further hemicelluloses and amor-
phous glucan, and totally hydrolyzed with sulfuric acid (Selvendran and
O’Neill, 1987), and Glc was quantified by the anthrone assay. Ash content was
estimated as the residue after 6 h at 575°C. Two or three replicates were used
for each sample.

MWL Isolation

The MWLs were obtained according to the classical procedure (Bjérkman,
1956). Extractive-free ground wood (prepared as above) was finely ball milled
in a Retsch PM100 planetary mill (50 h at 300 rpm for 30 g of wood) using a
500-mL agate jar and agate ball bearings (20 X 20 mm). The milled wood was
submitted to an extraction (4X 24 h) with dioxane:water (9:1, v/v; 5-10 mL
solvent g~ milled wood). The solution was centrifuged, and the supernatant
was evaporated at 40°C under reduced pressure. The residue obtained (raw
MWL) was redissolved in acetic acid:water (9:1, v/v; 20 mL solvent gfl raw
MWL). The solution was then precipitated into water, and the residue was
separated by centrifugation, milled in an agate mortar, and dissolved in
1,2-dicloromethane:ethanol (1:2, v/v). The mixture was then centrifuged to
eliminate the insoluble material. The resulting supernatant was precipitated
into diethyl ether, and the obtained residue was separated by centrifugation.
This residue was then resuspended in petroleum ether and centrifuged again
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to obtain the purified MWL, which was dried under a current of N,. The final
yields ranged from 10% to 15% based on the Klason lignin content of wood.

Py-GC-MS

Pyrolysis of the different woods and their MWL samples (approximately
100 ug) was performed with a 2020 microfurnace pyrolyzer (Frontier Labo-
ratories) connected to an Agilent 6890 GC-MS system equipped with a DB-
1701 fused-silica capillary column (30 m X 0.25 mm id. 0.25-um film
thickness) and an Agilent 5973 mass selective detector (electron impact at 70
eV). The pyrolysis was performed at 500°C. The GC oven temperature was
programmed from 50°C (1 min) to 100°C at 30°C min~! and then to 290°C (10
min) at 6°C min . Helium was the carrier gas (1 mL min ). The compounds
were identified by comparing their mass spectra with those of the Wiley and
National Institute of Standards and Technology libraries and those reported in
the literature (Faix et al., 1990; Ralph and Hatfield, 1991). Peak molar areas
were calculated for the lignin degradation products, the summed areas were
normalized, and the data for two repetitive analyses were averaged and
expressed as percentages. No attempt was made to calculate the response
factor for every single compound released. However, for most of the lignin-
derived phenols, the response factors were nearly identical (Bocchini et al.,
1997), with the exception of vanillin, but this was a minor peak here.

2D-NMR Spectroscopy

For the NMR of the whole wood, around 100 mg of finely divided (ball-
milled) extractive-free wood samples was swollen in DMSO-d:pyridine-d;
(4:1, v/v), according to the method developed by Kim and Ralph (2010). In
the case of the MWL, around 40 mg of MWL was dissolved in 0.75 mL of
DMSO-dq.

2D-NMR HSQC spectra were recorded at 25°C on a Bruker AVANCE
500-MHz spectrometer fitted with a cryogenically cooled 5-mm gradient
probe with inverse geometry using Bruker’s standard pulse sequence
“hsqcetgpsisp2.2” (i.e. with adiabatic pulses). The spectral widths were
5,000 and 25,154 Hz for the 'H and "*C dimensions, respectively. The number
of collected complex points was 1,000 for the 'H dimension (acquisition time,
200 ms), with a recycle delay of 500 ms. The number of transients was 100, and
400 time increments were recorded in the *C dimension (for an F1 acquisition
time of 8 ms). The 'J;; used was 145 Hz. Processing used typical matched
Gaussian apodization in 'H (F2) and a squared cosine bell in °C (F1). Prior to
Fourier transformation, the data matrices were zero filled up to 1,024 points in
the '*C dimension. The central solvent peak was used as an internal reference
(8c/ 81 39.5/2.49).

A semiquantitative analysis of the integrals of the HSQC correlation
contour intensities was performed (Heikkinen et al., 2003; Ralph et al., 2006;
Zhang and Gellerstedt, 2007). Integration was performed separately for the
different regions of the spectra. In the aliphatic oxygenated region, the various
interunit linkages were estimated from C_-H, correlations, except for struc-
tures E and F described below, where CB'HB correlations were used, and
structure I, where C,-H, correlations were used, and the relative abundances
of side chains involved in different substructures and terminal structures were
calculated (with respect to total side chains). In the aromatic region, *C-'"H
correlations from the different lignin units were used to estimate the H-G-S
composition and the S-G ratio.

Thioacidolysis and Raney-Nickel Desulfurization

Thioacidolysis of 5-mg samples of MWL was performed as described by
Rolando et al. (1992) using 0.2 M BF; etherate in dioxane:ethanethiol (8.75:1).
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The reaction products were extracted with CH,C1,, dried, and concentrated.
Two-hundred microliters of the CH,Cl, solution containing the thioacidolysis
products was desulfurized as described by Lapierre et al. (1991). GC-MS
analyses were performed in a Varian Star 3400 coupled to an ion-trap detector
(Varian Saturn 2000) using a DB-5HT fused-silica capillary column from J&W
Scientific (30 m X 0.25 mm i.d., 0.1-um film thickness). The temperature was
programmed from 50°C to 110°C at 30°C min "' and then to 320°C (13 min) at
6°C min'. The injector and transfer line were at 300°C; the injector was
programmed from 120°C (0.1 min) to 380°C at 200°C min™ . Helium was the
carrier gas (2 mL min '), and octadecane was used as an internal standard.
Dimer identification was based on previously reported mass spectra (Lapierre
etal., 1991; Saito and Fukushima 2005; Rencoret et al., 2008; del Rio et al., 2009)
and mass fragmentography.
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