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ABSTRACT 

The delignification of eucalypt feedstock during enzymatic pretreatment with the laccase from Myceliophthora 

thermophila, in conjunction with methyl syringate as mediator, when applied in a multistage sequence consisting 

of successive enzymatic and alkaline extraction stages, directly on the ground lignocellulosic material was 

thoroughly studied by two-dimensional nuclear magnetic resonance (2D NMR) of the whole wood (at the gel 

stage) after each step of the sequence. The 2D NMR analyses of eucalypt feedstock after the enzymatic 

pretreatment, revealed the removal of guaiacyl and syringyl lignin units (with preferential removal of the former) 

and aliphatic (mainly -O-4'-linked) side-chains of lignin without a substantial change in polysaccharide cross-

signals. However, the most noticeable modification was the formation of C-oxidized syringyl lignin units in the 

enzymatic steps that were partially removed in the alkaline extraction stages. This study revealed that the first 

cycle of pretreatment of eucalypt with M. thermophila laccase and methyl syringate did not produce any 

delignification effect and consequently did not increase the saccharification yields. However, at the end of the 

whole sequence (4 cycles), a high delignification (50%) of eucalypt feedstock and increases (40%) in glucose 

yield after enzymatic hydrolysis was attained with this laccase-mediator  pretreatment.  

I. INTRODUCTION 

Biotechnology can contribute to plant biomass deconstruction in lignocellulose biorefineries for the sustainable 

production of chemicals, materials and fuels, by providing biocatalysts being able to degrade or modify lignin 

[1]. Physical, chemical and biological pretreatments are being studied for deconstructing lignocellulosic biomass 

and removing lignin. Most biological pretreatments for delignifying lignocellulosic materials employ lignin-

degrading fungi from the group of white-rot basidiomycetes but such pretreatments require long application 

periods. In the present study, eucalypt (Eucalyptus globulus) wood was treated with the so-called laccase-

mediator system [2], which has been often investigated for paper pulp delignification [3]. The eventual 

modification of cell-wall polymers during the enzymatic treatment of the whole plant material was analyzed by 

heteronuclear single-quantum correlation (HSQC) solution NMR of gels prepared by lignocellulose swelling in 

dimethylsulfoxide-d6 [4,5]. In addition to lignin removal, the effect of the enzymatic treatments on sugar yield 

from the pretreated eucalypt feedstock was assessed. 

II. EXPERIMENTAL 

Wood, enzyme and mediator 

Eucalypt (E. globulus) wood chips from ENCE (Pontevedra, Spain), were air-dried and grounded and then finely 

milled in a planetary mill using an agate jar and agate ball bearings. The total ball-milling time for the samples 

was 5 h. A commercial (recombinant) fungal laccase from the ascomycete Myceliophthora thermophila, 

provided by Novozymes (Bagsvaerd, Denmark), was used in this study. Its activity was measured as initial 

velocity during oxidation of 5 mM 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) to its cation 

radical (436 29 300 M-1·cm-1) in 0.1 M sodium acetate (pH 5) at 24ºC. The laccase activity of the enzyme 

preparation was 945 U/ml. One activity unit (U) was defined as the amount of enzyme transforming 1 µmol of 

ABTS per min. Methyl syringate (MeS) was used as mediator. 

Laccase-mediator treatments  

The eucalypt samples were treated with the M. thermophila laccase in the presence (and absence) of MeS, as 

mediator. Laccase doses of 50 U·g-1 were assayed, together with 3% MeS, both referred to wood dry weight. The 

treatments were carried out in pressurized bioreactors placed in a thermostatic shaker at 170 rev·min-1 and 50 ºC, 
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using 10 g (dry weight) samples at 6% consistency (w:w) in 50 mM sodium dihydrogen phosphate (pH 6.5) 

under O2 atmosphere (2 bars) for 24 h. After the treatment, the samples were filtered through a Büchner funnel 

and washed with water. In a subsequent stage, samples at 6% consistency (w:w) were submitted to a peroxide-

reinforced alkaline extraction using 1% (w:w) NaOH and 3% (w:w) H2O2 (with respect to sample dry weight) at 

80 ºC for 90 min, followed by water washing. Cycles of four successive enzyme-extraction treatments were 

applied. Treatments with laccase (50 U·g-1) alone (without mediator) and controls without laccase and mediator, 

were also performed (followed in both cases by the corresponding alkaline extractions). Klason lignin content 

was estimated according to T222 om-88 [6].  

Saccharification of treated wood 

The laccase-pretreated samples were hydrolyzed with a cocktail of commercial enzymes (Novozymes, 

Bagsvaerd) with cellulase (Celluclast 1.5 L; 2 FPU·g-1) and β-glucosidase (Novozym 188; 100 nkat·g-1) 

activities, at 1% consistency in 3 mL of 100 mM sodium citrate (pH 5) for 72 h at 45 ºC, in a thermostatic shaker 

at 170 rev·min-1. The different monosaccharides released were determined as alditol acetates [7] by GC. An HP 

5890 gas chromatograph equipped with a split−splitless injector and a flame ionization detector was used. The 

injector and detector temperatures were set at 225 and 250 °C, respectively. Samples were injected in the split 

mode (split ratio 10:1). Helium was used as the carrier gas. The capillary column used was a DB-225 (30 m × 

0.25 mm i.d., 0.15 μm film thickness). The oven was temperature-programmed from 220 °C (held for 5 min) to 

230 °C (held for 5 min) at 2 °C min−1. Peaks were quantified by area and glucose, xylose and arabinose were 

used as standards to elaborate calibration curves. 

2D NMR spectroscopy 

For gel-state NMR experiments, ∼100 mg of ball-milled wood samples after the several steps of the whole 

multistage sequence were directly transferred into 5-mm NMR tubes, and swelled in 1 mL of dimethylsulfoxide-

d6, forming a gel inside the NMR tube [4,5]. HSQC 2D-NMR spectra were acquired at 25ºC on a Bruker 

AVANCE III 500 MHz spectrometer fitted with a cryogenically cooled 5 mm TCI gradient probe with inverse 

geometry (proton coils closest to the sample). The 2D 13C-1H correlation spectra were carried out using an 

adiabatic HSQC pulse program (Bruker standard pulse sequence ‘hsqcetgpsisp2.2’) and the following 

parameters: spectra were acquired from 10 to 0 ppm (5000 Hz) in F2 (1H) using 1000 data points for an 

acquisition time of 100 ms, an interscan delay (D1) of 1 s, and from 200 to 0 ppm (25,168) in F1 (13C) using 256 

increments of 32 scan, for a total acquisition time of 2 h 34 min. The 1JCH used was 145 Hz. Processing used 

typical matched Gaussian apodization in 1H and a squared cosine bell in 13C. The central solvent peak was used 

as an internal reference (δC/δH 39.5/2.49). The 13C-1H correlation signals from the aromatic region of the 

spectrum were used to estimate the lignin composition in terms of G, S and oxidized S (S') units, and those of the 

aliphatic-oxygenated region were used to estimate the inter-unit linkage and end-unit abundances. The S lignin 

content in the laccase-mediator treated sample was corrected for the contribution of MeS to the 106/7.3 ppm 

signal, which was estimated from the integral of its characteristic signal at 52/3.8 ppm.  

III. RESULTS AND DISCUSSION 

Lignin modification along the M. thermophila laccase-MeS pretreatment 

The modification of lignin structure during the laccase-mediator treatment of eucalypt wood was studied after 

each of the 8 stages, including 4 enzymatic treatments under oxygen (stages 1,3,5 and 7) followed each of them 

by an alkaline peroxide extraction (stages 2, 4, 6 and 8). With this purpose, all the pretreated eucalypt samples 

(and the corresponding controls) were analyzed by 2D NMR at the gel state. The initial wood sample (without 

any treatment) was also analyzed (Figure 1, left). The main lignin structures identified are shown in Figure 1 

(right). The aliphatic-oxygenated region of the HSQC spectrum of the initial eucalypt wood  shows signals of 

lignin and carbohydrates, the latter mainly corresponding to xylan (X) and acetylated xylan (X') units. In this 

region, signals of side-chains in β-O-4' alkyl-aryl ether lignin substructures (A), including Cγ-Hγ, Cβ-Hβ and Cα-

Hα correlations (Aγ, Aβ and Aα, respectively) were observed. The Cβ-Hβ correlations gave two different signals 

corresponding to β-O-4' substructures where the second unit is an S unit or a G unit (Aβ(S) and Aβ(G)). Other less 

prominent signals for resinol (β–β') substructures (C) were also observed in the spectrum, with their Cα–Hα, Cβ–

Hβ and the double Cγ–Hγ correlations (Cα, Cβ and Cγ). The main signals in the aromatic region of the HSQC 

spectrum corresponded to the benzenic rings of the S and G lignin units. The S-lignin units showed a prominent 

signal for the C2,6-H2,6 correlation (S2,6), while the G-lignin units showed different correlations for C2-H2 (G2), 

C5-H5 (G5) and C6-H6 (G6). Signals corresponding to C2,6-H2,6 correlations in Cα-oxidized S-lignin units (S'2,6) 

were also observed although in low amount. From the integrals of the above signals an S/G ratio around 3.5, and 

a large predominance of β-O-4' ether linkages, together with some resinols, were estimated for lignin in E. 

globulus wood. 
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In the pretreatment of eucalypt wood with M. thermophila laccase in the presence of MeS (Figure 2), an evident 
modification of lignin structure was produced. This included the complete absence of G units and resinol 
substructures, together with a high decrease in β-O-4' alkyl-aryl ethers, after two cycles of laccase-mediator 
treatment and alkaline extraction (stage 5), although the most remarkable decreases in these units and 
substructures were already observed after the first cycle of treatment (stage 3) at the same time that the signals 
corresponding to β-O-4' substructures where the second unit is a G unit (Aβ(G)) disappeared. Likewise, the most 
remarkable increase in Cα-oxidized lignin units (S') was also observed in stage 3. Interestingly, the amount of 
these oxidized lignin units decreased in all cases with the alkaline extraction (stages 2, 4, 6 and 8).  

Figure 2. HSQC NMR spectra of whole eucalypt samples from a multistage enzymatic sequence, including four 
treatments with M. thermophila laccase-MeS and four alkaline extractions: a), c), e) and g) Samples from first, 

second, third and fourth enzymatic pretreatment with laccase and MeS (stages 1, 3, 5 and 7, respectively); b), d), f) 
and h) Samples from first, second, third and fourth alkaline peroxide extractions (stages 2, 4, 6 and 8, respectively). 

Figure 1. HSQC NMR spectra of whole eucalypt wood (initial sample) swollen in dimethylsulfoxide-d6 (left) 
and main lignin structures  identified (right): (A) β-O-4' lignin substructures (including a second S or G unit); 

(C) resinols; (G) guaiacyl units; (S) syringyl units; and (S') Cα-oxidized S units. 
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The 2D NMR analyses of eucalypt samples treated with M. thermophila laccase alone (followed by alkaline 

peroxide extractions) (data not shown) revealed a decrease in the β-O-4' alkyl-aryl ethers and resinol 

substructures along the sequence showing the sharpest decrease in the second enzymatic treatment (stage 3). 

Concerning lignin units an increase in the S/G ratio was observed along the sequence, which was especially 

significant along the third and fourth cycles of treatment. One effect of the enzymatic treatment with M. 

thermophila laccase (not observed along the control sequence) was the increase in C-oxidized lignin units (S') 

produced in the enzymatic stages 3, 5 and 7. In the aliphatic oxygenated region of the spectra of control samples, 

acetylated xylan units (X´) decreased considerably after the first alkaline extraction (stage 2) and completely 

disappeared with the second alkaline extraction (stage 4) while the non-acetylated ones (X) remained. The β-O-4' 

alkyl-aryl ethers and resinol substructures decreased slightly along the sequence and after the last stage the lignin 

in control were mainly constituted by the former substructures although the latter were still present (data not 

shown). The most significant effect of the control pretreatment conditions was the increase in the S/G ratio along 

the sequence that particularly took place in the oxygen stages and was especially evident in the stage 7. 

Saccharification of wood pretreated with M. thermophila laccase-MeS 

The pretreatment of eucalypt wood with M. thermophila-MeS produced a decrease in lignin content after the 

four cycles of about 50%. This decrease in lignin content paralleled the increase in enzymatic saccharification 

yield of glucose of almost 40%. The pretreatment with the laccase alone produced a decrease of lignin content of 

about 20% and an increase of glucose release of 9%. On the other hand, the lignin content and saccharification 

yield with the laccase alone or in the presence of mediator were not modified after the first cycle of pretreatment. 

IV. CONCLUSIONS 

This work shows the potential of an oxidative enzymatic pretreatment using a recombinant laccase in the 

presence of a phenolic mediator to delignify and improve cellulase saccharification of a hardwood feedstock 

(eucalypt wood) when applied directly on the ground lignocellulosic material, and reveals the main chemical 

changes in the pretreated material, and its recalcitrant lignin moiety, behind the above results.  
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	Empty fruit bunch is a residue generated by the oil palm industry after a sterilization process and the separation of the fruits for oil extraction. This residue, which in many countries, especially in Malaysia and Indonesia, is produced in very high ...
	Acetosolv pulping could be seen as a stage in the fractionation of empty fruit bunches for pulp production used in various applications as; pulps for specialty papers or other applications such as obtaining microcrystaline cellulose, microfibrilled ce...
	The aim of this work was to study the influence of operational variables in the empty fruit bunches acetosolv pulping process [acetic acid (60-95%), hydrochloric acid (0.10-0.25%) and time process (60-180 min)], on the solid yield, Schopper Riegler in...
	I. INTRODUCTION
	Plant biomass has been for centuries a resource used by humanity worldwide, for energy and cellulosic pulp production. The production of paper pulp has traditionally been a highly polluting process.
	Organosolv methods use organic compounds of relatively low molecular weight as delignification agents, and are a good alternative to Kraft because of the possibility of eliminate the sulphur compounds in cooking. Although lignin removal can be achieve...
	However, the fact of being able to use compounds with very different characteristics makes organosolv cooking processes very different versus Kraft. Some of them may be performed at atmospheric pressure and therefore at a much lower temperature, which...
	The Acetosolv process uses acetic acid enriched (70-90% by weight) aqueous mixtures with the addition of small amounts of hydrochloric acid (typically 0.1-0.2% by weight) which contributes to enhance the delignification through partial hydrolysis and ...
	Oil palm empty fruit bunch (EFB) is a waste generated by the oil palm industry after a sterilization process and the separation of the fruits for oil extraction. This residue, which in many countries, especially in Malaysia and Indonesia, is produced ...
	The aim of this work was to study the Acetosolv treatment of EFB by means of an experimental design factor, considering the influence of the operational variables on the composition of the resulting pulp, with the aim of finding the optimum conditions...
	II. EXPERIMENTAL
	Raw material
	African palm from Western Africa supplied by Straw Engineering S.L (Zaragoza) were used. Each hectare of oil palm produces an average of 10 tons of fruits per year which give about 3000 kg of palm oil (the main product) [8,9].
	Pulping and pulps characterization
	Mixtures of EFB, water and acetic acid (proportions ranging from 60 to 95% by weight of liquor) were heated to the boiling point in glass Pyrex flasks. Hydrochloric acid was added (0.10-0.25% by weight of liquor) when boiling started (zero time), and ...
	Experimental design
	A second order factorial design of experiment was used [10] consisted in a central experiment (in the centre of a cube) and several additional points (additional experiments lying at the cube vertices and side centers).
	Experimental data were fitted to the following second-order polynomial:
	,𝐘-𝐞.=,𝐚-𝟎.+,𝐚-𝟏.,𝐗-𝐀.+,𝐚-𝟐.,𝐗-𝐇.+,𝐚-𝟑.,𝐗-𝐓.+,𝐚-𝟏𝟏.,𝐗-𝐀-𝟐.+,𝐚-𝟏𝟐.,𝐗-𝐀.,𝐗-𝐇.+,𝐚-𝟏𝟑.,𝐗-𝐀.,𝐗-𝐓.+,𝐚-𝟐𝟐.,𝐗-𝐇-𝟐.+,𝐚-𝟐𝟑.,𝐗-𝐇.,𝐗-𝐓.+,𝐚-𝟑𝟑.,𝐗-𝐓-𝟐.       (1)
	where Ye denotes the response variables [viz. yield (YI), beating grade or Shopper Riegler index (SR), Kappa number (KN), lignin (LI) or viscosity (VI)]; XA, XH and XT are the normalized values of the operational variables (acetic acid concentration –...
	The values of the operational variables were normalized to values from -1 to +1 by using the following expression:
	,𝐗-𝐧.=𝟐,𝐗−,𝐗-𝐦.-,𝐗-𝐦𝐚𝐱.−,𝐗-𝐦𝐢𝐧..     (2)
	where Xn is the normalized value of A, H or T; X is the actual experimental value of the variable concerned; Xm is the mean of Xmax and Xmin; and Xmax and Xmin are the maximum and minimum value, respectively, of such a variable.
	The operational values for the independent variables in the 15 experiments conducted are given in Table 1.
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