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Abstract

The objective of this study was to assess the influence of the peroxidase/coniferyl alcohol (CA) ratio on the dehydrogenation polymer
(DHP) synthesis. The soluble and unsoluble fractions of horseradish peroxidase (HRP)-catalyzed CA dehydrogenation mixtures were
recovered in various proportions, depending on the polymerization mode (Zutropf ZT/Zulauf ZL) and HRP/CA ratio (1.6–1100 purp-
urogallin U mmol�1). The ZL mode yielded 0–57%/initial CA of unsoluble condensed DHPs (thioacidolysis yields <200 lmol g�1) with a
proportion of uncondensed CA end groups increasing with the HRP/CA ratio (7.2–55.5%/total uncondensed CA). Systematically lower
polymer yields (0–49%/initial CA) were obtained for the ZT mode. In that mode, a negative correlation was established between the b-O-
4 content (thioacidolysis yields: 222–660 lmol g�1) and the HRP/CA ratio. In both modes, decreasing the HRP/CA ratio below
18 U mmol�1 favoured an end-wise polymerization process evidenced by the occurrence of tri-, tetra- and pentamers involving at least
one b-O-4 bond. At low ratio, the unsoluble ZT DHP was found to better approximate natural lignins than DHPs previously synthesized
with traditional methods. Besides its possible implication in lignin biosynthesis, peroxidase activity is a crucial parameter accounting for
the structural variations of in vitro DHPs.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Lignin plays an essential role in plant growth, develop-
ment and uses. It improves water conduction through tra-
cheary elements, limits pathogen attacks but also restricts
the degradation of cell wall polysaccharides by enzymes,
thus decreasing feeding value. Although studies on lignin
biosynthesis have started in the early-50s (Higuchi, 1990),
important findings occurred within the last few years.
Facilitated by the combination of molecular biology,
genetics, bioinformatics, biochemistry and physiology,
these findings underlie the successive updated schemes pro-
posed for the monolignol biosynthetic pathways (Boerjan
et al., 2003; Barriere et al., 2004; Ralph, 2005; Sibout
et al., 2005; Chiang, 2006). After their synthesis, the mono-
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lignols are thought to be transported under a glycosylated
form to the cell wall where oxidative polymerization takes
place (Steeves et al., 2001). This last step in lignin synthesis
still raises questions but the involvement of peroxidases
(among others proteins) to catalyze the production of
monolignol radicals is quite widely admitted (Onnerud
et al., 2002; Boerjan et al., 2003; Ros Barcelo et al.,
2004). Formation of the polymer would result from radical
couplings between two dehydrogenated compounds, the
oxidized monomer and the growing polymer phenoxy rad-
ical (endwise polymerization) or two oligomer phenoxy
radicals (bulk polymerization) (Brunow, 1998).

Given the colossal complexity of lignin in terms of bio-
synthesis, structure and interactions with the cell wall poly-
saccharidic network, the investigation of normal, mutants
or transformant plants altered in their lignification profile
is not enough for plainly deciphering lignin structure and
properties. A variety of model systems have consequently
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572 V. Méchin et al. / Phytochemistry 68 (2007) 571–579
been developed, including the in vitro oxidase-catalyzed
polymerization of lignin precursors into dehydrogenation
polymer (DHP) initiated by Freudenberg 50 years ago.
As previously reviewed (Boerjan et al., 2003), much of what
is known today about the radical coupling process and the
parameters governing lignin structure, and more particu-
larly the frequency of the different types of interunit bonds,
is due to this system. It offers the main advantage that
monolignol types, matrix components and polymerization
conditions can be accurately adjusted, which enables a high
level of control over the composition, structure and lignin–
matrix interactions. As recently reviewed (Grabber, 2005),
DHP lignins are supposed to not fully mimic the structure
of plant lignins. DHPs are reported as highly condensed
polymers (low proportion of b-O-4 linkages) and abnor-
mally rich in coniferyl alcohol (CA) end-groups (15–
40%), regardless of whether they are formed under bulk
(Zulauf mode) or endwise (Zutropf mode) polymerization
conditions (Terashima et al., 1996).

Two main points can be noticed when considering the
literature relative to DHPs. The first one concerns the
diversity of the parameters and polymerization conditions
tested to better understand and possibly control the DHP
synthesis: monolignol structure (Ralph et al., 1992, 1995;
Ito et al., 2002; Fournand et al., 2003), pH (Terashima
et al., 1996; Fournand et al., 2003; Grabber et al., 2003),
solvent environment (Houtman, 1999), monolignol addi-
tion mode and rate (Saake et al., 1996; Terashima et al.,
1996; Grabber et al., 2003), presence of soluble carbohy-
drates (Higuchi et al., 1971; Terashima et al., 1996; Cathala
and Monties, 2001; Lairez et al., 2005) or of a macromolec-
ular template (Terashima et al., 1996; Guan et al., 1997);
polymerization under heterogeneous conditions, under
homogeneous conditions (De Angelis et al., 1999) or at
the air/water interface (Cathala et al., 2004); use of isolated
enzymes, plant tissue culture or cell wall model systems
(Whitmore, 1978; Fukuda, 1992; Grabber et al., 1996; Ter-
ashima et al., 2004); classical use of horseradish peroxi-
dases (HRP) (Syrjanen and Brunow, 1998, 2000), specific
peroxidases isolated from plants (Sasaki et al., 2004),
enzymes other than peroxidases suspected to be involved
in polymerization (Driouich et al., 1992; Sterjiades et al.,
1992, 1993) or to orientate the stereospecificity of the pro-
cess (Davin et al., 1997). The second point is the severe con-
trast between this diversity of parameters and conditions
tested and the fact that little attention has been paid so
far to the peroxidase activity, and more precisely to the per-
oxidase/monolignol ratio. Peroxidase is generally used in
large excess with respect to the monolignols and uncon-
trolled variations of the peroxidase activity within the same
study are not rare. If this parameter is sometimes taken
into consideration, however (Tanahashi and Higuchi,
1981), systematic investigations of its influence on the
DHP structure are lacking.

Our objective was to assess the influence of the peroxi-
dase/monolignols ratio on the DHP synthesis. We investi-
gated a wide range of ratios covering the values reported in
the literature. DHPs were prepared both by the continuous
Zutropf (ZT) and discontinuous Zulauf (ZL) methods in
order to compare the ratio effect, respectively, on an end-
wise (EW) and bulk polymerization process. Combined
analysis of the soluble oligomers and the insoluble polymer
shows that it is possible to increase the proportion of b-O-4
bonds and to decrease that of coniferyl alcohol end-groups,
thus to better approximate the structure of normal plant
lignins. The influence of the HRP/CA ratio on the poly-
merization mechanisms is discussed, together with its
implications on lignin synthesis in vivo.
2. Results

2.1. DHPs recovery and fractionation

Both the traditional Zutropf (ZT) and Zulauf (ZL) meth-
ods were implemented to prepare DHPs from CA, at a con-
stant 0.340 mol l�1 CA concentration but with HRP/CA
ratios ranging from 1.6 to 1100 purpurogallin U mmol�1.
This range covers not only the conditions mentioned in
the literature but also unusually low ratios. Two distinct
fractions, respectively, soluble and unsoluble in the reaction
medium, could be recovered from the dehydrogenation
mixtures in various proportions. The soluble and solvent-
extractable fraction was found to consist in oligomers with
polymerization degrees (PD) inferior to 10 (size exclusion
chromatography, SEC and liquid chromatography–mass
spectrometry, LC–MS analyses, Figs. 1 and 2), whereas
the precipitate is assumed to correspond to a polymer frac-
tion of higher PD. This polymer was recovered in a yield
highly dependent on the polymerization mode (bulk or end-
wise) and HRP/CA ratio (Fig. 3). Above 9 U mmol�1, all
the reaction conditions lead to a polymer fraction with a
yield ranging between 20 and 60 wt%, determined gravimet-
rically with respect to the total initial CA. Similar yields are
described for ZT and ZL methods (Russell et al., 2000; Tob-
imatsu et al., 2006) whereas the yields of the DHPs synthe-
sized with dialysis tubes do not exceed 10% (Tanahashi and
Higuchi, 1981). Such low yields were also observed in the
present study for the unusually low HRP/CA ratio (<4.5
and 1.6 U mmol�1, respectively, for ZT and ZL DHPs).
Conversely, SEC analysis of the soluble fraction indicates
an increased proportion of dimers and oligomers when
the HRP/CA ratio decreases (Fig. 1). Good agreement
was found between SEC and LC combined with a diode
array detector, both enabling the detection of dimers and
trimers only below 9 U mmol�1 (Figs. 1 and 4). It seems
thus possible to adjust this ratio in order to avoid the pre-
cipitation of the DHP while favoring the formation of high
DP soluble oligomers.

2.2. Structure of the oligomers

The oligomers were analyzed by LC combined with elec-
trospray ionization (ESI) mass spectrometry, a method



Fig. 1. Size exclusion chromatograms of the soluble fraction recovered from (ZT) Zutropf and (ZL) Zulauf polymerization mixtures as a function of the
HRP/CA ratio. Chromatograms normalized with respect to the TMBA internal standard peak. (PD) Polymerization degrees determined from the
apparent molar masses according to a calibration with polyethylene oxide standards and purified lignin model compounds.
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Fig. 2. LC-ESI chromatograms of the soluble fraction recovered from the (ZT) Zutropf and (ZL) Zulauf polymerization mixtures as a function of the
HRP/CA ratio. ESI mass spectra detection showing the increasing proportion of uncondensed structures (full symbols) to the detriment of structures
deprived of b-O-4 bonds (empty symbols): (m) trimers, (n) tetramers, (w) pentamers, ( ) hexamers.
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with demonstrated potential for the analysis of natural or
synthetic oligolignols (De Angelis et al., 1999; Evtuguin
and Amado, 2003; Morreel et al., 2004). Although the
quantitative determination of the oligomers is hindered
by the co-elution of several compounds, LC–MS brought
here the evidence that both the HRP/CA ratio and the
method (ZT/ZL) deeply influence the very first steps of
the polymerization. While CA dehydrodimers, trimers
and tetramers are already detected with the photodiode-
array (PDA) detector (Fig. 4), LC–MS was found more
suitable for the analysis of the oligomers (Fig. 2). Indeed,
our LC–MS conditions (acetonitrile/water/formic acid gra-
dient and negative-mode ESI mass spectrometry) favor the
detection of trimers and higher-PD oligomers whereas
dimers get hardly ionized. A m/z screening up to
2000 uma enables the detection of negative ions ([M�H]�)
with molar mass corresponding to PD inferior or equal to
11 (mainly trimers: m/z = 553; tetramers: m/z = 713, 731,
749; pentamers: m/z = 909, 927; hexamers: m/z = 1069,
1105, 1123; octamers: m/z = 1427). In some cases, the
[M+HCOOH�H]� adduct was also detected.

For each PD, the m/z increments between the [M�H]�

values (n · 18) directly reflects the number of b-O-4 bonds
involved, since the formation of a b-O-4 bond implied the
addition of a water molecule on the quinone methide (Bru-
now et al., 1998). It was thus possible to classify the oligo-
mers into two groups according to the presence (full
symbols, Fig. 2) or to the absence (empty symbols,
Fig. 2) of b-O-4 bonds. A first glance at Fig. 2 shows that
whatever the polymerization mode, the decrease in HRP/
CA ratio increases the proportion of non-condensed struc-
tures (structures involving at least one b-O-4 bond)
together with their polymerization degree. The relative
position of the full symbols with respect to the empty ones
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Fig. 3. Influence of the HRP/CA ratio on the polymer recovery yields for
the (Q) Zutropf and ( ) Zulauf polymerization mode. Arrows indicate
that the amount of precipitation residue was too small for a gravimetric
determination.
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on the chromatogram indicates that the uncondensed com-
pounds are systematically eluted before their condensed
homologous. Between 1080 and 299 U mmol�1, the oligo-
mers arising from the ZT polymerization are mainly tetra-
mers, one of them containing 1 b-O-4 bond (m/z = 731). In
the case of ZL polymerization, additional compounds of
higher PD (hexamers and octamers) are observed. The
absence of odd-PD compounds suggests that these oligo-
mers arise from the coupling of dehydrodimers, in agree-
ment with Syrjanen and Brunow (2000). A 18 U mmol�1

ratio seems to be a turning point at which non-condensed
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Fig. 4. LC-PDA chromatograms of the soluble fraction recovered from (ZT) Z
CA ratio. Progressive detection of the glycerol aryl ether (b-O-4 erythro and th
together with two trimers (m) and one tetramer (n) involving each 1 b-O-4 bo
oligomers of odd PD (trimers and pentamers involving
one or two b-O-4) start to occur to the detriment of con-
densed tetra- (m/z = 713), hexa- (m/z = 1069) or octamers
(m/z = 1427). Further decreasing the ratio generates non-
condensed structures of higher PD (P6) and/or higher fre-
quency of b-O-4 bonds. At 2.3 U mmol�1, 2 b-O-4 tetra-
mers (m/z = 749) and hexamers (m/z = 1105) and even an
hexamer contain 3 b-O-4 bonds (m/z = 1123) are detected.
These oligomers have the particularity to be formed in an
homogeneous phase, since no precipitate is formed at this
ratio. Worth noting is the fact that the only trimers dete-
tected in the dehydrogenation media systematically contain
1 b-O-4 bond (m/z = 553), which shows that b-O-4 bonds
are involved in the polymer at the very first steps of oligo-
merization, just after the dehydrodimerization step.

2.3. Structure of the polymer

Investigation of the polymer fraction was performed by
thioacidolysis, a method already applied to DHPs to study
the influence of various parameters on the polymer struc-
ture (Grabber et al., 1996, 2003; Terashima et al., 1996;
Cathala and Monties, 2001; Onnerud et al., 2002). GC/
MS analysis of the main thioethylated monomers under
their silylated form provides the content of monomers only
involved in b-O-4 structures in the sample together with the
proportion of coniferyl alcohol end-groups units linked at
C4OH. Complementary SEC analysis of the thioacidolysis
mixture without any derivatization informs on the size of
the condensed lignin-derived domains and on the distribu-
tion of the b-O-4 bonds within the whole polymer (Fig. 5).
Taken together, the results reflect the molecular organiza-
tion of the DHP, in terms of condensation degree and
branching level. The thioacidolysis yields obtained in this
study vary between 105 lmol g�1 (ZL; 18 U mmol�1) and
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659 lmol g�1 (ZT; 18 U mmol�1), which corresponds,
respectively, to 1.9% and 11.9% units only involved in b-
O-4 bonds. In agreement with previous studies (Grabber
et al., 2003) this parameter is systematically higher for
the ZT DHPs than for their ZL counterparts which exhibit
values inferior to 5%. A new result lies in the assessment of
a negative linear correlation between the HRP/CA ratio
and the % units only involved in b-O-4 bonds, in the case
of ZT polymers (Fig. 6). Inversely the proportion of conife-
ryl alcohol end-groups was found to increase with the
HRP/CA ratio. Thus, at 1100 U mmol�1, a condensed
branched polymer is obtained whereas low ratios lead to
more non-condensed linear polymers. According to the
molar mass distribution of the thioacidolysis products
(Fig. 7), the b-O-4 bonds would be located at the periphery
of the condensed polymer whereas they would be more reg-
ularly distributed within the non-condensed polymer
(Fig. 5).
3. Discussion and conclusion

3.1. Influence of the enzyme/substrate ratio on the DHPs

Important differences in molecular organization are
observed when the ZL mode is changed for the ZT mode
or when the polymerization rate is further slowed down by
a gradual delivery of the lignin precursor through a dialysis
tube (Tanahashi and Higuchi, 1981). The fact that an HRP/
CA ratio decrease leads to similar apparent effects than a
reduction in CA diffusion rate is not surprising, since the
same primary consequence is expected in both case: a low-
ered monolignol radical concentrations. It is generally stip-
ulated that low monolignol radical concentrations favor
cross-coupling reactions (coupling of a monomer radical
with the growing polymer) rather than dehydrodimeriza-
tion, thus leading to an increased proportion of b-O-4 bonds
(Ralph et al., 2004). In agreement with this theory are (i) the
occurrence of trimers preferentially at low HRP/CA ratios,
both for the ZT and ZL procedure, higher ratio leading to
compounds with even polymerization degree, (ii) the fact
that all trimers detected contain one b-O-4 bond. However,
it does not explain why b-ethers bonds are strongly favored
in cross-coupling reactions. Another theory suggests that b-
O-4 bonds would not result from the coupling between two
phenoxy radicals, as other b-involving bonds (b–b and b-5)
do, but from the coupling between a phenoxy radical and a
phenoxide anion (Rolando et al., 1991). In that case, a low
radical concentration, and subsequent phenate excess, could
favor phenate-involving couplings, thus leading to an higher
proportion of b-O-4 bonds.

3.2. Possibility to synthesize DHP close to lignin structure

In order to better understand lignin structure but also
the mechanism governing its formation, the recovery of
both a polymer and an oligomer fraction is of particular
interest. Indeed, whereas the polymer fraction provides
information on the macromolecular organization of lig-
nins, soluble oligomers are useful to investigate the very
first steps of lignin formation. Moreover, the main chal-
lenge of in vitro modelization is to get the highest content
in b-O-4 bonds, primary criteria to assess the representativ-
ity of the DHP with respect to natural lignins. As stated by
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Grabber (2005) most of DHP syntheses were not able to
satisfactory mimic natural lignin and DHP–CW appeared
more adapted, except that synthesized lignins are more rep-
resentative of lignin encountered in primary cell wall than
in secondary lignified cell wall. Performing CA dehydroge-
Fig. 7. Size exclusion chromatograms of the thioacidolysis products recovere
function of the HRP/CA ratio. Chromatograms normalized with respect to th
nation by the ZT method at an acidic pH (5.5) belonging to
the pH range proposed for the apoplast (Grignon and Sen-
tenac, 1991) is expected to yield DHP structurally close to
natural lignins. We reached maximum thioacidolysis yields
of 660 lmol g�1, which is not as high as the values
observed for natural lignins (Rolando et al., 1992) or
DHP synthesized in a polysaccharidic template
(1034 lmol g�1 (Terashima et al., 1996); 949 lmol g�1

(Grabber et al., 2003)) but remains among the highest val-
ues reported for DHP prepared with the traditional ZT
method (430 lmol g�1 (Grabber et al., 1996); 621 lmol g�1

(Terashima et al., 1996); 687 lmol g�1 (Cathala and Mon-
ties, 2001)). Lowering the pH down to 4 would probably
increase the b-O-4 content (Fournand et al., 2003; Grabber
et al., 2003), while leading to environmental conditions rep-
resentative of only few lignified tissues. As far as we know,
no study devoted to the impact of CA/peroxidase ratio on
lignin structure exists. However, Terashima et al. (1996)
while working on the impact of coniferin and pectin on
DHPs synthesis also introduced variations in the CA/ or
coniferin/peroxidase ratio. These variations were not dis-
cussed by the authors but we think that a part of the lignin
structure modification observed could be attributed to the
lowest CA/ or coniferin/peroxidase ratio and not only to
the presence of pectin or coniferin. In another study,
Tanahashi and Higuchi (1981) looked at the impact of per-
oxidase concentration on DHPs synthesis but their experi-
mental design is too different from ours to allow any
comparison. Indeed, peroxidase was kept in a dialyse mem-
brane and was thus not limitative for DHPs synthesis.

In our ZT dehydrogenation conditions the HRP/CA
ratio of 9 U mmol�1 leads to a good compromise: precipi-
tation of a polymer fraction rich in b-O-4 bonds
(600 lmol g�1), and occurrence of soluble non-condensed
oligomers. With this system it is possible to recover about
4 mg polymer from 10 mg CA.

3.3. Implications for lignin biosynthesis

The strong influence of the HRP/CA ratio on the struc-
ture of the DHPs, and more particularly on their b-O-4
content, show that this parameter should be taken into
d from the (ZT) Zutropf and (ZL) Zulauf polymerization mixtures as a
e dimer peak and polymerization degrees (PD) assigned as for Fig. 1.
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account when investigating the influence of any other
parameter or when comparing results obtained by different
authors. Besides its direct practical consequence for in vitro

modelization, the influence of the HRP/CA ratio may also
have important implications for lignin biosynthesis. It is
generally accepted today that peroxidases are involved in
constitutive lignification, as enzymes able to oxidize p-
OH cinnamyl alcohols and various phenolic substrates in
the presence of H2O2. Lignins formed at the early stages
of lignification have been repeatedly reported to be
enriched in resistant condensed bonds (Terashima et al.,
1993). Indeed, the highly lignified middle lamella region
seems to be enriched in bulk-type lignin. This phenomenon
has been related to monolignol concentration or type as
middle lamella lignin is enriched in p-hydroxyphenyl units
(Terashima et al., 1993). It has also been related to matrix
effects (Wi et al., 2005), or to the involvement of laccase
enzymes in addition to peroxidase (Sterjiades et al., 1993;
Donaldson, 2001). The present results suggest that it could
be also related to a high peroxidase activity in the middle
lamella region, an hypothesis supported by the pattern dis-
tribution of these enzymes (Wi et al., 2005).

In addition, these enzymes have also been shown to play
a key role in several stress-induced processes such as
wound-healing and disease resistance (Lagrimini et al.,
1993), processes involving perturbation of the phenolic
metabolism and of the lignification. In the light of the pres-
ent study, it can be expected that variations in peroxidase
concentration, either temporal or spatial, may account
not only for the lignin content but also for lignin structure,
in the same way as the variations in monomer supply. In
agreement is the fact that the peroxidase expression dra-
matically increases subsequent to a stress and that stress
lignins are reported as highly condensed polymer with a
high proportion of terminal units (Boudet et al., 1995;
Cabane et al., 2004): a rapid and abundant supply in per-
oxidase would lead to a bulk-like polymerization as a con-
sequence of increased radical-generating capacity.

As stated by Ralph (2005), ‘‘no simple unifying theory
currently explains all of the features seen in lignin structural
analyses, so researchers should still feel free to advance new
concepts and hypotheses’’. We think our data could bring
some new information concerning lignin biosynthesis and
lignin structure. It clearly appears indeed that a parameter
as simple as peroxidase availability can drastically modify
the lignin structure while other parameters (monomer avail-
ability, pH, matrix environment, etc.) stay unchanged.
4. Experimental

4.1. Chemicals

Coniferyl alcohol was synthesized according to the
method of Ludley and Ralph (1996). Horseradish peroxi-
dase type II (HRPII, 180 purpurogallin U/mg) was pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA).
The internal standard 3,4,5-trimethoxybenzoic acid
(TMBA) was obtained from Fluka (Buchs, Switzerland)
and hydrogen peroxide (30 wt% solution) from Acros
(New Jersey, USA). Phosphate buffer was prepared from
sodium dihydrogen phosphate (NaH2PO4 Æ 2H2O) and di-
sodium hydrogen phosphate (Na2HPO4 Æ 2H2O) (analytical
reagents; Prolabo, France).

4.2. Dehydrogenative polymerization of coniferyl alcohol

Four solutions were prepared for the polymerization.

Solution 1: 10 mg of coniferyl alcohol in 1 ml of acetone
and 49 ml of phosphate buffer (10 mM, pH
5.5).

Solution 2: 10 mg TMBA in 50 ml of phosphate buffer.
Solution 3: 9 ll (1.5 equiv. compared to coniferyl alco-

hol) of hydrogen peroxide in 50 ml of water.
Solution 4: a variable quantity of HRPII in 50 ml of

phosphate buffer in order to scan a range
from 0 to 1080 purpurogallin U of HRPII
per mmol of coniferyl alcohol.

Zulauf (ZL) synthesis: solutions 1, 3 and 4 were added
simultaneously to 10 ml of solution 2 and the mixture was
left to react for 10 h under magnetic stirring, at room tem-
perature and in the dark.

Zutropf (ZT) synthesis: solutions 1, 3 and 4 were added
to 10 ml of solution 2 through a 8 h period (0.1 ml/min flow
rate) and the mixture was then left to react for another 2 h.

Both the Zulauf and Zutropf reaction media were centri-
fuged (60 min, 13,000 rpm) to separate the precipitate from
the soluble fraction. The precipitate was washed three
times with water before freeze-drying and gravimetric
determination of the polymer yield (mass percent with
respect to the initial CA). All the supernatants were pooled
before extraction with a 50/50 v/v dichloromethane/ethyl
acetate mixture and evaporation of the organic phase to
dryness. Part of the soluble extracts residues were used to
prepare tetrahydrofuran (stabilized THF, JT Baker) and
methanol (CLHP grade, Carlo Erba) solutions, respec-
tively, for size exclusion and LC–MS chromatography.
All the solutions were ultrafiltered (GFP Acrodisc, Gel-
man, 0.45 lm) before injection.

4.3. Analysis of the dehydrogenation products

4.3.1. Thioacidolysis and GC/MS analysis of the unsoluble

fraction

Thioacidolysis was performed according to Lapierre
et al. (1986) on the unsoluble fraction recovered from the
centrifugation step. The freeze-dried unsoluble fractions
were placed in a screw-cap glass tube together with 10 ml
of a dioxane/ethanethiol mixture (9:1, v/v) containing
0.2 M boron trifluoride etherate, for 4 h, at 100 �C (oil
bath). After extraction of the lignin-derived monomers,
the analysis of their trimethylsilyl derivatives (TMS) was



578 V. Méchin et al. / Phytochemistry 68 (2007) 571–579
run on a polydimethylsiloxane capillary column (SPB1,
Supelco, 30 · 0.25 m, 0.25 lm) GC/MS with an ion trap
spectrometer detector (IE 70 eV, positive mode).

4.3.2. Steric exclusion chromatography (SEC) of both the

unsoluble and soluble fractions
Both the extracted soluble fractions and the thioacidol-

ysates of the unsoluble fractions (20 lL injection) were
analyzed by SEC, using a PL-Gel column (Polymer Labo-
ratories, 5 lm, 100 Å, 600 · 7.5 mm) with THF as an elu-
ent (stabilized THF, JT Baker; 1 ml min�1) and 280 nm
UV detection. The PD was assigned according to the
apparent molar masses of the compounds based on a cali-
bration with polyethylene oxide standards (Igepal, Aldrich)
and purified lignin model compounds (Baumberger et al.,
2003).

4.3.3. LC/MS of the soluble fraction

The extracted soluble fractions were analyzed by
reverse-phase LC with ESI-MS and PDA co-detection.
The methanolic solutions were ultra filtrated (0.45 lm –
GHP Acrodisc – Gelman) and injected on a C18 column
(Highpurity, Thermo electron, 5 lm, 150 · 4.6 mm) using
a 12–95 vol% aqueous acetonitrile, 1& HCOOH gradient
(45 min) and 1 ml min�1 flow rate. Negative ion ESI-MS
spectra (120–2000 m/z) were acquired using an ion trap
spectrometer (Finnigan LCQ-DECA – Thermo Electron
Corporation) setting the needle voltage at 4 kV and the
desolvating capillary temperature at 350 �C. The dimers
were assigned according to their retention time, PDA
(190–600 nm) and mass spectra, compared to dimers previ-
ously purified from CA oxidation media (Fournand et al.,
2003). The polymerization degree and amount of b-O-4
bonds of the oligomers were determined according to the
mass of the deprotonated ion.
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