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Abstract

Biological upgrading of wheat straw by the white-rot fungiPhanerochaete chrysosporium, Pleurotus eryngii, Phlebia radiata, and
Ceriporiopsis subvermisporawas monitored during 60-day solid-state fermentation. Analysis of straw included determination of weight loss
and lignin content, color analysis, and infrared spectroscopy, whereas the studies on the water-soluble fractions were carried out by infrared
spectroscopy, elementary analyses and quantification of the total phenols and reducing sugars. The most selective degradation of lignin was
produced byP. eryngii and especially byC. subvermispora,the former species releasing the greatest amount of colored water-soluble
products, whereas an increase in straw brightness was caused byC. subvermispora.In general, the composition of the water-soluble fraction
correlated with the extent of straw transformation. The initial fermentation stage (0–15 days) was characterized by the accumulation of
water-soluble products from lignin degradation and fungal metabolism, the concentration of which tended to stabilize in the second stage
(16–60 days). The degree of delignification at the second stage tended to coincide with the decrease of the water-soluble nitrogen. © 1999
Elsevier Science Inc. All rights reserved.
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1. Introduction

Cereal straw is a major agricultural byproduct that can be
upgraded successfully by microbial treatment. Investiga-
tions on straw biodelignification mostly have implied treat-
ments with white-rot fungi to obtain carbohydrate-enriched
substrates for animal feeding or, subsequently, sugars
and/or ethanol by using further enzymatic transformations
[1,2]. However, application of lignin-degrading fungi in the
pulp and paper industry has the greatest economic impor-
tance, and much attention has currently been drawn to the
development of new environmentally friendly technologies
for paper and paperboard manufacture [3–7]. The high de-
gree of esterification of the aromatic domain in straw ligno-
cellulose, as compared with wood, favors defibrillation by
low-energy reactions [7–9]. Ligninolytic basidiomycetes

are able to cause specific changes in lignin content and
structure, which lead to fiber individualization and decolor-
ization of substrate, both intended in the pulp and paper
industry [10–14].

The concept of pulp quality is complex and can be
defined by a series of independent factors [8,15]. Whereas
papermaking properties of refined pulps largely depend on
the beating degree (i.e. energy applied during mechanical
defibrillation), in the case of nonrefined lignocellulosic ma-
terials (such as fungal-treated substrates), the quality tests
are frequently focused on chemical and optical characteris-
tics (such as lignin removal and substrate decolorization).
However, in both cases, the selection of the most suitable
fungal species for biopulping requires research on the
changes produced in the lignocellulosic substrates during
fungal treatment. Such studies include monitoring of several
parameters that reflect substrate degradation patterns char-
acteristic of the different microbial strains, with special
emphasis on the counterbalance between weight loss and
lignin removal in the upgrading substrate [15,16].

* Corresponding author. Tel.:1358-9-7085-9314; fax:1358-9-7085-
9322.

E-mail address:Annele.Hatakka@Helsinki.Fi (A. Hatakka)

Enzyme and Microbial Technology 25 (1999) 605–612

0141-0229/99/$ – see front matter © 1999 Elsevier Science Inc. All rights reserved.
PII: S0141-0229(99)00088-5



In this study, a series of analyses was carried out to
monitor the degree of transformation of small amounts of
straw treated with the ligninolytic fungiPhanerochaete
chrysosporium, Pleurotus eryngii, Phlebia radiata, andCeri-
poriopsis subvermisporaduring a 60-day incubation period.

2. Materials and methods

2.1. Fungal species

The strains of ligninolytic basidiomycetes used in the
present study as well as their potential for lignin degradation
have been described elsewhere [3,13,17–24].Phlebia ra-
diata 79 (ATCC 64658) was obtained from the culture
collection of the Department of Applied Chemistry and
Microbiology, University of Helsinki, Finland.Phanero-
chaete chrysosporiumVKM F1767 (ATCC 24725) andC.
subvermisporaFP 90031-sp were obtained through the
courtesy of M. Leisola (presently at Helsinki University of
Technology, Espoo, Finland) and R.A. Blanchette (Depart-
ment of Plant Pathology, University of Minnesota, St. Paul,
MN, USA), respectively.Pleurotus eryngiiIJFM A1869
was obtained from the culture collection of the Center of
Biological Research (CIB, CSIC, Spain).

2.2. Solid-state fermentation (SSF)

Wheat(Triticum aestivum)straw was treated with fungi
in 250-cm3 Erlenmeyer flasks containing 2 g of straw col-
lected in Zaragoza (Spain), chopped to 2–4 cm, and auto-
claved for 15 min at 120°C.Pleurofus eryngiiinoculum was
prepared by using static cultures in 500-cm3 flasks contain-
ing 50 cm3 of the medium described earlier [25]. After
development of the fungal mat, the mycelium was homog-
enized and incubated at 160 rev./min for 4 days in a flask
with 100 cm3 of the above-described medium. The pellets
were washed with water, and the straw was inoculated with
6 cm3 of this fungal suspension.

Cultures ofP. radiataandC. subvermisporawere inoc-
ulated with mycelial suspension (4%) prepared from the
liquid cultures in low nitrogen asparagine ammonium ni-
trate dimethyl succinate medium [18]. Cultures ofP.
chrysosporiumwere inoculated with 0.2 cm3 of spore sus-
pension.

2.3. Color analysis

Several methods were tested to quantify the differences
in pulp color at various stages of fungal transformation.
Conventional methods based on visual comparisons with
reference charts were discarded. On the other hand, methods
involving diffuse reflectance spectrophotometry require ex-
pensive instrumentation. The method used was based on
analysis of the sample images (acquired with a flatbed
scanner connected to a personal computer) with a commer-

cial image processor software. Because the determination of
color requires homogeneous flat surface, a series of 1.3-cm Ø
wafers were prepared from 50 mg of sample milled to
,250 mm and compacted in a standard press for sample
preparation in infrared (IR) spectroscopy. The samples were
compacted to 9z 103 kg for 3 min. The resulting wafers
were placed in a HP Scanjet IIcx and the image files (in-
cluding the whole set to be analyzed) were acquired at
200% size in the 16.78 Megacolor mode and were stored in
JPG format. The images were examined by using the Pho-
tostyler 2.0 software [26]. To extract the different color
components from the samples, a square area was defined in
each wafer image with the color picker tool, and an average
color for the selected region was stored as the foreground
color. When the foreground color was activated (color ed-
iting tool), a pop-up menu showed the color components.
The numeric values were taken in the two usual ways to
define color components: the RGB (red, green, blue)
method for electronic color composition and the CYMK
(cyan, yellow, magenta and black) method for color print-
ing. In addition, the HSB components (hue, saturation,
brightness) also were extracted automatically. For compar-
ative purposes, the numerical values were normalized by
adjusting to 100 the data in the control wafer. Similar
calculations also were carried out with the other physical
and chemical parameters of the straw to homogenize the
values at zero time, reducing to nonsignificant the differ-
ences in the original substrate, which included straw as well
as fungal biomass. The results of analyses were presented in
graphs, where the differences between the species could be
recognized more straightforwardly.

2.4. Infrared spectroscopy

A Bruker Fourier-transform IR spectrophotometer and
wafers with 200 mg of KBr and 3 mg of sample were used.
A total of 100 interpherograms was accumulated in the
4 000–400 cm21 range. The spectra were subjected to base-
line subtraction. The following bands were selected as index
peaks reflecting chemical changes in the lignocellulosic
matrix [27]: 1 510 cm21 and 1 610 cm21 (aromatic bonds),
1 740 cm21 (nonconjugated carbonyl groups), 1 660 cm21 (con-
jugated carbonyl groups), 1 460 cm21 (alkyl bending vibra-
tion), 1 330 cm21 (syringyl ring breathing), 1 270 cm21 (guai-
acyl units), and'1 040 cm21 (pyranoside ring vibrations).

2.5. Chemical analyses

Water-soluble fraction was extracted at room tempera-
ture in 40-cm3 centrifuge tubes (1:30 solid/water ratio) and
dried on Petri dishes at 40°C. After weighing, the dried
yellowish fraction was scrapped off and used for additional
spectroscopic and chemical analyses by using solutions ad-
justed to 5 mg/cm3. The lignin was gravimetrically deter-
mined from 1 g of sample after Saeman’s hydrolysis and
expressed as oven-dry, ash-free basis [28] content.
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The water-soluble fraction (4 mg in 200 mg of KBr) was
used for Fourier-transform IR spectroscopy as indicated
above. Elementary composition (C, H, and N) analyses were
carried out with a Carlo-Erba EA 1108 microanalyzer. The
0% was obtained by difference to 100 (ash-free percent-
ages) and the H/C and O/C atomic ratios were calculated
[29] because these atomic ratios may provide an insight in
the nature of the major chemical constituents accumulated
in the water-soluble fraction such as aromatic structures and
carbohydrates.

Other parameters that could be affected by fungal treat-
ment are related to the color intensity of the extract. Specific
extinction at 465 nm (E4) was determined by using the
solution adjusted to a constant concentration. It is consid-
ered thatE4 of colloidal humic-like substances reflects the
relative amount of aromatic structures [30]. Moreover, the
extinction ratio at 465 and 665 nm (E4/E6) is considered to
depend mainly on the polydispersity [31], decreasing with
increasing molecular size.

Additional analyses carried out in the water-soluble ex-
tract were estimation of (i) total phenolic compounds (Fo-
lin–Ciocalteau reagent) [32], and (ii) total reducing power
(Somogyi–Nelson method) [33] providing information on
free sugar in the extract.

3. Results

3.1. Weight loss and lignin degradation

The greatest weight loss was caused byP. chrysosporium
(up to 45% after 60 days), which degraded the straw sub-

strate much faster than the other fungal species, particularly
after 15 days of growth (Fig. 1). Substrate weight loss in
cultures ofP. eryngii, P. radiata, andC. subvermisporawas
between 20% and 30% at the end of incubation period. For
these fungi, the optimal fermentation period was 15–30
days, when the loss of dry matter was relatively low com-
pared to the extent of lignin removal. By 30 days of incu-
bation,P. eryngii caused very selective lignin degradation
(Fig. 1). On the contrary,P. radiataproduced higher weight
loss than the other two species. Results obtained withP.
eryngii and C. subvermisporacoincided with previous re-
ports on these species as selective lignin degraders suitable
for biopulping [3,6–9,13,19,21–24]. The low selectivity of
P. chrysosporiumfor lignin degradation at prolonged fer-
mentation stages confirmed data reported earlier [17]. In
general, the original lignin content in the straw (19%) was
reduced by fungal treatments to values between 12% and
15% after the whole fermentation period.

3.2. Alterations of straw color caused by
fungal treatments

There were no highly significant increases of substrate
brightness. The fungal treatment did not result in improved
substrate bleaching with respect to the control.Ceriporiop-
sis subvermisporawas the only species causing an increase
in brightness at the end of the fermentation, whereas treat-
ment with P. eryngii led to the accumulation of colored
products (Fig. 2a). However, with all fungi the color of the
straw changed qualitatively, i.e. there was a significant de-
crease in the intensity of the blue and green components,
whereas modification of the red one depended on the fungal

Fig. 1. Weight loss (total bar height) and lignin loss (solid bar) of wheat straw in the course of a 60-day biopulping experiment with four ligninolytic
basidiomycetes.
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species (Fig. 2b–d). The result was the hue shift in the straw
toward the yellowish color.

3.3. Alterations in lignocellulose as determined
by IR spectroscopy

Selective removal of lignin could be reflected indirectly
by the intensity of the bands in the region centered around
1040 cm21, in which pyranoside rings of carbohydrate
make large contribution (Figs. 3 and 4). The relative inten-
sity of these bands increased during treatment withC. sub-
vermispora, whereas with the other fungal species intensi-
ties of carbohydrate bands did not change so significantly or
even decreased during the first 15 days of cultivation (Fig.
4a). Similar tendency also was reflected by the aliphatic/
aromatic ratio (in terms of the 1460 : 1510 cm21 intensity
ratio) which increased withC. subvermisporaalthough in
the case ofP. eryngii, P. chrysosporium, andP. radiatathe
most important increase was observed in the second stage of
incubation (Fig. 4b). The increase with cultivation time in
the intensities of the 1 740 cm21 and the 1 660 cm21 bands
(for unconjugated and conjugated carboxyl groups, respec-
tively) pointed to oxidative alteration of aromatic lignin
moieties, which was comparatively more rapid in the cul-
tures ofC. subvermisporaandP. radiata (Fig. 4c, d).

3.4. Changes in the water-soluble fraction caused by
fungal treatments

It is well known that, in straw compost, the water-soluble
fraction indirectly reflects maturity in terms of the concen-
tration and degree of alteration of the insoluble straw mac-
romolecular fractions [34].

Because the preliminary characterization of the fungal-
treated straw indicated rather small degree of chemical
transformation of the straw substrate during SSF, at least in
comparison with the extent of the changes observed with
mild chemical treatments [8], the water-soluble fraction of
straw (consisting of a pool of reactive molecules) was stud-
ied in more detail. In general, substrate changes did not
point to an extensive process of lignin degradation but can

Fig. 2. Color analysis in wheat straw treated with fungi (relative to the
values obtained at zero time). Control (� ), P. chrysosporium(f), P.
radiata (Œ), P. eryngii (l), C. subvermispora(F). Error bars indicate
average SD between duplicated runs. Fig. 3. Infrared spectra of whole wheat straw treated withC. subvermispora

at 0 days and at 30 days (top) and of the water-soluble fraction obtained
after treatment withPH. eryngiiat 0 days and at 30 days (bottom).

Fig. 4. Changes during incubation in the relative intensity of bands in the
IR spectra of wheat straw degraded by fungi. Control (� ), P. chrysospo-
rium (f), P. radiata (Œ), P. eryngii (l), C. subvermispora(F).
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be interpreted as an oxidative alteration of aromatic struc-
tures in straw, resulting in the formation of the water or
alkali-extractable oligomer fractions.

Among the fungi studied in the present work,P. eryngii
andC. subvermisporaproduced Mn21-oxidizing peroxidase
(MnP, EC 1.11.1.14) but not lignin peroxidase (LiP, EC
1.11.1.13), and the former has been described as the major
ligninolytic enzyme involved in lignin degradation by these
fungal species [35,36]. AsP. chrysosporiumandP. radiata
also produced MnP [37–39] (and LiP), MnP most likely is
responsible for solubilization of straw lignin by the fungi
studied. Both suitable level of manganese in straw (11.4
mg/kg) and the presence of Mn31 chelators (organic acids),
commonly produced by the fungi, favored the catalytic
activity of MnP [37–40]. Initial lignin depolymerization by
MnP has been suggested earlier in studies on the synthetic
lignin (DHP) degradation byP. chrysosporium.

In this study, except forP. radiata, the total concentra-
tion of water-soluble substances decreased during the first
15 days, to increase thereafter (Fig. 5a). Results obtained
during the initial 15 days of incubation correspond to the
early delignification stage, in which straw soluble products
were consumed by the fungi, followed by the advanced

stage (days 15–60) when secondary metabolites and/or
some products of lignin breakdown accumulate in the sub-
strate. This virtual two-stage process (also coincided with
the previous studies on wheat straw degraded byP. ostrea-
tus) [17] was confirmed by further analyses on the water-
soluble straw fraction discussed below.

3.5. Optical density

The optical density of the water-soluble extract, adjusted
to a constant concentration, showed a neat increasing ten-
dency only in the case ofP. eryngii(Fig. 5b), which pointed
to the accumulation of soluble aromatic products upon fer-
mentation time. This observation coincided with the above-
described results about decrease of straw brightness caused
by P. eryngii.With the other fungal species, such tendency
was observed only in the initial stage (0–7 days).

Regarding theE4/E6 ratio, P. eryngii (Fig. 5c) also
showed progressive tendency for decrease in molecular
weight of water-soluble compounds. Valleys in curves of
the other fungi corresponding to 7-day-old cultures indi-
cated consumption of polymer or oligomer substances at the
early degradation stage, which were later substituted by
other relatively simple products.

3.6. IR spectroscopy

The IR profiles of the water-soluble straw fraction ob-
tained from 30-day-old culture ofP. eryngii(Fig. 3, bottom)
had broad bands, which corresponded to a complex mixture
of carbohydrates, amino acids, phenolic acids, and high-
molecular-weight polyelectrolytes of undefined structure
[41]. The IR spectra (Fig. 5d) showed a decrease in the
intensity of the bands related to aliphatic structures (2 920
cm21 and 1 460 cm21), which indicates accumulation of
aromatic products at the second stage of SSF (15–60 days)
and coincides with the data inferred from theE4 values (Fig.
5b) for P. eryngii.A similar process occurred, but at more
advanced stage of degradation, in cultures ofP. radiata
(Fig. 5d, e). In general, the curves suggested the two-stage
transformation, more pronounced in treatment withP.
chrysosporium,where aromatic products accumulated in the
water-soluble fraction only during the first 4 to 7 days. The
relative intensity of the 1 740 cm21 peak (Fig. 5f) indicated
that, except forP. radiata at the final stage, the water-
soluble fraction might consist of a pool of oxidized products
such as phenolic acids or cinnamyl esters. In addition, the
intensity of the 1 040 cm21 peak (Fig. 6a) suggested that
soluble carbohydrate might be the aliphatic product accu-
mulated at the final cultivation stages.

The above-described results are complementary to those
obtained by the direct determination of the major water-
soluble compounds such as phenolics and reducing sugars
(Fig. 6, c). Colorimetric determination of phenolic com-
pounds reflected their accumulation in the cultures ofP.
eryngii, whereas the decrease in the total phenols was ob-

Fig. 5. Straw water-soluble fraction: Total content (a), 460-nm optical
density (b),E4/E6 ratio (c), and relative intensities of bands in the IR
spectra (d–f). Control (� ), P. chrysosporium(f), P. radiata (Œ), P.
eryngii (l), C. subvermispora(F).

609J. Dorado et al. / Enzyme and Microbial Technology 25 (1999) 605–612



served in the case of the other fungal species (Fig. 6b). The
results of reducing sugar determination (Fig. 6c) confirmed
conclusions inferred from the IR analyses and showed ac-
cumulation of monosaccharides mostly inP. eryngiiandP.
radiata cultures.

3.7. Elementary composition

The atomic H/C ratio of the water-soluble straw fraction
tended to decrease in all species, especially in the cultures of
C. subvermisporaat the earlier degradation stages (Fig. 6d),
which could be due to the concentration of lignin-derived
water-soluble compounds. Unlike to the other fungi studied,
the H/C ratio increased in the water-soluble straw fraction
obtained fromC. subvermisporacultures at the advanced
stages of SSF. Correspondingly, the O/C atomic ratio in-
creased only inC. subvermisporacultures (Fig. 6e), which
also coincided with the intensity of the IR carbonyl vibra-
tions (Fig. 5f).

Differences in the concentration of the water-soluble
nitrogen forms were comparatively more significant (Fig.
6f). As the total nitrogen concentration in the fermented
straw remained constant (degradation was not accompanied

by ammonia volatilization), distribution of nitrogen in the
substrate during fungal transformation (e.g. its concentra-
tion in soluble forms) could reflect different degradation
stages. Straw degradation by all the fungi was accompanied
by release of soluble nitrogen during the first 15 days,
although it tended to decrease at the advanced stage of
degradation byP. chrysosporiumand C. subvermispora
(Fig. 6f). Nitrogen in straw cell walls mainly is incorporated
to plant proteins, which apparently are covalently linked to
polysaccharides [42]. Thus, release of nitrogen in the straw
water-soluble fraction could be associated with the degra-
dation of carbohydrate components in the substrate. Corre-
spondingly,P. chrysosporium, which is an active carbohy-
drate-degrading species, released the highest amounts of
soluble nitrogen during the first 15 days of straw fermenta-
tion (Fig. 6f). At final incubation stages, along with increase
of fungal biomass, nitrogen is immobilized in mycelia and
could be re-used by the fungi upon mycelial autolysis.

4. Discussion

Four ligninolytic basidiomycetes known as efficient lig-
nin degraders were used for treating wheat straw. These
fungi possess different systems of ligninolytic and cellulo-
lytic enzymes, and accordingly, they did not cause similar
patterns of straw transformation. However, all fungi studied
produced Mn21-oxidizing peroxidase, which probably
played a major role in straw lignin modification, causing the
formation of water-soluble products from lignin degrada-
tion. Solubilization effect on lignin has been reported earlier
by other authors [40]. Depolymerization of milled wheat-
straw, milled-straw lignin, and synthetic lignin (DHP) by
isolated MnP have been described as accompanied by the
formation of the water-soluble low-molecular-weight frag-
ments [43,44].

Pleurotus eryngiiandC. subvermisporacaused the min-
imal substrate weight loss, rapidly degrading lignin during
the first 30 days of growth, whereasP. chrysosporiumwas
selective only at the very early fermentation stage (7 days).
Although P. eryngii was highly selective for lignin degra-
dation, it released the greatest amount of low-molecular-
weight aromatic compounds, which is unfavorable when the
color removal is intended. However, alkaline extraction
after biotreatment could improve substrate brightness. The
best results in terms of both selective degradation of lignin
and straw brightness were obtained withC. subvermispora.
The IR analyses of straw treated withC. subvermispora
suggested that noticeable increase in carbohydrates was
accompanied by decrease in aromaticity and oxidation of
the aromatic lignin structures.

Composition of the straw water-soluble fraction reflected
the progress of fungal modification of the whole lignocel-
lulosic substrate. Analyses of water-soluble compounds
showed two stages of degradation (0–15 days and 16–60
days) differing in the composition and patterns of water-

Fig. 6. Straw water-soluble fraction: relative intensity of the 1 040 cm21 IR
band (a), concentration of phenols and reducing sugars (b and c), atomic
ratios (d and e) and nitrogen concentration (f). Control (� ), P. chrysospo-
rium (f), P. radiata (Œ), P. eryngii (l), C. subvermispora(F).
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soluble fraction. At the early fermentation stage, the amount
of water-soluble products decreased, obviously due to their
utilization by fungi, whereas by the end of incubation total
water-soluble compounds, including soluble carbohydrates
and phenols were mainly accumulated in the straw sub-
strate. In this respect,P. eryngii differed from the other
fungi causing accumulation of low-molecular-weight water-
soluble compounds throughout the fermentation period.

Apparently, the composition of the water-soluble frac-
tion depended greatly on the fungal species used. This was
reflected in the dynamics of aromatic and aliphatic com-
pounds determined by IR spectroscopy, whereP. radiata
andP. chrysosporiumshowed quite opposite tendencies.

Elementary analyses of the water-soluble compounds
pointed out thatC. subvermisporacaused the most intensive
oxidation of lignin in straw in comparison with the other
fungi studied, which coincided with the other results de-
rived from this study and confirmed earlier reports on this
fungus as a selective lignin degrader, able to delignify a
wide range of lignocellulosic substrates [3,6,21–24].
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versitätsverlag. 1996. p. 229–32.

[14] Chahal DS. Biological disposal of lignocellulosic wastes and allevi-
ation of their toxic effluents. In: Chaudhry GR, editor. Biological
degradation and bioremediation of toxic chemicals. London: Chap-
man and Hall, 1994. p. 364–85.

[15] Giovannozzi-Sermanni G, D’Annibale A, Perani C, Porri A, Pastina
F, Minelli V, Vitale N, Gelsomino A. Characteristics of paper hand-
sheets after combined biological pretreatments and conventional
pulping of wheat straw. Tappi J 1994;77:151–7.

[16] Valmaseda M, Martı´nez MJ, Martı´nez AT. Kinetics of weat straw
solid-state fermentation withTrametes versicolorandPleurotus os-
treatus—lignin and polysaccharide alteration. Appl Microbiol Bio-
technol 1991;35:817–23.

[17] Valmaseda M, Almendros G, Martı´nez AT. Chemical transformation
of wheat straw constituents after solid-state fermentation with se-
lected lignocellulose-degrading fungi. Biomass Bioenergy 1991;1:
261–6.

[18] Hatakka A, Uusi–Rauva A. Degradation of14C-labeled poplar wood
lignin by selected white-rot fungi. Eur J Appl Microbiol Biotechnol
1983;17:235–42.
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