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Chemical and spectroscopic analyses (13C cross-polarization-magic angle spinning NMR and

attenuated total reflection Fourier transform infrared spectroscopies) were carried out on the wood

of Vitis vinifera cv. Sangiovese with brown-red discoloration and black streaks caused by esca

disease. The analyses of the brown-red wood revealed the destruction of hemicelluloses and

noncrystalline cellulose as well as modifications in the pectic and ligninic wood fractions. The pectic

fraction consisted of carbohydrates associated with polyphenols. The lignin fraction exhibited only a

few changes in the aromatic systems and a partial demethylation, and it appeared to be associated

with condensed phenolic components probably arising from response polyphenols. The degradation

of hemicelluloses and noncrystalline cellulose in brown-red wood, where the pathogens Phaeoa-

cremonium aleophilum and Phaeomoniella chlamydospora prevail with respect to the other fungus

Fomitiporia mediterranea, was consistent with reports on the degradative activity of such fungi in

vitro carried out on model substrates. The observed alterations could also be attributed to the radical

oxidation process caused by the oxidative response of defense itself triggered by infection, as

suggested by the accumulation of postinfectional compounds. The analyses of wood tissue with black

streaks showed less marked deterioration; here, an increase in pectic and phenolic substances, which

probably accumulate in the xylem vessels as a response to the infection, was observed.
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INTRODUCTION

Esca is a complex disease of grapevine trunk widespread all
over the world (1), and it could be considered the result of
interacting factors and numerousmicroorganisms acting together
or a complex of five distinct syndromes among which is the so-
called “esca proper” (2). Such a disease is often chronic and
reduces grape harvest and quality (3). The characteristic leaf
symptoms of infected plants appear in a discontinuous manner in
time and space in the vineyard (1). The most evident symptoms in
the trunks of vines affected simultaneously by vascular disease
(young esca) and white rot, that is, esca proper (2), are black
streaks (when seen in longitudinal trunk sections), various forms
of discoloration from brown-red to black, and decaying white
areas (1). The principal fungal pathogens involved in esca proper
are Phaeomoniella chlamydospora (Pch) and Phaeoacremonium
aleophilum (Pal), two ascomycetous fungi typically causing a
vascular disease, and Fomitiporia mediterranea (Fmed), a basi-
diomycete causing white decay. The first two have been isolated

from tissue with brown-red discoloration or black streaks, while
Fmed can be found mainly in decaying wood (1, 4).

Many studies on the enzymatic characteristics of these fungi
and their ability to grow either on substrates containing different
forms of carbon and nitrogen or on substrates enriched with
various phenolic species have been carried out (1, 5-10) to
understand how they attack wood tissues and colonize the host.
However, studies focusing on the effects of Pch, Pal, and Fmed
activity on the chemicalmodifications ofwood tissue components
have not yet been undertaken. Among other things, there are not
so many chemical characterizations of the altered wood tissues
from live plants attacked by rot fungi (11).

The aim of this study therefore was to examine the alterations
in wood tissue with brown-red discoloration or black streaks in a
grapevine plant affected by esca proper using chemical and
spectroscopical techniques. This could be useful for better under-
standing of the colonization process of esca fungi, a quite slow
one (12), which could further support a study aimed at esca
control, unavailable at the moment.

MATERIALS AND METHODS

Chemical Analyses and Attenuated Total Reflection Fourier

Transform-Infrared Spectroscopy (ATR-FTIR). The solvents for
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this studywere acquired fromCarlo Erba (Milan, Italy), and the deionized
water was produced using the Milli-Q system (Millipore, Molsheim,
France). Samples of brown-red wood (BRW) and asymptomatic wood
(AW) were taken in Tuscany from cv. Sangiovese vines affected by esca
disease. About 0.5 g of wood was cut into chips and powdered in liquid
nitrogen as described earlier (13). From the same plants, samples of wood
tissue (approximately 0.5 g) with black streaks (WBS) were carefully
excised using a scalpel, freeze-dried, and ground in liquid nitrogen. The
powdered woods were subjected to Soxhlet extraction with petroleum
ether (100 mL for 8 h), and the wood residues were extracted in a 10 mL
volume of methanol with agitation for 4 h in the dark and then extracted
overnight with a further 10 mL of methanol with agitation. The residues
were recovered by filtration through Whatman #41 filter paper
(Maidstone, England) and then vacuum-dried. The remaining wood
residues were subjected twice to a 12 h extraction with a 0.5% ammonium
oxalate solution (50mL) (Sigma-Aldrich,Milan, Italy) at 70-80 �C under
reflux. The mixtures were then passed throughWhatman #41 filter paper,
and the residueswere rinsedwith hotwater and vacuum-dried. The oxalate
extracts together with the rinse waters were dialyzed in Spectra/Por tubes
(Spectrum, Houston, TX) with a cutoff of 1000Da. The dialyzed aqueous
mixture from the BRW samples was extracted three times with approxi-
mately equal volumes of ethyl acetate. The dialyzed mixtures of oxalate
extracts from the three woods (AW,WBS, and BRW) were freeze-dried to
recover the pectic material. The rinsed wood residues were hydrolyzed to
remove the hemicelluloses by boiling 100 mL of 0.05 M H2SO4 under
reflux for 4 h.The hydrolyzedmixtureswere then centrifuged toprecipitate
the wood residues, which were washed in water and vacuum-dried in a
desiccator. The hydrolysis solutions were extracted with ethyl acetate, and
the organic extracts were obtained by drying the ethyl acetate by rotary
evaporation. The residues from the hydrolysis for hemicelluloses were
hydrolyzed in 72% H2SO4 for 2 h with shaking to remove the cellulose,
and the lignin residues were then recovered by filtration through a funnel
with a sintered glass septum and washed and dried as described above for
the other residues.

The wood residues obtained from the extraction and hydrolysis
procedures were weighed, and the yields of extracts, hemicelluloses, and
cellulose were determined by the weight losses of the residues, while the
yields of pectic material and lignin residue were measured directly. FT-IR
analysis by attenuated total reflection infrared spectroscopy was carried
out using anFT-IR SpectrumOne spectrometer (Perkin-Elmer,Waltham,
MA) on the pectic substances and on the ethyl acetate extracts from the
hydrolysis with 0.05 M H2SO4. The spectra obtained were transformed
into transmission spectra and corrected for the baseline using the manu-
facturer’s software (Spectrum v5.3.1, Perkin-Elmer).

Fenton Reaction. The Fenton reaction was carried out on a methanol
extract obtained as described before from another sample of esca diseased
wood from a Sangiovese grapevine that was also used to isolate the
viniferins in a previous work (14). The methanol extract was dissolved in
1 L of water and then filtered on Whatman #41 filter paper. The
concentration of the aqueous solution ofmethanol extract was determined
on 5 mL of the solution by freeze drying and weighting the residue. The
presence of stilbene metabolites was ascertained by high-performance
liquid chromatography (HPLC) analysis as reported in a previous
work (14). The solution was divided into three aliquots. One was used
as a reference, whereas the remaining two were used to carry out the
Fenton reaction with H2O2 and Fe2þ. A solution of Fe2þwas prepared by
dissolving 5 mmol of FeCl2� 4H2O (Baker, Deventer, Holland) in 50mL
of water. The solution was filtered on a Whatman #41 filter paper and
titered in duplicate with a standard solution of K2Cr2O7 (Carlo Erba)
(Fe2þ=0.0837M,measured pH=5), then diluted (8.37mM), and stored
in aHeatmosphere at 4 �C.A solution (20.9mM)ofH2O2was obtainedby
dilution of a commercial 35% H2O2 solution (AppliChem, Darmstadt,
Germany). To one aliquot of the aqueous solution of themethanol extract
under magnetic stirring, Fenton reactants were added as follows: First, a
solution containing Fe2þ was added, followed immediately by a fresh
H2O2 solution until molar ratios of 20 μmol/mg H2O2/Fe

2þ and 3 μmol/
mg H2O2/methanol extract were reached; the reaction was carried out for
24 h. To the other aliquot, the same amounts of Fe2þ and H2O2 were
added; after, the H2O2 solution was repeatedly added to maintain a redox
potential between 376 and 300mV for 24 h. The reaction products and the
methanol extract from control solution were recovered by freeze drying.

The freeze-dried materials were resuspended in the same initial volume of
water and fractionated for their molecular mass using an Amicon cell
(Beverly, MA) with a 10000 Da cut off.

13
C Cross-Polarization-Magic Angle Spinning (CP-MAS)

NMR Analyses. The wood samples and the residues obtained from each
extraction and hydrolysis procedurewere subjected to 13CCP-MASNMR
analysis. The spectra were acquired using a 300 MHz Bruker AVANCE
NMR spectrometer (Bruker, Milan, Italy) equipped with a 4 mm Wide
BoreMAS probe operating at 75.475MHz on carbon-13. The sample was
packed into a zircon rotorwith aKel-F cap and spun at 13000( 1Hz. The
instrument collected 1510data points in an acquisition time of 20mswith a
recycling delay of 3 s. Each spectrum was accumulated with 2000 scans.
For all of the spectra, a contact time of 1 ms was applied, while a RAMP
sequence was used to account for the inhomogeneities of the Hart-
mann-Hahn condition at fast spin rates.

The spectra were processed using MestRe-C software (Version 4.9.9.9,
Mestrelab Research, Santiago de Compostela, Spain). All of the free
induction decays (FID) were transformed by applying a 4 K zero filling
and an exponential filter function with a line broadening (LB) of 50 Hz. A
multipoint baseline correctionwas done by using 14 points interpolated by
a cubic function. No spinning side bands (SSB) were visible at the spinning
rate used. For this reason, it was not necessary either to carry out a
mathematical elaboration of the SSBor to apply a total suppression of side
bands (TOSS) pulse sequence.

The spectra for the wood samples and their residues were divided and
integrated into different resonance regions,with the natural peak valleys as
limits. All of the regions were assigned to different molecular groups for
the wood and their residues (with the exception of the lignin residue
spectra) as follows (15, 16): 141-166 ppm, oxygenated aryl carbons,
principally derived fromC3 and C4 of the guaiacyl unit and C3 and C5 of
the syringyl unit of lignin; 112-141 ppm, aryl protonated carbons or C
substitutes, principally of lignin, and oxygenatedC4 carbon of the syringyl
unit of lignin; 94-112 ppm, mainly C1 acetal carbon from cellulose and
aryl protonated carbons that are markedly shielded, such as C2 and C6 of
the syringyl unit; 79-94 ppm, C4 carbons of polysaccharides, principally
cellulose, and some alcoholic and ethereal sp3 carbons in the lignin side
chains; 59-79 ppm, C2, C3, C5, and C6 of polysaccharides, principally
cellulose, and some other alcoholic and ethereal sp3 carbons in the lignin
side chains; 52-59 ppm, principally OCH3 and some Cβ-C from lignin;
and 0-52 ppm, total alkyl carbons, including the CH3 in acetyl group
(principally from hemicelluloses) at 21 ppm.

For the lignin residues, the intervals were subdivided as follows (15,17,
18): 166-196 ppm, carboxylic carbon; 141-166 ppm, oxygenated aryl
carbons, typically C4 from the para-hydroxyphenyl unit, C3 and C4 of
guaiacyl, and C3 and C5 of syringyl; 97-141 ppm, protonated or C-
substituted aryl carbons, including the oxygenated aryl C4 carbon of
syringyl; 59-97 ppm, alcohol and ether sp3 carbons, principally CR-Ο,
Cβ-Ο, and Cγ-O from the lignin side chains; 52-59 ppm, OCH3 and
some Cβ-C from the lignin side chains; and 0-52 ppm, alkyl carbons,
including other Cβ-C of the lignin side chains.

The amounts of the various carbons were expressed as percentages of
spectrumareausing the formula (RA/TA)� 100,whereRA is the areaof a
particular spectroscopic region and TA is the total area of the spectrum. In
addition, to assist in the comparison of different materials, same ratios of
the areas (as percentages) of different spectroscopic regions were calcu-
lated. These percentages were considered affected by no more then 10%
relative error as generally expected in such measurements (19).

The percentages of total carbohydrate carbons in thewood samples and
their cellulose-containing residues were calculated as 6/5 of the spectro-
scopic area in the 59-94 ppm interval (polysaccharide carbonsC2, C3, C4,
C5, and C6) corrected by subtracting the contribution of the alcohol and
ether sp3 carbons in the lignin side chains. This contributionwasmeasured
by determining the ratio between the areas of the spectrum for the intervals
59-94 and 112-166 ppm of the respective lignin residues and assuming
that this ratio would remain the same in the spectra of the wood samples
and their residues, since the 112-166 ppm signal for woods and their
residues is mainly due to lignin.

The proportion of crystalline to amorphous cellulose was determined
by taking the area of the C4 carbon signal at 89 and 84 ppm for the two
forms of cellulose, respectively, and calculating the percentage ratio (20),
corrected for the contribution of the carbons in the lignin side chains in
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that zone, as described above. The total aryl levels in the wood and its
cellulose-containing residues were obtained by integrating the signal
between 166 and 94 ppm, corrected for the contribution of the C1
carbohydrate carbons by subtracting 1/6 of the total carbohydrate
carbons. It should be noted that because of limitations connected with
13C CP-MAS NMR in the data quantification (15) and because of the
arbitrary way used for spectra subdivision, the values obtained here are
relative and can only be used for comparison of homogeneous materials,
such as the wood samples in this study.

RESULTS AND DISCUSSION

Chemical Analyses. The results of the chemical analyses of the
BRW, WBS, and AW samples are reported in Table 1.

Petroleum ether extracts were less than 1% for all samples. The
methanol extracts were higher in the symptomatic woods, parti-
cularly BRW. Such methanol extracts have been ascertained to
contain stilbenepolyphenols, primarily resveratrol and ε-viniferin,
typically produced by theVitis genera in response to various types
of stress and to accumulate in higher amounts in BRW (14,21), as
well as in WBS (unpublished data) in comparison to AW.

The oxalate extract was lower in BRW than in AW, while the
pectic fraction showedanopposite trend. This suggests thatBRW
tissue contains lower amounts of low molecular weight water-
soluble substances. Also, the oxalate extract fromWBSwas lower
than AW but less markedly.

The water-pectin suspension from the BRW sample was
brownish in color and remained brownish also after extraction
with ethyl acetate that yielded only 4.4% organic extract. This
was in contrast to the more usual whitish color of the analogues
and total oxalate extracts from AW and WBS, and it suggested
that this fraction was not constituted solely of pectins.

The largest pectic fraction was present in WBS. This and also
the higher polyphenol content is attributable to the plant response
to the infection, which takes the form of the accumulation of
carbohydrate and polyphenolic substances in the xylem vessels
with consequent occlusion (22); this may also extend to vessels
that have not been directly invaded by fungal hyphae or that have
not yet turned black. In fact, xylem injured function has been
demonstrated to be also removed from the infection area (23), for
example, eventual cavitations cause in any case a similar plant
response (24). In these vessels, higher pectic levels could even
favor the diffusion of Pch and Pal, if the polyphenols have not still
formed a resistant barrier, given the ability of fungi to produce
pectinolytic enzymes (7).

The cellulose and, evenmoremarkedly, the hemicellulose levels
were lower in the diseased woods, particularly in BRW, as
demonstrated by its higher cellulose/hemicelluloses ratios. The
deterioration of hemicelluloses observed in BRW is consistent
with the degradative action of Pch and Pal previously demon-
strated in vitro (1, 5, 9). Diseased woods, in particular BRW,
produced higher lignin residues. This is consistent with the low
ligninolytic activity of Pch and Pal (1).

13C CP-MAS NMR and ATR-FTIR Analyses. The 13C CP-
MAS NMR spectra for the woods and their containing cellulose

residues showed similar profiles but with slight differences in the
intensity of the signals. In all of the spectra (Figure 1), the
polysaccharide carbon signal (attributable to cellulose, hemicel-
luloses, and pectin) predominated in the 59-112 ppm interval,
overlapping with the signals from various protonated aromatic
carbons due to lignin in the 94-112 ppm interval, and ethereal
and alcoholic sp3 carbons from the side chains of lignin in the
59-94 ppm interval. The signal between 196 and 166 ppm was
due to the carbons of the COO(H,R) group, primarily acetyl
group of the hemicelluloses, although their levels may be under-
estimated due to the known low instrumental sensitivity for
quaternary carbons (15). The signals in the 112-166 ppm interval
arose from the oxygenated, C-substituted, or protonated aro-
matic carbons of lignin. The signal at 56 ppm was mainly due to
theOCH3 andCβ-Cof lignin, while the signal at 21 ppmwas due
to the acetyl CH3 of hemicelluloses.

The 13C CP-MAS NMR quantitative data for the wood
samples and their residues after each extraction and the hydro-
lysis of hemicelluloses are shown in Table 2. The levels of
total aryl carbons, their aryl-O(H,R) and aryl-(H,R) frac-
tions, and the Csp3-O(H,R) of the lignin side chains were
generally higher in the diseased woods, especially BRW. Total
carbohydrate carbons showed an opposite trend, markedly for
BRW, less evident forWBS. The 56 ppm signal did not markedly
diminish following the extraction and hydrolysis steps, confirm-
ing that this signal is essentially derived from the OCH3 and
Cβ-C of lignin.

The percentages of the various types of carbons for all of the
wood residues after petroleum ether extraction did not show
evident differences from those for the original wood tissues.
Conversely, after methanol extraction, the percentages of total
carbohydrate carbon increased due to the decrease of the total
aryl carbons, confirming that extraction of the polyphenols had
occurred. The higher decrease in the percentage of COO(H,R)
aftermethanol extraction inAWandWBS suggested the presence
of higher levels of extractable carboxylic species in these tissues
than in BRW.

After oxalate extraction, a decreasing trend in total carbohy-
drate carbons was found in the AW residue, and even more so in
the WBS residue, as compared to the residues after methanol
extraction, which agrees with the pectin levels recorded in the
chemical analyses (Table 1). The increase in COO(H,R) observed
for AW and WBS could be due to residues of oxalate in the
samples. In BRW after oxalate extraction, the carbohydrate

Table 1. Composition of Woods (% by Weight)

AW WBS BRW

petroleum ether extract 0.7 0.8 0.5

methanol extract 5.6 6.7 6.9

oxalate extract 15.8 12.3 7.0

pectic substances 2.8 5.1 3.2

hemicelluloses 20.3 19.1 14.3

cellulose 45.4 43.8 41.4

cellulose/hemicelluloses 2.2 2.3 2.9

ligninic residue 12.1 17.2 29.9

Figure 1. 13C CP-MAS NMR spectra of AW, WBS, and BRW.
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carbon levels tended to increase, concurrently the aromaticity
decreased, in contrast to what was observed for AW and WBS.
This could be due to the fact that the extracted pectic substances
were accompanied by aromatic structures, which could have
imparted to the pectins the brownish color observed. In fact,
while the ATR-FTIR spectra of the pectic substances from AW
andWBS showed only the expected signals (peaks or shoulders at
1148, 1072, and ≈1050 cm-1 from C-O of the secondary
alcohols; 962 cm-1 from the methylene group; and 1728 cm-1

from the carboxylic group), the ATR-FTIR spectra of the pectic
substances from BRW also showed phenolic signals (1603, 1514,
and 1446 cm-1 from the aromatic rings and 1383
and 1259 cm-1 from OH and C-O in the phenoxy groups,
respectively) together with other signals typical for carbohy-
drates, also after extraction with ethyl acetate (Figure 2) (25).
This would suggest that the pectic fraction from BRW consists
of carbohydrate and phenolic structures. It is possible that
this fraction is predominantly made up of polysaccharide frag-
ments derived from wall structures, linked to lignin residues or
response polyphenols, rather than of pectic residues; in fact, the
IR band of the carboxylic groups typical of pectins was not
present (Figure 2).

In all of the wood samples, the levels of carbohydrate carbon
generally reduced after 0.05 M H2SO4 hydrolysis due to the
splitting off of hemicelluloses (Table 2). Hemicelluloses removal
was confirmed by the decrease in acetyl carbons, although the
small remaining amounts of the latter suggest that the hemicellu-
loses were not totally eliminated. The ATR-FTIR spectra
(Figure 3) of the ethyl acetate extracts of the 0.05 M H2SO4

hydrolysis solutions from AW and WBS (about 1% wood each)
showed signals at 1739 and 1716 cm-1 attributable to ester
linkages; 1612 and 1514 cm-1 associated with the aromatic rings;
1216 cm-1 due to the C-O of phenoxy groups; 1117 and 1049
cm-1 attributable to alcoholic C-OH; and 1264 and 1034 cm-1

arising from OCH3 (26). These signals can be attributed to
feruloyl carbohydrates deriving from ferulic acid esterification
with hemicelluloses (27). However, the ATR-FTIR spectrum of
the analogue extract from BRW (1% wood), although quite
similar to those from AW and WBS, presented less marked
methoxyl bands, suggesting that the feruloyl underwent demethy-
lation. Furthermore, this spectrum exhibited more intense bands
at 1216 and 1612 cm-1, as well as the appearance of a band at
1706 cm-1, probably indicating aryl carboxyl groups; this points
to the presence of further oxy-benzoic acids, which could also

arise from the degradation of feruloyl carbohydrates, beginning
with their hydrolysis and the successive destruction of the vinyl
group.This could be coherentwith the tannase activity of Pch and
Pal demonstrated toward gallotannins in in vitro experiments (8).

The percent ratio of C4 signal of crystalline (89 ppm) and
noncrystalline (84 ppm) cabohydratic carbon (crystalline/amor-
phous) showed no evident differences among the three kind of
woods and their residue untilmethanol extraction (Table 2). After
ammonium oxalate extraction, an increasing trend was observed
only for BRW. This could be due to a split off of some sp3 oxy-
genated carbons associated with wood polyphenolic components
such as in lignin fragments and condensed viniferins contribut-
ing to the signal at 84 ppm rather than only a depletion of

Table 2. Percentages of the Structural Carbon by 13C CP-MAS NMR of Woods and Their Residues Obtained after Extraction and Hydrolysis Treatments

treatments woods

-COO-

(H,R)

aryl-O-

(H,R)

aryl-
(H,R)

aryl

(total)

Csp3-O-

(H,R)

carbo-

hydrates

cryst./

amorph.

cellulose

OCH3þ
Cβ-C

total

alkyls

acetyl

CH3

none AW 2.6 4.0 11.7 15.7 6.5 65.1 50.0 4.6 5.5 3.2

WBS 2.6 5.9 16.0 21.9 8.6 58.3 47.8 4.6 4.0 2.4

BRW 1.4 9.1 21.9 31.0 10.3 48.3 48.5 4.8 4.1 1.6

petroleum ether extraction AW 2.7 4.2 11.9 16.1 6.5 64.0 50.7 4.6 6.1 3.1

WBS 2.3 5.4 15.6 21.0 8.1 59.6 50.7 4.3 4.6 2.1

BRW 1.8 9.0 22.0 31.0 10.0 48.5 46.6 4.3 4.4 1.8

methanolic extraction AW 1.6 2.8 8.6 11.4 4.5 72.3 46.1 5.4 4.9 3.2

WBS 1.4 3.5 11.1 14.6 5.4 70.7 49.4 5.0 2.8 2.4

BRW 1.4 6.9 17.9 24.9 8.0 58.5 48.6 4.4 2.8 1.5

ammonium oxalate extraction AW 2.1 3.4 10.4 13.9 5.4 71.1 47.4 4.6 2.9 2.4

WBS 2.1 4.4 11.6 15.9 6.1 66.7 50.7 5.1 4.1 2.1

BRW 1.3 4.9 15.5 20.4 6.5 59.9 54.0 5.2 6.7 2.0

hydrolysis with 0,05 M H2SO4 AW 2.2 4.1 12.2 16.3 6.8 64.2 59.9 5.9 4.6 1.4

WBS 1.2 4.4 15.1 19.5 7.4 63.1 71.8 5.1 3.7 1.7

BRW 1.5 6.8 20.8 27.6 9.0 52.7 67.2 4.5 4.7 1.5

Figure 2. ATR-FTIR spectra of pectic substances extracted from AW,
WBS, and BRW after ethyl acetate extraction.
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noncrystalline C4 from soluble fragments of partially degraded
structural carbohydrates.

After the hydrolysis for hemicelluloses, a marked increase in
crystalline cellulose in comparison to amorphous cellulose was
evident (Table 2). These percentages were higher for BRW and
WBS than AW, suggesting that in these residues, in addition to
hemicelluloses, a fraction of noncrystalline cellulose was depleted
probably because it was decomposed as a consequence of esca
fungi attack. In addition, the fact that the alteration primarily
involved the noncrystalline (rather than the crystalline) cellulose
is in agreement with the demonstrated enzymatic activity of the
endoglucanase, but not the exoglucanase, of Pch and Pal (1, 28).

All of the spectra for the lignin residues (Figure 4) showed
typical lignin signals (15,29) attributable to oxygenated aromatic
carbons between 141 and 166 ppm;C4-Oof syringyl, protonated
aromatic, and C-substituted carbons between 97 and 141 ppm;
lignin side chain carbons CR-Ο, Cβ-Ο, and Cγ-O between 59
and 97 ppm, in particular Cγ-OH at 60 ppm; methoxyl carbons
and a portion of the Cβ-C from the side chains at 56 ppm; and
alkyl carbons and other Cβ-C from the side chains between 0
and 52 ppm. A weak carboxyl carbon signal was also observed at
174 ppm.

In the spectra of the lignin residue forAW (Figure 4), the signal
at 153 ppm was markedly less intense than the remaining
resonances of aryl-O. In the angiosperm lignin, this signal is
mainly due to C3 and C5 of syringyl units etherified at C4
(resonating at about 135 ppm) and C4 of p-hydroxyphenyl
(15, 29). Thus, in the grapevine lignin, only small amounts of p-
hydroxyphenyl and/or etherified syringyl units were probably
present. At the same time, the higher signal at 108 ppm attribu-
table to C2 and C6 (15) in syringyl structures, typical for
angiosperm lignin, than that at 115 ppm due to C2, C5, and C6
in guaiacyl, typical for gymnosperm lignin in which only guaiacyl
is present, suggested a prevailing presence of syringyl. Thus, no
etherified syringyl at C4 should be present in grapevine lignin.
Unfortunately, it was not possible to determine the relative

amounts of guaiacyl, having one methoxyl group, with respect
to syringyl, with two methoxyl groups, by the levels of methoxyl
signal in comparison to those of total aromatic carbons or
aryl-O. This is because aromatic quaternary carbon response
to 13C CP-MAS NMR may be less sensitive than that of
methoxyl (15) and the methoxyl signal probably overlaps the
signal of some Cβ-C and other aliphatic carbons. However,
other authors have evidenced by hydrolytic demolition methods
the presence of structural units mainly related to guaiacyl and p-
hydroxyphenyl, together with a low amount of methoxyl group,
in grapevine woods (30). About p-hydroxyphenyl, it could be
scarce in lignin isolated by hydrolysis as that examined here
because such an unit could be depleted because it is bounded by
hydrolyzable ester linkages in woods. The prevalence of guaiacyl
rather than syringyl implies an alternative attribution of the signal
around 108 ppm. Such a signal could be due to carbons in
guaiacyl units, which are primarily condensed on C5. In this
case, the three guaiacyl carbon signals at about 115 ppmmove out
of their location: C2 toward about 108 ppm, C5 toward higher
shift, and C6 toward both higher or lower shift (also close to 108
ppm) depending on the kind of substitution to C5 (18).

The higher intensity of the signal at about 60 ppm in the lignin
residue for AW (Figure 4) indicates that in grapevine lignin Cγ is
not involved in the condensation of the monomeric units; for
example, the structural unit such as pinoresinol, for which Cγ
resonates at 72 ppm, is barely present (17). The lignin fromWBS
(Figure 4) showed essentially the same characteristics as the lignin
from AW in terms of aromaticity, but the signal intensity of
methoxyl was lower (Table 3).

The 13C CP-MAS NMR spectrum of the lignin residue from
BRW (Figure 4) showed higher total aromatic carbons than the
spectrum for AW (Table 3). Furthermore, typical signs of the
destruction of aromaticity produced by fungal activity such as
white rot fungi, for example, the cleavage of aromatic rings via the
3-oxoadipate oxidative pathway, leaving behind alkyl ketoacid
residues (31), were not evident. In fact, ketone signals around
200 ppm were absent, and a decrease in total alkyl was noted,

Figure 3. ATR-FTIR spectra of the ethyl acetate extracts of 0.05M H2SO4

hydrolysis solutions of AW, WBS, and BRW.

Figure 4. 13C CP-MAS NMR spectra of the lignin residues of AW, WBS,
and BRW.
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although the carboxylic acidity was slightly increased. The higher
aromaticity of the lignin residue from BRWwas primarily due to
the increase of 115 ppm signal and of aryl-Oresonance, the latter
is also confirmed by the higher aryl-O/aryl percentage. Further-
more, a widening of the aryl-O signal toward higher shifts was
evident (Figure 4).

Essentially, the lignin residues ofWBS and BRWdid not show
variation of Csp3-O signal (Table 3) suggesting no evident
oxidative decay of side chain structures, as proved also by no
evident increase of any carboxyl (31). Thus, also the other Cβ
resonating at lower shift (Cβ-C) very probably remained un-
altered as well as their contribution to the 56 ppm signal.
Consequently, the 56 ppm signal reduction recorded in WBS
and even more in BRW lignin residues (Table 3) could be
essentially attributed to a depletion of methoxyl groups of the
lignins of these woods as evidenced in demethylation processes
caused by microorganisms (31). There was in lignin residue from
diseased woods also a reduction in alkyl carbon content, parti-
cularly for BRW lignin residue (Table 3), that did not probably
depend on degradation of side chain carbons for the reasons
above-mentioned. Neither demethylation of lignin units, nor the
hydroxylation of guaiacyl and p-hydroxyphenyl, nor an eventual
modification of the side chains, all typical degradation processes
of lignin (31), would have caused shifts in the protonated
aromatic carbon resonances sufficient to increase the 115 ppm
signal to the levels observed in BRW lignin residue. This suggests
that there was a further addition in polyphenols causing such
signal increase.

In the 13C CP-MAS NMR spectra of the polyphenol con-
densation products obtained after subjecting the methanol ex-
tracts of diseased wood [extracts containing stilbene polyphenols
(viniferins) (14) andprobably also glycosylate polyphenols,which
could also be ligninic in nature] to the Fenton reaction, the signal
at 115 ppm tended to prevail and the signal at 145 ppm to increase
as condensation proceeded (Figure 5). Furthermore, the low field
signal at 155 ppm denoting the phenolic carbons of the viniferins
remained evident (14, 21). The increases in the 115 and 145 ppm
signals could be due to the formation of condensed viniferins by
aromatic ether linkages involving their p-hydroxyphenyl units in
the ortho position to the hydroxylate carbon. In addition, the
signals of the nonoxygenated carbons of the 3,5-dihydroxy-
substituted rings (typical in viniferins), resonating around 100
ppm, evident in methanol extract spectrum, tend to diminish in
reaction product spectra probably because these carbons were
involved in condensation that shift their resonance toward higher
values. All of the mentioned signals of such products from the
Fenton reaction corresponded with those that increased in the
spectra of the BRW lignin residue, suggesting the contribution of
such condensed species to the aromaticity of BRW.

The observed alteration of lignin aromaticity in BRW suggests
low ligninolytic activity of Pch and Pal, although in vitro these
fungi occasionally exhibit polyphenoloxidase and peroxidase
activity (1, 5, 9) and the ability to grow on substrates enriched
with various polyphenols (6, 8). The inability of Pch and Pal to
cleave aromatic rings could be due to the availability of carbohy-
drates. For example, in vitro assays have shown that the decom-
position of lignin polymers by the fungi of brown rot decreases as

carbohydrate availability increases (31). However, the lignin may
have been protected from the attack of Pch and Pal, and probably
also Fmed, a ligninolytic fungus that usually is not abundant in
BRW (1), by the formation of aromatic ethers through condensa-
tion with the response polyphenols that appear to have contrib-
uted (in their condensed form) to the lignin fraction of the BRW.
This could have blocked the transformation of ligninic structures
into catechol-like species, the precondition for the demolition of
lignin aromaticity (31).

In BRW, the alterations observed may also be attributed to
radical oxidation, which could have led to the demethylation of

Table 3. Percentages of the Structural Carbon of Lignin Residues from AW, WBS, and BRW by 13C CP-MAS NMR

aryl-(H,R)

-COOH aryl-O(H,R) 141-118 ppm 118-97 ppm total aryl (total) aryl-O/aryl Csp3-O(H,R) OCH3 þ Cβ-C alkyl þ Cβ-C

AW 1.5 11.2 19.3 16.0 35.3 46.5 24.1 21.2 11.2 19.6

WBS 1.3 12.1 19.9 16.9 36.9 49.0 24.8 21.7 9.9 18.0

BRW 1.7 15.1 20.7 19.1 39.7 54.9 27.6 20.1 7.9 15.3

Figure 5. 13C CP-MAS NMR spectra of methanol extract from diseased
wood subjected to Fenton reaction. (A) Control, (B) after 24 h of reaction,
and (C) repeated additions of H2O2 maintaining redox potential between
376 and 300 mV for 24 h. The products B, C, and A yielded 17, 33, and
<1% molecular mass fractions >10000 Da, respectively.
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lignin (32) and the formation of the condensed polyphenols
associated with lignin and carbohydrates in the pectic fraction,
the latter of which probably contains degraded pectins and
fragments of hemicelluloses and cellulose. Similar alterations
are produced during the decay caused by the fungal agents of
brown rot, which induce the production of H2O2 and complex
iron, triggering a Fenton-like reaction that predisposes the wood
tissue to enzyme attack on its carbohydrate fraction and leads to
slight alterations in the lignin (32, 33). In the case of BRW, this
process could be causedby the oxidative defense response itself, as
evidenced by the accumulation of large amounts of polyphenols
implicated in disease defense (14, 34).
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