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I. Introduction

Traditionally, the use of biotechnology has been
mainly confined to fermentation processes in the
food and beverage industry and in the pharma-
ceutical sector. Over the past decades, however,
biotechnology has gained ground from chemical
processes in the manufacturing of a variety of
industrial products, including pulp and paper
(Skals et al. 2008). During recent years, the num-
ber of applications of enzymes in pulp and paper
manufacturing has steadily grown, and several
have reached or are approaching commercial
use. These include enzyme-aided bleaching with
xylanases, direct delignification with oxidative
enzymes, refining with cellulases, pitch reduction
with lipases, freeness enhancement with cellulases
and hemicellulases as well as enzymatic
slime control (Bajpai 1999, 2006). In addition to
enzymes, microbial treatments have the potential
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to increase pulping efficiency, reduce pitch pro-
blems, and enhance process water re-use.

In the present chapter, we focus on an impor-
tant aspect of pulp and paper manufacturing,
namely pitch control, which is the first example
where biotechnology provided successful solu-
tions in this industrial sector. To determine the
practical potential of a biological treatment for
pitch control, it is imperative to understand the
heterogeneity of lipophilic extractives in wood
and pulp, to determine which classes of lipids
are important in pitch deposition, and to assess
the effectiveness of biological agents in reducing
and removing many in all troublesome lipid clas-
ses. With this purpose, an overview of the pitch
problems in the pulp and paper industry is first
provided, followed by a description of the state of
the art and the current research on biotechnologi-
cal solutions to pitch problems, including the use
of fungal strains for the pretreatment of wood
chips prior to pulping and fungal enzymes for
the direct treatment of pulps. Finally, some con-
cluding remarks and future trends in this field are
included.

II. Pitch Problems in Pulp and Paper
Manufacturing

Lipophilic wood extractives, i.e. the non-polar
extractable fraction from wood often referred to
as wood resin (Fig. 17.1A), cause so-called pitch
deposits during pulp and paper manufacturing
processes (Fig. 17.1B). Pitch deposition is a seri-
ous problem in the pulp and paper industry since
it is responsible for reduced production levels,
higher equipment maintenance costs, higher
operating costs, and an increased incidence of
defects in the finished products, which reduces
quality and benefits (Back and Allen 2000).
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Fig. 17.1. Resin exudate on a conifer tree (A) and pitch
deposit in a TCF pulp (B); courtesy of M.]. Ortega and
J. Romero, respectively

Furthermore, process effluents containing wood
extractives may also be toxic and harmful to the
environment (Leach and Thakore 1976; Liss et al.
1997).

A. Resin in Plant Raw Materials

Lipophilic extractives comprise a variety of differ-
ent compounds including alkanes, fatty alcohols,
fatty acids, resin acids, sterols, other terpenoids,
conjugated sterols (as esters and glycosides), tri-
glycerides, and waxes (Fig. 17.2). The content and
composition of resin vary considerably between
the different angiosperm and gymnosperm spe-
cies (Fig. 17.3) and even between different parts
of the same plant. Some differences are caused by
the growing conditions, the age of the tree, and
other genetic and environmental factors.

The resin components of softwoods (gymnos-
perms) commonly used in the pulp and paper
industry, such as Scots pine (Pinus sylvestris)
and Norway spruce (Picea abies), have been
extensively studied (Ekman and Holmbom 2000).
Triglycerides, resin acids, and fatty acids repre-
sent a high percentage of Scots pine extractives.

Norway spruce contains similarly high amounts of
triglycerides, resin acids, and steroids. All these
lipophilic compounds have been traditionally
associated with pitch problems in the paper-
making process (Back and Allen 2000; Ekman
and Holmbom 2000).

Among hardwood trees (woody angiosperms),
silver birch (Betula pendula) and trembling aspen
(Populus tremuloides) have been traditionally
used for paper pulp production and, therefore,
their wood resin have been thoroughly studied
(Ekman and Holmbom 2000). A significantly
higher proportion of sterols and other unsaponifi-
able lipids are reported in birch and aspen
compared to softwoods, although triglycerides
predominate in both species. Resin acids present
in all kinds of softwood are not found in hard-
woods. Sterol esters and waxes (Chen et al. 1995)
and triterpenols and saturated fatty acids (Bergelin
et al. 2005) are reported to be at the origin of pitch
deposits in aspen and birch, respectively. New
pieces of information on the composition of lipo-
philic extractives have come from eucalypt wood
(Eucalyptus globulus and related species), during
the past ten years due to the increasing use of this
fast-growing hardwood tree by the paper pulp
industry. Free and conjugated sterols (in the form
of fatty-acid esters and glycosides) are the main
lipophilic components of eucalypt wood, together
with other steroids and free fatty acids (Freire et al.
2002; Gutiérrez et al. 1999a, 2001; Rencoret et al.
2007), being also responsible for pitch deposition
(del Rio et al. 1998, 1999, 2000; Freire et al. 2005;
Gutiérrez et al. 2001b, c; Silvestre et al. 1999).

The chemical composition of lipophilic extractives from
non-woody species used by the pulp and paper industry
has not been as extensively studied as that of woody
species, although knowledge on straw-like materials has
accumulated during recent years (del Rio and Gutiérrez
2006; Gutiérrez and del Rio 2003a, b; Morrison and Akin
2001; Sun and Sun 2001). Fatty acids, free and esterified
sterols, triglycerides, and waxes are the predominant lipo-
philic compounds in wheat-straw, which is an important
raw material for pulp and paper manufacturing in China
because of the shortage of forest resources and the exten-
sive supply of wheat-straw (Sun and Sun 2001). Alkanes,
fatty alcohols and fatty acids, aldehydes, sterols, and waxes
are the major lipid compounds identified in non-woody
plants such as flax, hemp, kenaf, sisal, and abaca, which
are used in developed countries for the production of
high-quality pulps for specialty papers. In particular,
fatty alcohols, alkanes, and sterols are among the com-
pounds responsible for pitch deposits formed during
pulping of non-woody plants (Gutiérrez and del Rio 2005).
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B. Resin in Pulp and Paper

The lipophilic extractives present in the raw mate-
rials can cause pitch problems along the entire
pulp and paper manufacturing processes (pulp-
ing, bleaching, paper machine processing). The
nature and severity of pitch problems depend
not only on the raw materials used, but also on
the industrial processes of pulping and bleaching
applied at the mill. In this way, mechanical pulp-
ing often applied to softwoods for manufacturing
newspaper and similar pulps, slightly affects the

octacosyl hexadecanoate

composition of extractives since no chemicals
acting on lignin are added. Therefore, the corres-
ponding pulp extractives show a composition
similar to that found in natural softwood. In con-
trast, chemical pulping, including kraft cooking
that provides over 50% of the total paper pulp,
modifies the extractives composition to different
extents depending on the raw material. In this
way, an important fraction of pitch-forming
compounds in softwoods is removed during
kraft cooking, since it consists of triglycerides
that are completely saponified under the alkaline



360 Ana Gutiérrez
25 (Allen 2000a). Moreover, in the paper mills as well as in
B Free fatty acids the pulp mill, the degree of system closure can have a
[2] Resin acids A . : .
5 Aldehydes considerable impact on the propensity to pitch problems.

[ Hydrocarbons
[ W Higher alcohols/sterols
| [] Waxes/sterol esters
F4 Glycerides

Lipophilic extractives (mg/g)

Spruce Birch  Aspen Eucalypt Flax

Pine

Fig. 17.3. Abundances of main classes of lipophilic extrac-
tives in several softwoods (pine, spruce), hardwoods
(birch, aspen, eucalypt) and a non-woody plant (flax).
Data from Fengel and Wegener (1984), Gutiérrez et al.
(1999a) and Gutiérrez and del Rio (2003a, b)

conditions used and the fatty and resin acids
are dissolved (Fengel and Wegener 1984). The
sterol and triterpenol esters, especially abundant
in many hardwoods including eucalypt and birch,
are saponified more slowly than the glycerol esters
(Bergelin and Holmbom 2003; Gutiérrez et al.
2001b). The remaining free and esterified sterols
and triterpenols do not form soluble soaps as
free acids do and, therefore, have a tendency to
deposit.

The wood extractives remaining in the unbleached pulp
are carried over to the bleach plant, where they react with
the bleaching agents used (Jansson et al. 1995). Pulp
bleaching technology radically changed in the 1990s, and
the previously used chlorine was replaced and new bleach-
ing sequences were introduced. The use of totally chlorine-
free (TCF) bleaching in place of elementary chlorine-free
(ECF) bleaching has increased the severity of pitch pro-
blems due to the lower reactivity with pulp lipids (Gutiérrez
etal. 2001b). This applies to most unsaturated steroids and
triterpenoids as well as fatty acids, which are strongly
modified by chlorine dioxide (ClO,) used in ECF bleaching
but remain practically unaltered by oxygen and hydrogen
peroxide used in TCF bleaching sequences (Bergelin and
Holmbom 2003; Freire et al. 2005, 2006; Gutiérrez et al.
2001b). Pitch colloidal particles “surviving” the action of
bleaching chemicals, can coalesce and deposit in the pulp
or the equipment, resulting in low quality pulp and caus-
ing the shutdown of pulp mill operations. The residual
resin in the pulp is at the origin of pitch problems in the
paper mill, including spots and holes in the paper, sheet
breaks, and technical shutdowns of the paper machine

Thus, when white waters recirculate, there is a tendency
for the dissolved and dispersed resins to increase in con-
centration which, in turn, increase the tendency for the
formation of certain kinds of pitch (Allen 2000b).

Because the nature of pitch problems can be
very different depending on the raw material and
the process used, different physicochemical meth-
ods to control pitch in pulp and paper mills are
used (Allen 2000a, b). These include adsorption or
dispersion of the pitch particles with chemicals in
the pulping and papermaking processes by adding
alum, talc, ionic or non-ionic dispersants, cationic
polymers, and other types of additives. In addition
to chemical solutions, biological methods to con-
trol pitch problems have also been developed, as
described below.

III. From “Natural” to “Controlled”
Seasoning of Wood

Traditional methods to control pitch problems
include deliberate storage of logs and/or wood
chips in the woodyard before pulping (natural
“seasoning”). The outside storage of pulpwood
was introduced in the 1920s for whole logs and
in the early 1950s for wood chips (smaller pieces
of chopped wood) (Farrell et al. 1997). This
method was the direct consequence of the need
to stockpile wood as inventory to mill and to
season wood, which resulted in decreased resin
deposition. During wood storage, the content of
extractives decreases since some of them are sub-
ject of hydrolytic or oxidative transformations
by plant enzymes as well as by the action of
wood-colonizing microorganisms. The reactions
of wood resin components during storage have
been studied for several pulpwood species including
spruce, pine, birch, aspen, and eucalypt (Ekman
2000; Gutiérrez et al. 1998; Silvério et al. 2008).
However, prolonged storage causes a decrease in
the pulp brightness and yield due to the uncon-
trolled action of microorganisms. Therefore,
the industrial practice today does not include
overlong log or chip storage times. In addition,
polymerization of unsaturated wood resin compo-
nents are also reported to occur during seasoning
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and studies with model compounds have been
performed (Ekman 2000; Sitholé et al. 2009). As
an alternative, the use of special fungi to accelerate
and control the seasoning of wood has been con-
sidered. The ability to colonize lignified plant
materials is a characteristic of wood-decay fungi,
including white-rot, brown-rot, soft-rot, and sap-
stain species (Martinez et al. 2005). Among these
eco-physiological groups, selected sapstain and
white-rot fungi have particularly been considered
for the control of pitch, as explained below. In
addition, wood treatment with bacteria to remove
lipophilic extractives has also been suggested
and studied in the laboratory (Burnes et al. 2000;
Kallioinen et al. 2003).

A. Sapstain Fungi

A small number of ascomycetes, so-called staining
fungi, colonize wood through parenchymatic rays
and resin canals. They cause the discoloration of
sapwood tissues, due to the presence of melanin-
like pigments in the fungal hyphae (Zimmerman
et al. 1995), but only a limited degradation that
mainly affects extractives and water-soluble com-
ponents (Martinez et al. 2005). Since most lipo-
philic compounds involved in the formation of
pitch deposits are concentrated in wood rays and
resin canals, the sapstain fungi were the first can-
didates for the biological control of pitch (Brush
et al. 1994; Farrell et al. 1993). Sapstain, also
called blue stain, is caused by different pioneer
colonizers, such as Ophiostoma, Ceratocystis,
Leptographium or Sphaeropsis species, which uti-
lize fatty acids, triglycerides, simple carbohy-
drates, and other components of the sapwood
(Farrell et al. 1993). In addition, these fungi can
rapidly colonize non-sterile wood chips. Research
on the biotechnological application of sapstain
fungi for wood depitching has mainly focused
on Ophiostoma piliferum strains, a dark-colored
ascomycete (Fig. 17.4A) widely distributed in for-
ests and in chip piles. These research efforts led to
the commercialization of an albino strain (Carta-
pip 97) of this fungus (Fig. 17.4B) for pitch reduc-
tion in wood chip piles without causing any
staining effect. This and other colorless strains
were obtained by classic mating approaches (fol-
lowed by single ascospore isolation) and neither
mutagenesis nor genetic engineering methods
were applied. As in the case of other sapstain

Fig. 17.4. Wild (A) and albino (B) Ophiostoma piliferum
strains, and typical growth of the albino fungal strain
through wood vessels as revealed by scanning electron
microscopy (C; bar 10 m); courtesy of R. Farrell

fungi, their growth mainly proceeds through
wood vessels and rays (Fig. 17.4C), removing the
extractives that accumulate in these structural
elements.

Cartapip 97 was originally marketed by Sandoz Chemicals/
Clariant Corporation and has been used by the pulp and
paper industry for the past 15 years. A 90% decrease of
triglycerides causing pitch problems in the manufacture of
mechanical and acidic sulfite pulps was reported after
Cartapip treatment of pine wood (Farrell et al. 1993). The
capabilities of some Ophiostoma species and other
sapstain fungi in removing different classes of lipophilic
extractives were assessed for both softwoods (Table 17.1)
and hardwoods (Table 17.2). Among others, the effective-
ness of these fungi to degrade triglycerides and free fatty
acids was demonstrated in several independent studies
using different types of wood (Breuil et al. 1998; Brush
et al. 1994; Dorado et al. 2000a; Gutiérrez et al. 1999b;
Josefsson et al. 2006; Martinez-Iiiigo et al. 1999; Rocheleau
et al. 1999). A higher degradation rate was observed for
Scots pine than for Norway spruce extractives, which was
attributed to differences in the degradation of triglycerides
(Josefsson et al. 2006). Some studies reported a low effi-
ciency in the removal of sterol esters (Chen et al. 1994;
Josefsson et al. 2006) whereas other reports showed a
significant conversion of these compounds by sapstain
fungi (Gutiérrez et al. 1999b; Martinez-Iigo et al. 1999).
However, the Cartapip strain and related fungi seem to be
unable to efficiently remove free sterols from hardwoods
and resin acids from softwoods (Chen et al. 1994; Dorado
et al. 2000a; Gutiérrez et al. 1999b; Martinez-Iiigo et al.
1999), even though, a significant decrease in free sterols
(up to 60%) was reported by Su et al. (2004) to be caused
by some newly screened fungal strains.
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Table 17.1. Degradation of main lipid classes in Pinus sylvestris sapwood and heartwood during the growth of two white-
rot (Bjerkandera sp. and Funalia trogii) and two sapstain fungi (Ophiostoma ainoae and Ceratocystis allantospora)
compared to the lipid content of a control wood (from Martinez-Iiigo et al. 1999)

Lipid degradation (%)

Control (mg/g) Bjerkandera sp. F. troggi 0. ainoae C. allantospora
Sapwood
Fatty acids 3.96 97 95 78 88
Resin acids 8.92 90 81 0 24
Sitosterol 0.16 69 50 0* 0°
Waxes 1.60 100 100 93 94
Sterol esters 1.20 100 100 100 79
Triglycerides 7.30 100 100 100 100
Heartwood
Fatty acids 2.15 87 38 26 45
Resin acids 31.09 50 0 0 19
Sitosterol 0.27 18 41 o° 0?
Waxes 0.43 74 44 67 12
Sterol esters 0.48 62 58 58 17
Triglycerides 1.02 80 100 100 60

*The amount was increased by 1.20 mg/g wood
The amount was increased by 0.27 mg/g wood
“The amount was increased by 0.43 mg/g wood
9The amount was increased by 0.19 mg/g wood

Table 17.2. Degradation of main lipid classes in Eucalyptus globulus wood by two white-rot (Phlebia
radiata and Ceriporiopsis subvermispora) and two sapstain fungi (Ophiostoma valdivianum and
0. piliferum) compared to the lipid content of a control wood (from Gutiérrez et al. 1999b)

Lipid degradation (%)

Control (mg/100 g) P. radiata C. subvermispora O. valdivianum O. piliferum
Fatty acids 17.2 90 97 8 47
Sterols 41.8 96 98 —55 —82
Sterol esters  33.6 100 100 45 78
Triglycerides 8.6 100 100 25 100

In addition to pitch reduction, albino strains
of O. piliferum and related species exert a
biocontrol effect, preventing sapstain and other
wood-rot fungi from growing on logs and wood
chips (Held et al. 2003). This is due to the early
appearance of O. piliferum as a wood-colonizer
(pioneer species) and particularly applies to
freshly cut wood, where not only the growth of
late wood-colonizers (such as white-rot fungi) is
repressed but also other sapstain species.

When Cartapip 97 is used as a biocontrol agent, it has the
tradename Sylvanex. In 2008, the current owners of this
technology, Parrac Ltd, improved the production and
storage properties of this product, and they are now
announcing the re-launching of Cartapip 97/Sylvanex 97
worldwide. Generally, this technology can refer to any
albino strain of the genus Ophiostoma that is able to

decrease the resin content resulting in the maintenance
of brightness levels during transportation and storage of
wood prior to pulping (Farrell 2007). An albino strain
of Ceratocystis resinifera (named Kasper) has also been
successfully tested for its ability to prevent discoloration of
spruce sapwood (Morin et al. 2006).

B. White-Rot Fungi

White-rot fungi are the predominant degraders of
lignin in nature (see Chapter 15). Some species
preferentially degrade lignin and hemicelluloses
over cellulose (“selective degraders”), whereas
other species degrade all wood components
simultaneously (“simultaneous degraders”). The
ability of white-rot fungi to attack all major
cell-wall components, including lignin, cellulose,
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and hemicelluloses has been well characterized
(Blanchette 1995; Martinez et al. 2005). In addi-
tion, there are reports on the degradation of non-
structural components in woody tissues, such
as wood extractives, by certain white-rot fungi
(above all by species causing a selective degrada-
tion pattern).

The ability of white-rot fungi in removing
lipophilic extractives was assessed both for soft-
woods and hardwoods (Tables 17.1 and 17.2,
respectively). A comprehensive study reported
on the fungal degradation of lipophilic extractives
in sapwood and heartwood from Scots pine
(Martinez-Ifiigo et al. 1999). Triglycerides, fatty
acids, sterol esters, and waxes in pine sapwood
were almost completely removed by the white-rot
fungi assayed (Table 17.1) and even sterols and
resin acids were extensively degraded.

This work furthermore showed that the fungal degradation
of heartwood extractives was not only limited by the
degradative ability of the fungi, but also by the inhibitory
effect exerted by the extractives themselves. Thus, the
white-rot fungus Funalia trogii was strongly inhibited in
heartwood, whereas a Bjerkandera sp. strain showed a
high tolerance towards the toxic extractives and was the
most efficient fungus in degrading extractives in Scots pine
wood. Resin acids were already previously reported to
cause the inhibition of wood-inhabiting fungi including
white-rotters (Eberhardt et al. 1994). In another study,
several white-rot fungi were tested for the removal and
detoxification of extractives from Scots pine sapwood and
the time course of extractives degradation by two pre-
selected fungi, namely Bjerkandera sp. and Trametes
versicolor, was monitored (Dorado et al. 2000b, 2001).
The authors showed a fungal removal up to 90% of most
lipophilic extractives which was accompanied by a 7- to
17-fold reduction in toxicity in the Microtox bioassay.
Further studies were performed by these authors with
T. versicolor to evaluate the effects of fungal treatment on
spruce chips at laboratory scale, in terms of pulp and
paper quality, thermo-mechanical pulping (TMP) para-
meters, and effluent toxicity (van Beek et al. 2007). Several
studies on the removal of lipophilic extractives from
E. globulus wood showed that a few white-rot fungi are
able to remove up to 100% of the main extractives present
in this wood.

These studies started with the screening of a large
number of fungal species (21 ascomycetes, 33 basidiomy-
cetes, 19 conidial fungi) including strains isolated from
eucalypt wood (Martinez et al. 1999). Different patterns of
lipophilic extractives degradation were analyzed (Gutiérrez
et al. 1999b) and several white-rot basidiomycetes, includ-
ing Phlebia and Ceriporiopsis species, were selected. They
efficiently removed up to 100% both of free and esterified
sterols (Table 17.2), which are particularly abundant in
eucalypt wood. In contrast, several ascomycetous fungi
including Cartapip decreased the sterol ester content but

did not convert free sterols. The time-course of fungal
removal of these compounds was followed to optimize
the treatment time for selected fungal species, namely
Phlebia radiata, Ceriporiopsis subvermispora, Bjerkandera
adusta, and Pleurotus pulmonarius (Martinez-Iigo et al.
2000). Kraft pulping and TCF bleaching of eucalypt wood
chips treated with these four basidiomycetes and
subsequent papermaking from the pulps obtained con-
firmed their potential for pitch biocontrol (Gutiérrez
et al. 2000). Resin removal by wood chip treatment with
white-rot fungi can have additional benefits in biomechan-
ical and biochemical pulping due to the partial removal of
lignin (Akhtar et al. 2000; Bajpai et al. 2001).

IV. Pitch Biocontrol with Fungal
Enzymes

Enzymes offer an environmentally benign and
efficient alternative to chemical reagents in many
industrial applications. Based on mechanism, the
majority of the commercial enzymes are hydro-
lases (EC 3), while oxidoreductases (EC 1) account
for a miniscule share (Xu 2005). This is in contrast
to the widespread occurrence of oxidoreductases
in nature. The gap between a vast natural reper-
toire of oxidoreductases and their limited com-
mercial application creates the space for
developing more oxidoreductase-based biocata-
lysts. Concerning pitch biocontrol, an enzymatic
method using hydrolytic enzymes (lipases) to
treat the pulp was the first example world-wide,
in which an enzyme was successfully applied in
the papermaking process. More recently, the high
potential of certain oxidative enzymes for the
removal of lipophilic compounds has been
shown. Both established applications based on
hydrolases and emerging applications based on
oxidoreductases have a promising potential for
pitch biocontrol in pulp and paper manufacturing
and are therefore discussed below.

A. Hydrolytic Enzymes

Hydrolases are involved in the catalytic break-
down of glycosidic bonds in polysaccharides, the
main constituents of plant biomass, and they are
also active on peptide and ester bonds in proteins
and lipids, respectively. Lipases (triacylglycerol
acylhydrolases, EC 3.1.1.3) form a group of well
known hydrolases, whose natural function is the
hydrolysis of esters formed from glycerol and



364

Ana Gutiérrez

long-chain fatty acids. Their enzymology and
structure is discussed in several review papers,
some of which also provide overviews of the
wide range of industrial applications of these
enzymes (Bornscheuer et al. 2002; Hasan et al.
2006). Lipases commercialized by Novozymes
A/S (Bagsvaerd, Denmark) under the trade name
Resinase A2X were successfully applied at mill
scale for the enzymatic control of pitch in
mechanical softwood pulping in Japan in the
early 1990s (Fujita et al. 1991, 1992; Hata et al.
1996; Matsukura et al. 1990). This enzymatic pitch
control technology was initially developed in the
1980s by Jujo Paper Company (later Nippon
Paper) in conjunction with the Japanese office
of Novozymes and is still nowadays in use. In
Europe, pilot-scale trials for pitch control in soft-
wood sulfite pulp using Resinase also provided
promising results (Fischer and Messner 1992a, b;
Fischer et al. 1993), and more recently lipase has
been successfully assayed at the mill-scale for
stone-ground wood pulping of Northern spruce
wood in Finland within the frame of a European
Union (EU) project (www.irnase.csic.es/projects/
pitch). In addition to Resinase, other industrial
lipases were also investigated for the enzymatic
control of pitch (Gutiérrez et al. 2001a).

In December 1999, Nanping Paper Mill in China started
the world’s fastest newsprint paper machine at this time,
whose main pulp supply came from ground-wood and
TMP pulp, using local Chinese red pine (Pinus massoni-
ana) as raw material. Due to the very high content of
lipophilic extractives of this pine species, conventional
pitch control programs were ineffective in preventing fre-
quent pitch outbreaks on various parts of the paper
machine during start-up. In March 2000, the mill con-
ducted a trial with a formulated pitch control treatment,
which contained a variety of Novozymes enzymes includ-
ing lipase products. The efforts focused not only on the
operation of the paper machine, but also on the pulp mills
where the pitch has usually its highest concentration.
Finally, the pitch outbreaks were successfully controlled
by the use of enzyme cocktails and lipase-based treatments
(Chen et al. 2001).

During the past years, knowledge on the struc-
tural basis of lipase activity has strongly
increased, including information on the active
site and the characteristic lid region that regulates
the access of lipophilic substrates in Resinase and
other lipases (Fig. 17.5A). In this context, Novo-
zymes A/S, within the frame of an EU project
(www.irnase.csic.es/projects/pitch), developed a
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Fig. 17.5. Commercial lipase (Resinase from Novozymes
A/S). A Scheme of the molecular structure showing the
superimposition of the closed lid (gray) and open lid
(green) conformations of the molecule to illustrate
the opening of this mobile element (arrow) enabling the
entrance of triglyceride substrates to the active site (the
position of the different helices and B-sheets is also
shown). B Differential scanning calorimetry showing the
thermal stabilization (arrow) of the enzyme to obtain a
thermostable variant (Resinase HT) by directed evolution
(including random mutagenesis coupled to high through-
put screening) within the framework of an EU project
(www.irnase.csic.es/projects/pitch; courtesy of K. Borch,
unpublished data)

Resinase variant that tolerates a 15 °C higher tem-
perature than the wild-type enzyme (Fig. 17.5B).
This was achieved by directed evolution tech-
niques (i.e. random mutagenesis coupled to
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Table 17.3. Effect of enzymatic treatments of unbleached TMP with recombinant sterol esterase from
M. albomyces (rSTE1) and lipase (Resinase A2X) on the lipophilic extractives of the TMP water compared
with corresponding controls (1 and 2) without enzyme supplementation (from Kontkanen et al. 2006b)

Lipid content (mg/l)

Control 1 rSTE1 Control 2 Resinase A2X
Fatty acids 6.1 11.7 6.2 18.7
Resin acids 7.7 7.1 8.5 8.9
Sterols 1.0 1.5 0.9 1.1
Sterol esters 9.9 8.1 10.7 10.8
Triglycerides 17.0 2.5 14.8 0.0

high-throughput screening to incorporate the best
mutations). The optimum temperature range of
this Resinase HT is 70-85 °C. Currently, Resinase
A2X and Resinase HT are used in mills from USA,
Canada, China, Japan, and other countries in the
Far East (where wood species with high resin con-
tent are handled). Very recently, it was shown that
combining a novel biosurfactant with a lipase
can reduce the concentration of a broad range of
extractives in softwood TMP pulps (Dubé et al.
2008). Lipase treatments were shown to success-
fully reduce the triglycerides in pulps, but besides
triglycerides, other disturbing compounds such as
free and esterified sterols, resin acids, fatty alco-
hols, alkanes, etc. are also responsible for pitch
problems. Thus, sterol esterases (steryl-ester acyl-
hydrolases, E.C. 3.1.1.13), which hydrolyze fatty
acid esters of sterols, were also suggested for pitch
control (Calero-Rueda et al. 2004; Kontkanen
et al. 2006c¢).

Sterol esters are often at the origin of pitch deposits, taking
into account their abundance in some kinds of wood as
well as their tackiness and tendency to aggregate. In addi-
tion, some enzymes classified as lipases were reported
to catalyze the hydrolysis of sterol esters (Gao and Breuil
1998; Kontkanen et al. 2004). Sterol esterases have a broad
substrate specificity and are capable of hydrolyzing differ-
ent triglycerides and p-nitrophenyl esters in addition to
sterol esters. These enzymes are produced in mammalian
tissues and by several fungi and bacteria (Panda and
Gowrishankar 2005). Fungal sterol esterases from Melano-
carpus albomyces (Kontkanen et al. 2006a, c) and Ophios-
toma piceae (Calero-Rueda et al. 2002, 2009) have recently
been characterized from the biochemical and molecular
points of view. The ability to hydrolyze sterol esters is
considered to be a particular characteristic of this group
of enzymes, together with the lack of the above-mentioned
mobile lid in their molecular structure, as found in typical
lipases (Calero-Rueda et al. 2009). These fungal esterases
were tested for treating a model pitch preparation simulat-

ing the TMP (Kontkanen et al. 2006c) and eucalypt pulp
resin (Calero-Rueda et al. 2004). The treatments revealed
that both sterol esters and triglycerides were hydrolyzed in
the presence of suitable detergents, whereas only triglycer-
ides were cleaved in their absence.

Fungal sterol esterases can be produced by
heterologous expression in industrial hosts and
the recombinant enzymes have been characterized
(Calero-Rueda et al. 2009; Kontkanen et al. 2006a)
and immobilized to increase their enzyme stability
(Torres et al. 2008). The effects of a recombinant
sterol esterase from M. albomyces on the extrac-
tives of TMP water (Table 17.3) as well as on the
properties of derived paper sheets were evaluated
and compared with Resinase A2X (Kontkanen
et al. 2006b). Although high hydrolysis rates were
reported for treatments of model pitch mixtures
with sterol esterases (Calero-Rueda et al. 2004;
Kontkanen et al. 2006c), only up to 18% of real
sterol esters were hydrolyzed (Table 17.3).

Concerning the use of sterol esterases for pitch biocontrol,
it is worth mentioning that the hydrolysis increases the
amount of free sterols, which have been shown to increase
the viscosity and deposition tendency of resin (Qin et al.
2003, 2004). Therefore, the complete hydrolysis of sterol
esters would not be advantageous for the papermaking
process (Kontkanen et al. 2006b; Qin et al. 2004). The
above results show that resin deposition control by enzy-
matic treatments should be evaluated carefully before any
large-scale application, since degradation of certain com-
pounds may result in more unstable wood resin disper-
sions (Qin et al. 2004). Little is known on the enzymes
involved in enzymatic degradation of sterols and resin
acids despite reports of microbial degradation of these
compounds, as mentioned above (Gutiérrez et al. 1999b,
2001a; Hata et al. 1998; Liss et al. 1997; Marsheck et al.
1972; Martinez-Iiigo et al. 2000). Therefore, new enzymes
acting on a broader range of substrates are being investi-
gated, including oxidoreductases, as described below.



366

Ana Gutiérrez

B. Oxidative Enzymes

Oxidoreductases are widely distributed among
microbial, plant, and animal organisms. They
catalyze the exchange of electrons or redox
equivalents between donor and acceptor mole-
cules, in reactions involving electron transfer,
proton abstraction, hydrogen extraction, hydride
transfer, oxygen insertion, or other key steps (Xu
2005). Oxidoreductases have been objects of inter-
est in the pulp and paper industry with the aim of
developing environmentally sound technologies
for pulp delignification and bleaching. Among
them, laccases (EC 1.10.3.2) constitute a group of
oxidative enzymes which has been paid more and
more attention in the recent years (Mayer
and Staples 2002; Riva 2006; Rodriguez Couto
and Toca Herrera 2006; Widsten and Kandelbauer
2008). Laccases are metalloenzymes containing
four catalytic coppers in their molecular structure
(Fig. 17.6). Due to the redox potential of the
copper centers, the direct action of laccases is
in principle limited to phenolic structures
that only represent a small percentage in lignin

f“@

Fig. 17.6. Scheme of the molecular structure of a high
redox-potential laccase, from the basidiomycete Trametes
versicolor, in complex with an aromatic molecule (red)
that occupies a position close to copper 1 (blue sphere,
right) directly involved in electron abstraction from the
substrate. The different helices and -sheets are shown, as
well as the position of the three other copper ions involved
in catalysis (from PDB entry 1KYA)

(5-15%). Therefore, high-redox-potential lignin
and manganese peroxidases were more inten-
sively studied in the beginning (about 30 years
ago), regarding both lignin biodegradation and
the development of biotechnological applications
(Paice et al. 1995).

However, the interest in laccases as industrial
biocatalysts strongly increased after discovering
the effect of some synthetic compounds acting as
redox mediators, including 2,2’-azinobis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS; Bourbon-
nais and Paice 1990) and 1-hydroxybenzotriazole
(HBT; Call 1994). They expanded the action of lac-
case to non-phenolic substrates and increased their
potential to degrade lignin and, therefore, their
potential for pulp bleaching (Bourbonnais and
Paice 1996; Camarero et al. 2004; Ibarra et al.
2007; Poppius-Levlin et al. 1999; Sealey et al.
1999). In addition to its action on phenolic com-
pounds, some reactivity of laccase (e.g. from a
Trametes species) was reported on polyunsaturated
fatty acids (20% decrease after 4 h treatment),
conjugated resin acids (29% decrease), and trili-
nolein (20-35% reduction within 3 h; Karlsson
et al. 2001; Zhang et al. 2002). In the reaction of
laccase with trilinolein, the predominant oxida-
tion products were monohydroperoxides, bishy-
droperoxides, and epoxides. Likewise, a >30%
decrease of lipophilic extractives present in soft-
wood pulp (TMP pulping) and derived process
water was reported (Buchert et al. 2002; Dubé
et al. 2008; Zhang et al. 2000, 2005).

Recently, the high efficiency of laccase-mediator systems
for the removal of lipophilic extractives present in pulps
from different origins was described for the first time,
regardless of the particular pulping process, the raw mate-
rials, or the chemical nature of the compounds to be
degraded (Gutiérrez et al. 2006b); and a respective inter-
national patent application was submitted (Gutiérrez et al.
2008a). In these studies, the laccase from the basidiomy-
cete Pycnoporus cinnabarinus was used in the presence of
the mediator HBT and very efficiently removed free and
conjugated sterols (95-100% decrease) from eucalypt kraft
pulp (Fig. 17.7), triglycerides, resin acids, and sterols (65-
100% decrease) from spruce (TMP pulp), and fatty alco-
hols, alkanes, and sterols (40-100% decrease) from flax
soda pulp (Table 17.4). The removal of lipids by the
laccase-HBT couple resulted in the formation of several
oxidized derivatives that were absent or just present in
traces in the original pulps. The total lipid content of the
pulps decreased significantly, and the most problematic
compounds were completely removed. In another study,
this enzymatic treatment was applied as an additional
stage of an industrial-type TCF sequence for bleaching
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Fig. 17.7. Gas chromatography analysis of lipophilic com-
pounds in eucalypt kraft pulp before (A) and after (B)
laccase-HBT treatment (adapted from Gutiérrez et al.
2006a)

eucalypt kraft pulp and resulted in the complete
removal of free and conjugated sitosterol (Gutiérrez et al.
2006a). Moreover, pulp brightness was improved due to
the simultaneous removal of lignin by the laccase-mediator
treatment.

In another recent study, the laccase-mediator sys-
tem was optimized for the removal of free sterols from
E. globulus pulp using a factorial design (Valls et al.
2009; Fig. 17.8). Different operation conditions following
a three-variable (laccase dose, mediator dose, reaction
time) sequential statistical plan were tested. The decrease
in the pulp’s sterol content was related to the decrease in
kappa number and to the brightness increase, as well as to
the initial increase in some oxidation products of sitosterol
(namely 7-ketositosterol and stigmasta-3,5-dien-7-one,
whose abundance decreased again at the end of the treat-
ment). The increase in reaction time from 1 h to 5
h strongly reduced the sterol content, while no more ster-
ols were eliminated during the next to hours (5-7 h).
Increasing the laccase dose from 1 U/g to 20 U/g of pulp
produced a high reduction in pulp sterols, whereas an
increase in the mediator (HBT) dose (from 0.5% to 2.5%
of pulp weight) had only a slight influence on the removal
of sterols. In this study, it was also demonstrated that
sterols were more sensitive to a laccase-mediator treatment
(practically 100% of sterols were removed) than to a
chlorine dioxide stage (54% of sterols removal).

Further investigations into the chemistry of
the reactions of the laccase-mediator system
were carried out with the main lipophilic extrac-
tives present in hardwood, softwood, and non-
woody paper pulps (including alkanes, fatty
alcohols, fatty acids, resin acids, free sterols, sterol
esters, triglycerides). The reaction products were
identified and quantified during the enzymatic
treatment to better understand the degradation
patterns in different pulps (Molina et al. 2008).

Table 17.4. Effect of the enzymatic treatment of several pulps with the laccase-HBT system on the lipophilic pulp
extractives (from Gutiérrez et al. 2006b). tr Traces, nd not determined

Lipid content (mg/kg)

Eucalypt kraft pulp Spruce TMP pulp Flax soda/AQ pulp

Control Treated Control Treated Control Treated
Fatty acids 48.5 27.9 116.1 68.3 nd nd
Resin acids - - 1278.4 400.9 - -
Fatty alcohols - - 18.6 14.9 121.3 49.7
Alkanes - - - - 12.8 8.0
Steroid hydrocarbons 14.2 4.9 - - - -
Free sterols 140.3 5.5 120.5 41.4 81.5 -
Steroid ketones 9.0 97.2 7.0 67.0 2.4 19.1
Sterol glycosides 17.1 - 45.0 - 14.0 -
Oxidized sterol glycosides - 6.9 - tr - 5.4
Waxes - - - - 2.6 0.6
Sterol esters 95.4 - 1274.6 218.3 - -
Triglycerides - - 1982.5 151.2 - -
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Fig. 17.8. Effect of three treatment parameters on sterol
removal during the enzymatic treatment of eucalypt pulp
with the laccase-HBT system, investigated using a factorial
design. A Effect of laccase dose under four different combi-
nations (a-d) of the two other variables (a 0.5% HBT, 1 h
reaction time; b 2.5% HBT, 1 h reaction time; ¢ 0.5% HBT, 7
h reaction time; d 2.5% HBT, 7 h reaction time). B Effect of
mediator (HBT) dose under four different combinations
(a-d) of the two other variables (a 1 U g™' laccase dose,
1 h reaction time; b 20 U g ™' laccase dose, 1 h reaction time;
¢ 1 U g laccase dose, 7 h reaction time; d 20 U g' laccase
dose, 7 h reaction time). C Effect of reaction time under four
different combinations (a-d) of the two other variables (a 1
U g laccase dose, 0.5% HBT; b 20 U g™ laccase dose, 0.5%
HBT; ¢ 1 U g" laccase dose, 2.5% HBT; d 20 U g" laccase
dose, 2.5% HBT). Adapted from Valls et al. (2009)

These studies showed that a 60-100% decrease of
the initial amount of unsaturated compounds (e.g.
abietic acid, trilinolein, linoleic and oleic acids,
sitosterol, cholesteryl palmitate, oleate, linoleate)
was achieved at the end of a 2-h laccase-HBT
treatment (Fig. 17.9). Likewise, a decrease of
20-40% of these unsaturated lipids was observed
after treatment with laccase alone, except in the
case of abietic acid (95% decrease) and in the case
of cholesteryl palmitate and sitosterol (not
affected).

The latter study confirmed the finding that laccase alone
can decrease the concentration of some unsaturated lipids
(Karlsson et al. 2001; Zhang et al. 2002). However, the most
rapid and extensive lipid modification was obtained with
the laccase-mediator system. Model unsaturated lipids
were largely oxidized and the dominant products detected
were epoxy- and hydroxyfatty acids (Fig. 17.10A), as well
as free and esterified 7-ketosterols and steroid ketones
were formed from sterols and sterol esters (Figs. 17.10B
and 17.11, respectively). The enzymatic reaction on sterol
esters largely depended on the nature of the fatty-acyl
moiety, i.e. oxidation of saturated fatty-acid esters started
at the sterol moiety (Fig. 17.11A), whereas the initial
attack on unsaturated fatty-acid esters occurred on the
bonds (Fig. 17.11B, C). In the case of sterol linoleate
(Fig. 17.11C), breakdown of the fatty acid chain proceeds
via release of the so-called core aldehydes. Interestingly,
no reaction products of abietic acid, trilinolein and linoleic
acid were detectable despite their high reactivity and rapid
disappearance in the reaction solution. Saturated lipids
were not susceptible to the laccase-HBT systems, although
some of them decreased when the laccase-mediator reac-
tions were carried out in the presence of unsaturated
lipids, suggesting the participation of intermediary lipid
peroxyl radicals.

Since some shortcomings of HBT and related
synthetic mediators (e.g. high costs, toxicity)
hamper their industrial application, the search
for natural compounds that could act as laccase
mediators has been forced over recent years. The
existence of fungal metabolites acting as redox
mediators had already been suggested 15 years
ago (Eggert et al. 1996; Gutiérrez et al. 1994). In
this context, it was recently demonstrated by
Gutiérrez et al. (2007) that three cost-effective
phenolic compounds related to lignin can act as
laccase mediators for the removal of lipophilic
compounds from paper pulp within the frame of
a TCF sequence. These natural mediators were
first described as an alternative to synthetic med-
iators in paper pulp delignification (Camarero
et al. 2007).
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Fig. 17.9. Removal of eight model lipids and formation of oxidation products during laccase-HBT reactions: abietic acid
(A), trilinolein (B), linoleic acid (C), oleic acid (D), sitosterol (E), cholesteryl palmitate (F), cholesteryl oleate (G) and

cholesteryl linoleate (H). Adapted from Molina et al. (2008)

In the study mentioned above, unbleached eucalypt kraft
pulp was treated with a fungal laccase in the presence of
syringaldehyde, acetosyringone, and p-coumaric acid as
phenolic mediators followed by a hydrogen peroxide stage

(Table 17.5). The enzymatic treatment in the presence of
syringaldehyde caused the highest removal (>90%) of free
and conjugated sitosterol, similar to that attained with HBT,
followed by acetosyringone (>60% removal), whereas
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Fig. 17.10. Main oxidation pro- A
ducts identified by GC-MS dur-

ing the reaction of oleic acid (A)

and sitosterol (B) with laccase-

HBT. Data from Molina et al.

(2008)
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p-coumaric acid was barely effective. Pulp brightness was
also improved (57-66% ISO brightness) by the laccase-
mediator and subsequent peroxide treatment. The use of
natural compounds as laccase mediators could make these
enzymatic treatments more feasible to be applied in the
pulp and paper sector. However, more knowledge is
needed before this enzymatic treatment for the (simulta-
neous) removal of pulp pitch and lignin will be considered
as a serious proposition to be implemented in the respec-
tive processes.

Finally, the use of lipoxygenases (EC 1.13.11.12),
a class of non-heme iron-containing dioxygenases
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which catalyze the oxygenation of unsaturated fatty
acids and their esters, was suggested for pitch control
in softwood TMP pulps (Zhang et al. 2007).

Lipoxygenases are ubiquitous in plants, mammalians, and
fungi. Despite extensive studies on their biochemical and
molecular properties (Brash 1999; Saam et al. 2007), this
group of enzymes has not yet been introduced into indus-
trial processes. Nevertheless, the specific activity of lipox-
ygenases to oxidize linoleic acid makes them interesting
for applications in the papermaking process. In the work
of Zhang et al. (2007), the lipophilic extractives content of
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Fig. 17.11. Main oxidation pro-
ducts identified by GC-MS dur-
ing the reaction of cholesteryl
palmitate (A), cholesteryl oleate
(B) and cholesteryl linoleate (C)
with laccase-HBT. Data from
Molina et al. (2008)
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TMP pulp samples was reduced by more than 25% after a
2-h treatment with soybean lipoxygenase. The activity of
lipoxygenase towards wood extractives was determined by
using a mixture extracted from TMP and the enzyme was
found to exhibit a significant activity towards all these
wood extractives. However, it turned out that some of
the extractives (such as resin acids) and lignin fragments

cholesteryl linoleate

|
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have inhibitory effects on lipoxygenase-catalyzed reac-
tions with linoleic acid. An earlier study published in a
patent by Novozymes had suggested the possibility of
using lipoxygenases to reduce a model wood “pitch”
mixture (Borch et al. 2003). Further studies on lipoxy-
genases for pitch biocontrol are currently under investiga-
tion (Nguyen et al. 2007).
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Table 17.5. Effect of three “natural” mediators on the removal of lipids during laccase treatment of eucalypt pulp, followed
by an H,0, stage, compared with the synthetic mediator HBT and controls without laccase as well as with laccase but
without mediator (from Gutiérrez et al. 2007). SAD Syringaldehyde, ACS acetosyringone, PCA p-coumaric acid

Lipid content (mg/kg)

Control Laccase SAD ACS PCA HBT

Total free sterols 273 280 25 113 230 27
Sitosterol 222 226 19 83 186 14
Stigmastanol 42 44 4 25 37 12
Fucosterol 9 10 2 5 7 1
Total oxidized sterols 32 53 7 10 43 69
Stigmastan-3-one 0 0 0 1 0 2
Stigmasta-3,5-dien-7-one 4 4 2 7 8 17
7a-Hydroxysitosterol 7 13 1 1 6 8
7B-Hydroxysitosterol 12 21 1 1 9 4
Sitostanetriol 3 5 2 0 13 5
7-Oxositosterol 5 10 1 1 7 34
Total sterol glycosides 27 27 2 12 24 5
Sitosteryl 3B-p-glucopyranoside 27 27 2 12 24 2
7-Oxositosteryl-3B-p-glucopyranoside 0 0 0 0 0 2
Sterol esters 90 57 7 43 57 2
Steroid hydrocarbons 22 21 3 11 15 8
Total 444 438 45 189 369 110

V. Summary and Conclusions

Wood lipids surviving the pulping and bleaching
processes have a high tendency to form pitch
deposits, resulting in economic losses and
operational troubles during pulp and paper
manufacturing. The impact of these pitch problems
has increased during recent years due to the latest
developments in the sector, such as the closure of
water circuits and the use of TCF bleaching
sequences. In particular fatty acids, fatty alcohols,
resin acids, hydrocarbons, steroids, triterpenoids,
and triglycerides are among these lipophilic wood
extractives forming pitch deposits. Therefore, clean
biotechnological technologies capable of modifying
these compounds are highly desirable for reducing
these problems. In the 1990s, two biotechnological
applications for pitch control were successfully
developed and applied at full mill-scale in various
parts of the world. The fungal method for pitch
control using an albino strain of the ascomycete
Ophiostoma piliferum (a sapstain fungus) was the
first successful example of using a living organism
in the pulp and paper manufacturing process (par-
ticularly in mechanical softwood pulping). Like-
wise, the enzymatic method for pitch control
using lipase was the first successful example of
the use of an isolated enzyme in the papermaking
process. In both cases, triglycerides - representing

the main cause of pitch problems - are preferably
removed. Since then, work has focused on finding
biotechnological solutions to get rid of other lipo-
philic extractives, such as free and esterified sterols,
as well as resin acids.

Biotechnological processes based on selective
white-rot fungi would have certain advantages
compared to sapstain fungi. The latter easily
degrade some lipophilic extractives, such as tri-
glycerides and fatty acids, and they can even
hydrolyze sterol esters; however, free sterols, tri-
terpenols and resin acids are too recalcitrant for
an efficient degradation by sapstain fungi, and
better removals have been obtained with white-
rot basidiomycetes. In addition to the advantages
directly resulting from the removal of wood
extractives, wood chip pretreatment with certain
white-rot fungi can also decrease the amount of
lignin, a process known as biopulping, enabling
substantial savings in the energy required for
obtaining mechanical pulps. The applicability of
white-rot fungi in wood pulping will greatly
depend on their effects on pulp yield and pro-
perties. Thus fungal attack of cellulose in pulp
fibers would be highly undesirable as it causes a
reduction in yield and pulp strength properties.
Therefore, these biodepitching/biopulping treat-
ments need to be applied under controlled con-
ditions (including treatment duration) to attain
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a maximal removal of lipids and lignin with a
minimal deterioration of fibers and hydrolysis
of cellulose. Moreover, an energy-intensive pre-
treatment of wood chips (such as steaming
for partial sterilization) is often required for suc-
cessful colonization by white-rot fungi, while sap-
stain fungi are characterized by their ability to
colonize fresh wood without the need of any pre-
treatment.

The use of enzymes to remove extractives
from pulp has clear advantages compared to the
use of fungal inocula, such as shorter treatment

times and higher specificity. Commercial lipases
are successful in the hydrolysis of triglycerides
in softwood pulps and are currently used in dif-
ferent types of mills. Recently, some promising
results have been reported in the use of oxidative
enzymes, particularly laccases in combination
with suitable redox mediators. They are effective
towards several lipophilic extractives, such as
fatty acids, resin acids, free and conjugated ster-
ols, and triglycerides. High-redox-potential lac-
cases are characteristic for white-rot fungi and,
as in the case of the latter, a double benefit can
be obtained from their application on pulps in the
presence of redox mediators. Laccase-mediator
systems both permit the effective removal of
pulp lipids (decreasing the pitch problem) and
improve pulp delignification (resulting in a higher
brightness and stability) using the same enzy-
matic preparation. The costs and environmental
concerns associated with the use of synthetic med-
iators (such as NOH-type compounds) could be
overcome in the future by using natural media-
tors, e.g. lignin-related phenolics obtained from
easily available sources (such as pulping liquors),
along with reasonably priced enzymes produced
by genetically engineered organisms.
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