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Abstract

Free and esterified sitosterol, the main lipophilic constituents of eucalypt wood extractives, have been associated
with the formation of pitch deposits during manufacturing of environmentally-sound paper pulp from Eucalyptus
globulus wood. These, and other lipophilic compounds, were analyzed by gas chromatography–mass spectrometry in
the course of wood treatments (up to 7 weeks) with four extractive-degrading fungi in order to optimize biotechno-
logical control of pitch deposition in eucalypt pulp (with moderate loss of wood weight). In contrast to commercial-
ized fungi used in pitch control, which are not able to degrade sitosterol, the fungi investigated in this paper produced
a rapid decline of both free and esterified sterols in wood. The degradation rate of steroid hydrocarbons and squalene
was moderate, and the amount of steroid ketones (probably formed during oxidative degradation of steroids) and
triglycerides increased at different stages of wood treatment. Up to 95% removal of total steroids (including free and
esterified sterols, steroid ketones and steroid hydrocarbons) by fungi was obtained at the end of wood treatment
under the solid-state fermentation conditions used. The most promising results from the point of view of industrial
applicability, however, were obtained after 1–2 weeks of treatment with either Phlebia radiata or Poria sub6ermispora,
which enabled 70% steroid removal with a moderate wood weight loss of 1–4%. © 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Lipophilic wood extractives exert a very nega-
tive impact in pulp and paper manufacturing pro-

cesses (Hillis and Sumimoto, 1989). These low
molecular-weight extractable compounds are of-
ten the cause of the sticky deposits formed in
pulp, paper, and several parts of the mill. The
so-called ‘pitch’ deposits lower the final quality of
the product and cause problems in machine effi-
ciency. Lipophilic wood extractives are comprised
mainly of fatty acids, resin acids, waxes, alcohols,
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terpenes, sterols, sterol esters and glycerides, and
their abundance varies in different types of wood.
The different classes of extractives have different
chemical effects during and after pulping. In neu-
tral to acidic processing of wood, the lipophilic
extractives are difficult to remove, and resinous
woods with a high content of triglycerides and
resin acids pose more of a problem for pitch
control. In alkaline processing, however, the total
extractives content may not be as important as
the composition of the extractives (Dunlop-Jones
et al., 1991). During alkaline kraft pulping, glyc-
erol esters are completely saponified and fatty and
resin acids dissolved, although some sterol esters
and waxes are not completely hydrolyzed under
the kraft pulping conditions (Chen et al., 1995).
These compounds, as well as free sterols, do not
form soluble soaps and have a tendency to be
deposited and cause pitch problems. Higher con-
centrations of these compounds in relation to the
saponifiable extractives is the main cause for pitch
problems in the kraft pulping of some hardwoods,
such as aspen or eucalypt, that are commonly
used in the pulp and paper industry (Swan, 1967;
Allen et al., 1991; Chen et al., 1995; Leone and
Breuil, 1998; del Rı́o et al., 2000).

Eucalypt wood is a major raw material for
paper pulp manufacturing in countries from
South-Western Europe (such as Spain and Portu-
gal), Brazil, and other world regions. Among the
eucalypt species used as pulpwood, Eucalyptus
globulus provides the highest yield and the best
pulp quality during kraft cooking and totally
chlorine free (TCF) bleaching. Pitch problems,
however, are dramatically enhanced when the ele-
mentary chlorine free bleaching sequences are
substituted by TCF sequences for the manufac-
ture of high-quality eucalypt kraft pulps. This is
because chlorine dioxide destroys free and es-
terified unsaturated sterols, which are the main
lipophilic compounds in E. globulus extractives,
whereas these compounds survive TCF bleaching
with hydrogen peroxide (del Rı́o et al., 1998,
2000). In addition to this problem, the trend
towards the complete closure of water circuits to
meet environmental protection requirements is
leading to an increase in pitch concentrations and
the potential for deposition. In order to design a

rational strategy for the efficient control of extrac-
tive-derived problems in these high-quality euca-
lypt pulps, different studies have been carried out
during the past few years. These have included the
chemical analyses of E. globulus wood extractives
(Gutiérrez et al., 1998a, 1999a) and pitch deposits
formed during pulping and bleaching (del Rı́o et
al., 1998, 1999a,b), with the aim of identifying
those extractive compounds responsible for de-
posit formation, and the search for methods to
remove or control the degree of deposition of
these problematic compounds.

Biotechnology has proven its capacity to
provide environmentally sound and potentially
economic solutions for the control of pitch based
on the use of extractive-degrading fungi (Farrell
et al., 1993; Brush et al., 1994; Gao et al., 1994;
Martı́nez-Íñigo et al., 1999) or enzymes (Fujita et
al., 1992; Fischer and Messner, 1992; Fischer et
al., 1993). The products commercialized with this
purpose, however, are useless for the control of
pitch in eucalypt kraft pulping since they are
based on enzymes (such as lipase commercialized
by Novo Nordisk as Resinase™) or organisms
(such as Ophiostoma piliferum strains commercial-
ized by Clariant as Cartapip™), which predomi-
nantly hydrolyze triglycerides in pulp and wood.
The latter compounds only constitute a minor
fraction of eucalypt lipophilic extractives and, as
already mentioned, they are saponified under
kraft cooking conditions. With the aim of identi-
fying those fungal strains to be used for direct
‘depitching’ of eucalypt wood or as a source for
enzymes acting on problematic eucalypt extrac-
tives, a large screening was carried out including
73 species of fungi from different taxonomic
groups (Martı́nez et al., 1999). Based on extrac-
tive degradation patterns (after 40-day treatment
of eucalypt wood), several fungal species were
selected for treating eucalypt wood under solid-
state fermentation (SSF) conditions because of
their ability to remove those compounds involved
in pitch deposit formation during kraft pulp man-
ufacture (Gutiérrez et al., 1999b). Weight loss
constitutes one of the major drawbacks for the
use of fungi in wood depitching. Thus, treatment
duration must be taken into account in order to
evaluate the industrial viability of the biological
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removal of eucalypt extractives. In the present
study, the time course of lipophilic extractive re-
moval by four fungal strains selected in the course
of the cited studies was investigated. The relation-
ships between variables such as the extent of
problematic extractive removal, the loss of wood
weight and the duration of the treatment were
considered in order to optimize the conditions for
eucalypt wood treatment.

2. Materials and methods

2.1. Fungi

The following strains of basidiomycetes were
used to treat eucalypt wood: Bjerkandera adusta
CBS 230.93, Phlebia radiata CBS 184.83, Pleuro-
tus pulmonarius CBS 507.85 and Poria (synonym:
Ceriporiopsis) sub6ermispora CBS 347.63.

2.2. Wood treatment

Fungal treatment of E. globulus wood (from
ENCE, Pontevedra, Spain) was carried out under
SSF conditions (characterized by water saturation
of the solid substrate) using 100-ml flasks with 2 g
(dry weight) of small chips (1–2×10–20 mm)
and 4 ml water. After 20 min sterilization at
120°C, each flask was inoculated with pellets from
a fungal culture grown in glucose-peptone
medium (Kimura et al., 1990), which were washed
and resuspended in 1.5 ml sterilized water. The
flasks were incubated in a climatic chamber at
28°C and constant humidity for 7 weeks. The time
course of wood extractive degradation by each of
the fungi was followed by sampling the content of
three complete flasks after 0, 1, 2, 4 and 7 weeks
(a non-inoculated control was included).

2.3. Extracti6e analyses

Wood samples were dried in an aerated oven at
60°C, milled using a knife mill, weighed and
extracted with acetone using a Soxhlet apparatus
(Tappi, 1996). The extracts were evaporated to
dryness, weighed, and resuspended in chloroform
for chromatographic analysis of the lipophilic

fraction. Gas chromatography–mass spectrome-
try (GC–MS) analyses were performed with a
Varian model Star 3400 GC equipped with an ion
trap detector (Varian model Saturn 2000) using a
DB-5HT fused-silica capillary column (15 m×
0.25 mm; film thickness, 0.1 mm; J & W Scien-
tific). Helium was used as the carrier gas. Samples
were injected directly into the column with an
autoinjector (Varian model 8200) using a septum-
equipped programmable injector system. The tem-
perature of the injector during the injection was
120°C and, 0.1 min after the injection, the temper-
ature was programmed to increase to 380°C (10
min) at a rate of 200°C min−1. The oven temper-
ature was programmed to increase from 120°C (1
min) to 380°C (5 min) at a rate of 10°C min−1.
The temperature of the ion trap detector and the
transfer line were set at 200 and 300°C, respec-
tively. Compounds were identified by comparing
their mass spectra with mass spectra in the Wiley
and Nist libraries, by mass fragmentography and,
when possible, by using standards. Peaks were
quantified by area. A mixture of standard com-
pounds (palmitic acid, sitosterol, cholesteryl
oleate and triheptadecanoin) was used to elabo-
rate a calibration curve for the quantitation of
wood extractives in a concentration range be-
tween 0.1 and 1 mg ml−1. The correlation coeffi-
cient was higher than 0.99 in all cases.

3. Results and discussion

The time course of lipophilic extractive removal
during SSF of E. globulus wood with the ligni-
nolytic basidiomycetes B. adusta, P. radiata, P.
pulmonarius and P. sub6ermispora was investi-
gated. These fungi were selected because of their
ability to remove free and esterified sterols (Mar-
tı́nez et al., 1999; Gutiérrez et al., 1999b), which
have been identified as the main compounds in-
volved in the formation of pitch deposits during
kraft pulping of eucalypt wood (del Rı́o et al.,
1998). As shown in Fig. 1 (top), the main peaks
found after chromatographic analysis of lipophilic
extractives from non-inoculated (control) E. glob-
ulus wood corresponded to: esterified sterols (39%
of chromatographied compounds), free sterols



M.J. Martı́nez-Íñigo et al. / Journal of Biotechnology 84 (2000) 119–126122

(29%), steroid hydrocarbons (12%), fatty acids
(12%), steroid ketones (3%), squalene (3%) and
triglycerides (1%). The concentrations of these
compounds did not change significantly in the
course of the 7-week incubation of sterilized con-
trol wood. These relative abundances were calcu-
lated using the response factors obtained for the
main types of compounds. Sitosterol was the main

sterol found in both free and esterified form, and
palmitic, linoleic and oleic acids were the most
abundant free fatty acids in the wood analyzed.
The GC–MS analysis of the lipophilic fraction
obtained from treated wood revealed that the four
fungi assayed were able to degrade most of the
presented compounds, although to different ex-
tents. The chromatographic profiles in Fig. 1,

Fig. 1. GC–MS of lipophilic extractives after 14-day treatment of E. globulus wood with four fungi (under SSF conditions) and the
corresponding non-inoculated control.
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Fig. 2. Time course of biological removal of the different constituents of the lipophilic fraction of E. globulus extractives during
wood treatment with the four fungi assayed under SSF conditions. In all cases, the standard deviations from replicates were below
10% of the mean values.

corresponding to lipophilic extractives after 14-day
fungal treatment of wood, show the following
changes with respect to the control wood: (i) a
decrease in the sterol ester and steroid hydrocarbon
peaks by the four fungi assayed; (ii) a limited
decrease in the sitosterol peak by P. pulmonarius
but very strong degradation of this compound by
the rest of the fungi; (iii) a partial fungal degrada-
tion of other compounds including steroid ketones
and squalene; and (iv) an increase in triglyceride
concentrations (a minor peak in the control wood)
by some of the fungi.

Fig. 2 illustrates the quantitative composition of
the lipophilic extractives in samples after 0, 7, 14,
28 and 49 days of wood treatment with the four
fungi assayed. The time course of extractive re-
moval revealed that: (i) the most significant de-
crease in lipophilic compounds was produced
during the first week of growth; (ii) this initial
decrease corresponded to a rapid decline of sterol
esters and, to a lesser extent, free sterols (with the
exception of P. pulmonarius, which slowly de-
graded sterols); (iii) next, degradation proceeded
with different efficiencies, the fastest and most
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significant being produced by P. radiata, followed
in decreasing importance by B. adusta and P.
pulmonarius treatment; (iv) the amount of steroid
ketones was initially increased (although fungal
treatment rendered the final content similar to the
initial one) in contrast with steroid hydrocarbons
and squalene, the amount of which declined dur-
ing treatment (although at lower rates than those
of free and esterified sterols); and (v) the fungi,
with the only exception of P. pulmonarius, in-
creased the concentrations of free fatty acids and
triglycerides at different phases of the wood treat-
ment (the amount of fatty acids decreased at the
end of the treatments, whereas the final amount
of triglycerides increased with respect to the initial
wood concentration).

The strong decrease in sterol ester content (up
to 84–98% of the initial amount) after the differ-
ent fungal treatments could be a result of their
enzymatic hydrolysis that releases free sterols by
sterol esterases. These enzymes have been re-
ported in several fungi investigated for pitch bio-
control (Gao and Breuil, 1998; Leone and Breuil,
1998, 1999; Calero-Rueda et al., 1999). In the
present study, both pre-existing free sterols and
those from enzymatic hydrolysis of esters were
efficiently degraded up to 63–98%. Their ability
to significantly decrease the amount of both free
and esterified sterols constitutes the main advan-
tage of the four basidiomycetes investigated in
this paper, compared with ascomycetes (including
strains commercialized for pitch control) that are
not able to degrade free sterols (Gutiérrez et al.,
1999b). The abundance of some steroid ketones,
which increased at the intermediate phases of
wood treatment, were finally reduced to 36–50%
of the initial content by P. radiata and P. sub6er-
mispora. These ketones could be an intermediate
metabolite of steroid biotransformation, involving
the action of sterol oxidases. Several studies have
been reported on sitosterol and other sterol
biodegradation by bacteria and fungi (Satya-
narayana and Chavant, 1987; Dutta et al., 1992).
Nevertheless, basidiomycetes have yet not been
considered. In addition, strong fungal degradation
of squalene (up to 71–93%) was observed. The
temporal increase of triglycerides (up to 290% of

the initial content in the wood treated with P.
radiata) can be explained by the capacity of fungi
to synthesize important amounts of these lipid
compounds (Wassef, 1977).

Wood weight loss during biological treatment
constitutes the main drawback for the use of fungi
in raw material depitching because of the poten-
tial decrease of pulp yield. Up to 12–14% weight
losses were found at the end of the 7-week treat-
ment of eucalypt wood with the fungi assayed,
with the exception of P. pulmonarius, which pro-
duced only 4% weight loss. The optimal duration
for a biological treatment should therefore be
fitted as a compromise between an efficient degra-
dation of problematic extractives and a minimal
loss of weight. Fig. 3 presents the removal of total
steroids during wood treatment in relation to the
corresponding wood loss caused by the four fungi.
The results obtained show that extending the fun-
gal treatment to achieve maximal steroid removal
(that accounted for more than 90% degradation in
the cases of P. radiata and P. sub6ermispora) is
not advantageous because of the loss of wood

Fig. 3. Total-steroid removal versus weight loss in the course
of 49-day treatment of E. globulus wood with B. adusta (�),
P. sub6ermispora (�), P. radiata (�), and P. pulmonarius ()
under SSF conditions (1w–7w, samples collected after 1–7
weeks of fungal treatment). In all cases, the standard devia-
tions from replicates were below 10% of the mean values.
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caused by fungi (with the exception of P. pul-
monarius, which caused very low final weight
loss). Nevertheless, 50–70% removal of eucalypt
wood steroids (circle in Fig. 3) could be attained
with the four fungi assayed with moderate weight
losses of 1–4%. Finally, treatment duration was
taken into account to evaluate the industrial vi-
ability of biological removal of eucalypt extrac-
tives since it should be maintained as short as
possible for practical reasons. It was concluded
that, under the present conditions, 1-week SSF
with P. radiata (4% wood weight loss) or 2-week
SSF with P. sub6ermispora (2.5% wood weight
loss) were the most efficient fungal treatments to
remove problematic extractives from eucalypt
wood (up to 70% of the initial amount). The
results obtained during fungal depitching of euca-
lypt wood proved to be better than those obtained
by seasoning (Gutiérrez et al., 1998b), which is
classically used for wood extractive control. Stud-
ies currently underway evaluate the SSF with the
presented fungi as a pretreatment of both steril-
ized and non-sterilized E. globulus wood inte-
grated in laboratory-scale kraft cooking and TCF
bleaching. The pulp yield and quality after fungal
treatment was similar to that obtained from con-
trol wood, revealing a limited attack to cellulose,
whereas significant decreases of sterol content
were found in both pulps and liquors (Gutiérrez
et al., 2000).
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ysis of impurities occurring in a totally chlorine free-
bleached Kraft pulp. J. Chromatogr. 830, 227–232.

del Rı́o, J.C., Gutiérrez, A., González-Vila, F.J., Martı́n, F.,
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