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Technical Note

Solid state fermentation of olive mill residues by wood- and
dung-dwelling Agaricomycetes: Effects on peroxidase production,
biomass development and phenol phytotoxicity
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� Conditions for SSF with DOR have been set up using dung- and wood-dwelling fungi.
� DOR stimulates the secretion of novel extracellular fungal biocatalysts.
� Soluble aromatics undergo a shift from lower to higher molecular mass fractions.
� The exhausted bio-remediated by-product is able to enhance tomato plant growth.
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a b s t r a c t

The in vivo conversion of dry olive mill residue (DOR) by wood- and dung-dwelling fungi � Auricularia
auricula-judae, Bjerkandera adusta and Coprinellus radians � increases peroxidase secretion up to 3.2–
3.5-fold (�1.3, 3.5 and 7.0 U g�1 DOR for dye-decolorizing peroxidase, manganese peroxidase and aro-
matic peroxygenases, respectively). The incubation of DOR with these fungi produced a sharp decrease
in total phenolic content (100% within 4 wk), a reduction in phytotoxicity as well as a certain degree
of plant growth caused by the stimulating effect of fungal-treated DOR. These findings correlate with a
characteristic shift in the fragmentation pattern of water-soluble aromatics (detected at 280 nm) from
low (0.2, 1.5 and 2.2 kDa, respectively) to high molecular mass (35 to >200 kDa), which demonstrates
the presence of a polymerization process. Phenol-rich agricultural residues are a useful tool for enzyme
expression and production studies of peroxidase-producing Agaricomycetes which could make DOR a
valuable organic fertilizer.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Considerable work has been done on filamentous fungal bio-
technology in recent years in order to obtain worthwhile products
such as enzymes, secondary metabolites and spores. Basidiomyce-
tes secrete a set of extracellular oxidoreductases such as class II
peroxidases (for example, manganese peroxidase – MnP (EC
1.11.1.13), lignin peroxidase – LiP (EC 1.11.1.14), versatile peroxi-
dase – VP (EC.1.11.1.16) and laccases – Lac (EC 1.10.3.2)), that have
enormous potential for industrial and biotechnological applica-
tions such as bioremediation and bleaching (Hofrichter et al.,
2010). These biocatalysts are known to be key enzymes in lignin
degradation due to their stability and wide substrate spectrum.
Apart from the above-mentioned classic peroxidases, new fungal
heme-containing peroxidases like DyP-type peroxidases (DyP, EC

1.11.1.19) and aromatic peroxygenases (APO, EC 1.11.2.1) have
been described and studied during the last few years (Hofrichter
et al., 2010). They are produced by jelly fungi, such as Auricularia
auricula-judae, and some representatives of dung-dwelling (copro-
philic) mushrooms, such as the inky cap Coprinellus radians. Both
have been described as efficient peroxidase and peroxygenase pro-
ducers (Anh et al., 2007; Liers et al., 2010). These fungi seem to
play an important role in progressive decay and the specific role
played by their enzymes in nature is as yet unclear. There is evi-
dence to show that DyPs and APOs are secreted in the solid state
fermentation of beechwood material under near-natural condi-
tions (Liers et al., 2011). Furthermore, both peroxidases are able
to oxidize methoxylated aromatics which can be useful in the con-
version and degradation of lignin-derived compounds, plant con-
stituents and recalcitrant compounds (Hofrichter et al., 2010).

In recent decades, several enzyme production methods have
been developed and optimized using solid state fermentation
(SSF) and submerged fermentation. The main focus has been on
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the higher production rates of more stable enzymes (Barrios-
González, 2012). Several solid renewable substrates have been
used to enhance enzyme production, including lignocellulosic
residue, molasses (Singh and Satyanarayana, 2008), dry olive mill
residue (DOR) (Sampedro et al., 2004, 2012) and olive mill waste-
water (Fenice et al., 2003).

DOR is a by-product of olive oil extraction with large quantities
produced in the Mediterranean basin (Owen et al., 2000). It is
mainly composed of semi-solid sludge obtained after a two-phase
extraction process followed by a second extraction using solvents
in order to obtaining the residual oil. Thousands of tons of the said
two-phase mill waste are produced annually, which constitutes, in
both raw and post-extraction states, a source of biomass, animal
feed and organic amendments following fermentation and micro-
biological pre-treatment (Morillo et al., 2009). It contains poly-
meric components such as cellulose, hemicellulose, lignin,
residual oil and complex sugars (oligosaccharides) as well as a
number of low-molecular weight compounds such as phenolics,
terpenoids and oleuropein (Aranda et al., 2007). These compounds
are present in DOR and in its extracts, whose quantity varies
according to the efficiency of the extraction process and the partic-
ular characteristics of the residue. Such combinations of nutrients,
carbohydrates, polymers and partially toxic ingredients such as
methoxylated and phenolic aromatics can be suitable additives to
the culture media of ligninolytic fungi in order to stimulate or in-
duce industrially appropriate oxidoreductases (Morillo et al.,
2006). In recent studies, DOR and its components have been
pointed to as a source of phenols and stimulators of fungal growth
that induce several enzymes such as MnP and Lac (Díaz et al.,
2010; Sampedro et al., 2012).

In this study, we analysed the production of MnP, DyP and APO
by the white-rot basidiomycetes A. auricula-judae and the copro-
philic fungus C. radians in SSF using a barley-based media supple-
mented with solid DOR. In addition, the enzymatic production of
the well-known fungus Bjerkandera adusta was also analysed to
be used as control. The effects on the polymeric phenol fraction
and the free phenolic fraction, which are mainly responsible for
the phytotoxicity caused, were evaluated in order to determine
the transformations and the potential agronomic applications of
the fermented DOR after fungal treatment.

2. Materials and methods

2.1. DOR

The extracted two-phase DOR, was obtained from the Sierra Sur
olive oil company in Granada, Spain (2009–2010 harvest). The DOR
was sieved, autoclaved in three cycles and stored at 4 �C before use.
Its principal characteristics have previously been described by
García-Sánchez et al. (2012).

2.2. Organisms and culture conditions

For the purpose of DOR degradation studies, the wood-dwelling
fungi A. auricula-judae (DSMZ, accession No. 11326) and B. adusta
(DSMZ, accession No. 23426) as well as the dung-dwelling fungus
C. radians (DSMZ, accession No. 888) were used. The fungi were
pre-cultured at 24 �C on 2% MEA plates for 2 wk in order to obtain
fresh inoculum.

2.3. SSF

SSF was carried out in Erlenmeyer flasks (250 mL). The fungi
were initially pre-cultured in barley-based media (18 g barley
and 30 mL distilled water per flask) for 1 wk. The barley-based
media were inoculated with the content of 4 fungal agar plates

homogenized in 80 mL sterile water (55% v/w). Half of the flasks
were mixed with sterile DOR (50% = 18 g in total per flask; called
DOR-barley medium) and moistened with sterile distilled water.
The rest of the flasks (the barley-based medium) was used as con-
trol and incubated with the corresponding fungus without the
addition of DOR. The cultures were incubated for 4 wk. The flasks
containing both media were heat-inactivated by autoclaving after
inoculation with the corresponding fungal mycelium and were
used as controls. The inoculated flasks were directly harvested
after 0, 1, 2, 3 and 4 wk following the addition of DOR until the
end of the experiment.

DOR was separated from the barley manually where appropri-
ate, and an aqueous extract from an aliquot of the fermented DOR
was prepared using distilled water (1:5 w/v) by shaking on a ro-
tary shaker for 2 h. The extracts were centrifuged and used to mea-
sure extracellular enzyme activities, pH, total phenol content and
the molecular mass distribution of water-soluble aromatic frag-
ments released from DOR by fungal treatment. The solid residue
of culture was dried at 40 �C and then used for phenol and ergos-
terol analysis as well as phytotoxicity tests (Sampedro et al., 2004).
Experiments were carried out in triplicate, and the data reported
are mean values with standard deviation of triplicates.

2.4. Enzyme assays

Mn2+-dependent peroxidase (MnP) was measured by monitor-
ing the formation of Mn3+-malonate complexes at 270 nm
(e270nm: 11.59 mM�1 cm�1, Wariishi et al., 1992). Laccase and
DyP-type peroxidases were determined by monitoring the oxida-
tion of 2,20-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) (e420nm: 36 mM�1 cm�1) using a combination assay in
50 mM sodium malonate buffer at pH 4.5, and the peroxidase
activities were adjusted for laccase activity (Eggert et al., 1996;
Liers et al., 2010). Veratryl alcohol oxidizing activities (peroxi-
dases and oxidases) were monitored by using veratryl alcohol at
310 nm (e310nm: 9.3 mM�1 cm�1) with the aid of potassium phos-
phate at pH 7.0 for APO (Ullrich et al., 2004) and at pH 6.0 for
AAO (Muheim et al., 1990) with and without H2O2 (final concen-
tration 1 mM), respectively. Tartrate buffer at pH 3.0 and H2O2 (fi-
nal concentration 0.1 mM) was used to detect LiP and VP,
respectively (Liers et al., 2011). Enzyme activities are expressed
as U g�1 DOR, with one unit of activity being defined as the
amount of the enzyme that catalyses the conversion of 1 lmol
substrate min�1. In all cases, the mean values of triplicate mea-
surements were calculated.

2.5. Determination of total phenol content

The aqueous extract obtained from SSF was used to analyse to-
tal phenol content by using the method described by Ribereau-
Gayon (1968). Tannic acid was used as standard. The sample was
added to 0.625 mL Na2CO3 (20%) and 0.125 mL Folin–Ciocalteau
phenol reagent and incubated for 35 min in darkness. Absorbance
was measured at 750 nm. The results are expressed as a percentage
of the decrease in total phenol and as mg g�1 DOR.

2.6. Chromatographic analysis

2.6.1. Determination of ergosterol content
Total ergosterol content in the samples was used to evaluate the

quantity of fungal biomass in barley-based media and DOR-barley
media incubated with A. auricula-judae, B. adusta and C. radians
after 0, 2 and 4 wk of incubation. A modified version of the method
described by Davis and Lamar (1992) was used for ergosterol
extraction. The samples were analysed using isocratic elution with
the aid of an Agilent HP 1090 (LC; Hewlett–Packard) system,
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equipped with a diode array detector (HP 1090) and a Nova Pack
C18 column (14 lm, 3.9 � 150 mm, Waters). The mobile phase
used was methanol with a flow rate of 0.8 mL min�1. Ergosterol
was identified by UV detection at 282 nm.

2.6.2. Analysis of aromatic water-soluble DOR fragments by HPSEC
The molecular mass distribution of aromatic fragments (de-

tected at 280 nm) released in the DOR-barley media after fungal
treatment was measured by HPSEC (Liers et al., 2011). The HPLC
system (HP 1090 LC; Hewlett–Packard, Waldbronn, Germany)
was equipped with a diode array detector (HP 1100) fitted with a
HEMA-Bio linear column (8 � 300 mm, 10 lm) from Polymer Stan-
dard Service (Mainz, Germany). Sodium polystyrene sulfonates
(0.8–150 kDa, Polymer Standard Service), lignosulfonate (Biotech
Lignosulfonate GesmbH, St. Valentin, Austria) and alkaline lignin
(Sigma–Aldrich) were used as standard.

2.6.3. GC–MS
Phenols in the solid residues of the fermented cultures after

incubation with A. auricula-judae, B. adusta and C. radians for 0, 2
and 4 wk and in the corresponding controls were analysed by
GC–MS. The analyses were carried out by the Instrumental Techni-
cal Service of the Estación Experimental del Zaidín (CSIC), Granada,
Spain. Sample preparation was carried out according to a modified
version of the method described by Zafra et al. (2006) using 0.1 g of
the fermented DOR. 1-Naphthol was used as the internal standard.
DOR was extracted 3 times with ethyl acetate and 3 times with
methanol. Subsequent purification procedures were carried out
using a C18 solid phase extraction cartridge (Waters).

The samples were finally eluted in 0.5 mL methanol. They were
then evaporated under nitrogen until almost dry and were dis-
solved in 0.2 mL ethyl acetate. The samples were derivatized with
N,O-bis(trimethylsilyl) acetamide-trimethylchlorosilane (9:1 v/v).
Gas chromatographic analysis was carried out using a Varian
450-GC gas chromatograph fitted with a splitless injector for a Fac-
tour VF-5 ms fused silica capillary column (30 m � 0.25 mm
id � 0.25 lm). A silanized split/splitless liner (2 mm i.d.) was used.
GC–MS analysis was performed using a method previously de-
scribed by Juárez et al. (2008) slightly modified. Helium (purity
99.9%) was used as carrier gas at a flow rate of 1.0 mL min�1. The
samples were injected in splitless mode. All reagents were of ana-
lytical reagent grade. For calibration, stock solutions of phenols
(Sigma–Aldrich) containing 1000 lg mL�1 were prepared in abso-
lute ethanol 99% (v/v).

2.7. Phytotoxicity experiments

In order to improve the application possibilities of the fungi-fer-
mented DOR, a phytotoxicity test of the residue incubated for 0, 1,
2, 3 and 4 wk was carried out to analyse the effect of the fungal
incubation time on the decrease in phytotoxicity. Tomato (Solanum
lycopersicum L) was used as the test plant. The experiments were
carried out in 0.3 L pots using a mixture of soil:vermiculite (1:7).
The soil used was obtained from Finca Peinado (Fuente Vaqueros,
Granada, Spain) and had a pH of 8.1 in a 1:1 soil:water ratio. The
P, Ca, K, Fe, Mn, Mg, Na, Cu and Zn contents were P 1.04 mg kg�1,
Ca 63.5 mg kg�1, K 9.1 mg kg�1, Fe 26.6 g kg�1, Mn 344.9 mg g�1,
Mg 21.1 mg kg�1, Na 1.9 mg kg�1, Cu 22.6 mg kg�1 and Zn
68.9 mg kg�1, respectively. Total C was 0.04 mg kg�1 and total N
was 0.001 mg kg�1.

Tomato seeds were superficially sterilized. After pre-germina-
tion, prior to transplanting, the plants were uniformly selected
according to their size. Fermented DOR (after different incubation
periods) and the uninoculated negative control (DOR 5%) were ap-
plied to the soil pots at 25 g kg�1. Plants without residue were used
as positive control.

Plants were grown in a greenhouse with supplementary light
provided by Sylvania incandescent and cold-white lamps
(400 nmol m�2 s�1 at 400–700 nm, with a 16/8 h day night cycle
at 25/19 �C and 50% relative humidity). Plants were watered from
below.

A completely randomized design was used for the experiments,
with 4 replicates per treatment. After 4 wk, the plants were har-
vested. The shoot and root dry weight of tomato plants was esti-
mated after being kept for 48 h in a dried oven.

2.8. Statistical analysis

The enzymatic and analytical results are presented on a mean
and standard error basis. Phytotoxicity data were analysed by AN-
OVA and compared using Tukey’s test (p < 0.05) with the aid of the
statistical pack program SPSS 17.0 for Windows.

3. Results and discussion

3.1. Production of fungal oxidoreductases during growth in DOR-
supplemented SSF

DOR tested in our study in a barley-based medium stimulated
the biomass development of two wood- and one dung-dwelling
Agaricomycetes as well as the production of peroxidases such as
MnP, DyP and APO by the respective fungi (Fig. 1). The addition
of the phenol-rich DOR led to an earlier activity shift in the time
course as compared to the corresponding controls and was fol-
lowed by a reduction in phenol in the fermented DOR substrate.

The fungus A. auricula-judae secreted MnP and DyP as the prin-
cipal peroxidases and a moderate level of Lac during growth in
DOR-barley (Fig. 1a). By using phenol-rich DOR, the activities of
these enzymes increased during an earlier cultivation phase, start-
ing in week 1 and reaching maxima in week 3 (0.9, 1.3 and
1.8 U g�1 for Lac, DyP and MnP, respectively). This is in contrast
to the control, where activity reached a maximum 1 wk later,
and DyP levels (0.4 U g�1) were approximately 3-times lower than
those observed with DOR (Fig. 1a). While Lac activity decreased
due to the presence of DOR (from 2.0 U g�1 in the barley-control
media to 0.9 U g�1), the amount of MnP (1.8 U g�1) secreted by A.
auricula-judae was identical for both media and was clearly not
stimulated by the addition of DOR. This is in contrast to the MnP
and AAO secretion of B. adusta that was enhanced by the phenol-
rich DOR (Fig. 1b). Activity reached maximum levels of 3.5 and
1.2 U g�1 for MnP and AAO, respectively, as compared with the
highest enzyme levels in the control media (�1.1 and 0.3 U g�1,
respectively). Since no veratryl alcohol oxidation was observed at
pH 3, clearly no LiP or VP was produced by B. adusta under the cul-
ture conditions in the experiment. Interestingly, veratryl alcohol
oxidation at pH 7 was observed in the cultures of C. radians that
showed a 20-fold increase in APO activity in DOR-supplemented
cultures (maximum �7 U g�1 = 1400 U L�1) as compared with the
controls (1.9 U g�1) (Fig. 1c). For all three fungi, the increase in per-
oxidase activity was accompanied by a noticeable decrease in phe-
nol content down to 0% and up to 19% within the first 2 wk and an
increase in pH from 4 and 5 to 5.5 and 6.0 for A. auricula-judae and
B. adusta, respectively, and to 7.2 for C. radians.

Several studies have reported enhanced production of fungal
oxidoreductases (MnP by Mn2+-ions, Wariishi et al., 1992; Li
et al., 1995; Manubens et al., 2003; LiP by reactive oxygen species,
Belinky et al., 2003; laccases by guaiacol, flavonoides, tannins and
xylidine, Carbajo et al., 2002). The induction of fungal enzymes by
agricultural residues has been extensively studied (Hölker et al.,
2004; Rodríguez Couto and Sanromán, 2005); however, there is lit-
tle evidence that complex plant-based materials, such as polymeric
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lignocelluloses or phenolics, show a direct stimulation of DyPs
(Liers et al., 2013), APOs (Hofrichter et al., 2010) or classic lignino-
lytic fungal peroxidases. In addition, almost nothing is known
about natural ‘elicitors’ of MnPs, DyPs and APOs (Hofrichter
et al., 2010). Poerschmann et al. (2013) have described components
of DOR such as lipids, proteins, carbohydrates, lignin and metal
ions that would be capable of enhancing the biomass development
of plants and microorganisms. However, other compounds such as
polyphenols and monophenols can also induce industrially impor-
tant oxidoreductases such as Lac and MnP (Camarero et al., 1999;
Fenice et al., 2003). DOR and its components can therefore be use-
ful for studying the expression of oxidoreductase fungal enzymes.

3.2. Fungal growth

All three fungi studied showed enhanced biomass growth (esti-
mated in terms of ergosterol content in lg g�1, Table 1) during so-
lid state cultivation in the presence of DOR. In the case of A.
auricula-judae and C. radians, the highest ergosterol content (505
and 344 lg g�1, respectively) was achieved after 2 wk of incuba-
tion in the DOR-barley medium. This is in contrast to the maxi-
mum values of the corresponding controls in which just 2 and
213 lg g�1 of ergosterol were detected. After the incubation peri-
od, DOR-supplemented culture substrates led to an increase in
ergosterol content, and thus in biomass, of 86%, 21% and 65% for

A. auricula-judae, B. adusta and C. radians, respectively, as compared
to the barley cultures. The increase in ergosterol appears to coin-
cide with the peroxidase maxima for the fungi, whereas B. adusta
and C. radians recorded optimal biomass levels when the highest
peroxidase levels were reached after 4 wk. This finding bolsters
the notion that the application of DOR would be an appropriate
growth-stimulating supplement to the solid culture substrates
for wood-decaying and coprophilous fungi probably due to the
presence of the above-mentioned ingredients, phenols and poly-
meric components such as lignin (Sampedro et al., 2012).

Fig. 1. Time course of extracellular oxidoreductase production by wood- and dung-dwelling Agaricomycetes: Auricularia auricula-judae (a), Bjerkandera adusta (b) and
Coprinellus radians (c) during growth on solid state cultures containing barley (left) and barley supplemented with olive mill residue (DOR-barley, right). Enzyme activities
(solid line) – MnP (squares), DyP and APO (circles), AAO and Lac (triangles), total phenol content (dotted line) and pH value (dashed line).

Table 1
Ergosterol concentrations of cultures from Auricularia auricula-judae, Bjerkandera
adusta and Coprinellus radians during growth in DOR-barley and barley medium
(control) for 2 and 4 wk. The values represent means and standard deviations from
three replicates.

Incubation time
(wk)

Growth
medium

Ergosterol (lg g�1 dry weight)

A. auricula-
judae

B. adusta C.
radians

0 Barley 0.8 ± 0.0 0.7 ± 0.0 0.8 ± 0.0
DOR-Barley 8.7 ± 1.5 33 ± 0.4 32 ± 5

2 Barley 1.9 ± 0.2 1.2 ± 0.1 212 ± 21
DOR-Barley 505 ± 19 85 ± 1 343 ± 10

4 Barley 71 ± 7 104 ± 21 125 ± 4
DOR-Barley 370 ± 3 131 ± 3 354 ± 31
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3.3. Changes in the free and polymeric phenolic fraction

Changes in water-soluble aromatic fragments and phenols
caused by the fungal treatment of DOR-barley medium were mon-
itored using size exclusion and GC, respectively. Table 2 gives an
overview of the phenolic compounds detected in the residue and
after 2 and 4 wk of incubation with A. auricula-judae, B. adusta
and C. radians. The principal phenols present in DOR were p-tyro-
sol, hydroxytyrosol, protocatechuic and vanillic acid (62; 119; 55
and 17 lg g�1 DOR, respectively). Although there is no distinct ten-
dency observable in the degradation effect, most of the phenolic
compounds were almost completely oxidized and removed by all
three fungi tested within the first 2 wk (ferulic acid up to 100%,
pyrogallol up to 67–100% and vanillic acid up to 72–86%) and after
the overall incubation period (protocatechuic acid up to 91–100%
and tyrosol to 82–96%). The corresponding phenols can be as-
sumed to have been oxidized by the secreted peroxidases of A.
auricula-judae, B. adusta and C. radians and also by the Lac detected.
These emerging phenoxyl radicals undergo further non-enzymatic
polymerization processes which we monitored using size exclu-
sion chromatography (Liers et al., 2006).

In all three cases, a characteristic shift in water-soluble aromat-
ics, detected at 280 nm, was observed (Fig. 2). In the control (unin-
oculated DOR-barley), a release of low-molecular mass fragments
of between 0.2 and 2.2 kDa occurred. After 2 wk of incubation with
all three fungi, a removal of these small constituents of 2.2–1.5 kDa
was clearly observed, as shown by a decrease in absorbance at 7.4–
8.0 min. The subsequent polymerization effects were evident, with
the high-molecular mass fragments increasing from >200 Da to

35 kDa and eluting between 5.2 and 6.2 min. These oxidation and
polymerization effects were observed when the fungi studied also
generated their maximum levels of peroxidase activity (MnP, DyP
and APO) and biomass growth.

The most pronounced polymerization effect was observed for A.
auricula-judae, probably due to the presence of large quantities of
the three phenol-oxidizing oxidoreductases (MnP, DyP and Lac).
In the case of B. adusta and C. radians, which only secreted MnP
and APO respectively, the fragmentation patterns were very
similar.

The effect of oxidoreductases (such as that for ascomyceteous
Lac, MnP and the independent peroxidase Mn2+) on DOR as well
as their aqueous and organic extractives has to some extent been
described in vivo and in vitro (Jaouani et al., 2005; Iamarino et al.,
2009; Díaz et al., 2010; Sampedro et al., 2012). However, the enzy-
matic influence of DyPs and APOs on DOR biodegradation has so far
not been studied. In addition, most DOR degradation and treat-
ment studies have been carried out in relation to long incubation
periods such as 20 wk (Sampedro et al., 2004). By contrast, in our
study, effective phenol degradation of DOR was achieved after
4 wk of fungal treatment.

3.4. Phytotoxicity experiments

It has previously been reported that the phytotoxicity effects of
DOR are caused by the presence of numerous phenolic compounds
(Capasso et al., 1992). Consequently, there is a decrease in phyto-
toxicity following the removal of phenolic compounds through
enzymatic oxidation and polymerization, as polymers of a certain

Table 2
Relative content and abundance of simple phenols in the exhausted residue analysed by GC–MS after incubation with A. auricula-judae, B. adusta and C. radians during 0, 2 and
4 wk. The values represent means and standard deviations from three replicates.

Phenolic compounds (lg g�1 DOR) Auricularia auricula-judae Bjerkandera adusta Coprinellus radians

0 wk 2 wk 4 wk 0 wk 2 wk 4 wk 0 wk 2wk 4 wk

Pyrogalol 0.7 ± 0.1 0.04 ± 0.01 nd 0.9 ± 0.2 0.3 ± 0.1 nd 0.5 ± 0.02 nd nd
p-Tyrosol 63 ± 6 45 ± 3 11 ± 0.3 54 ± 2 2.5 ± 0.3 0.5 ± 0.2 64 ± 13 39 ± 8 2.4 ± 0.5
Vainillic acid 13 ± 1 3.7 ± 0.6 2.4 ± 0.7 13 ± 1 2.5 ± 0.2 0.7 ± 0.03 14 ± 3 1.9 ± 0.2 1.1 ± 0.1
Protocatechuic acid 53 ± 2 8.5 ± 0.8 5.1 ± 0.2 55 ± 1 26 ± 1 4.4 ± 0.9 54 ± 8 2.8 ± 0.4 nd
Syringic acid 0.9 ± 0.03 0.7 ± 0.1 0.4 ± 0.02 0.6 ± 0.1 0.5 ± 0.2 0.04 ± 0.02 0.6 ± 0.3 0.04 ± 0.02 nd
Caffeic acid 0.8 ± 0.2 0.6 ± 0.1 0.3 ± 0.03 0.8 ± 0.03 nd nd 1.1 ± 0.3 0.4 ± 0.05 nd
p-Coumaric acid 3.7 ± 0.02 1.8 ± 0.1 nd 3.6 ± 0.3 1.1 ± 0.4 1.2 ± 0.1 5.5 ± 1.4 4.4 ± 0.6 1.6 ± 0.02
Ferulic acid 3.9 ± 0.7 nd nd 4.1 ± 0.9 nd nd 4.2 ± 0.6 nd nd
Gallic acid 0.7 ± 0.02 0.4 ± 0.1 nd 0.9 ± 0.3 1.8 ± 0.02 0.8 ± 0.03 1.1 ± 0.2 0.3 ± 0.05 0.3 ± 0.05
Hydroxytyrosol 117 ± 1 7.6 ± 1.3 1.8 ± 0.2 120 ± 6 4.4 ± 1.2 1 ± 0.2 118 ± 15 17.5 ± 0.2 1.8 ± 0.3

nd = Not detected.

Fig. 2. Changes in the molecular mass distribution of water-soluble aromatic fragments formed by Auricularia auricula-judae (a), Bjerkandera adusta (b) and Coprinellus radians
(c) during growth on DOR-barley solid media after 0 (dashed line), 2 (thin line) and 4 (solid line) wk of cultivation.
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size may not be able to access the plant via the cell membrane
(Hulzebos et al., 1991).

The positive relationship we have observed between oxidore-
ductase enzyme induction (Fig. 1) and phenol depletion (Fig. 1)
caused by polymerization processes (Fig. 2) may make it possible
to use residues for agronomic purposes. Our results show a pro-
gressive decrease or removal of phytotoxicity involved in tomato
plant growth in the presence of DOR bio-remediated by the three
wood- and dung-dwelling fungi (Fig. 3). This finding is related to
the increase in oxidoreductase activity and phenol depletion from
�10 up to 2 mg g�1 DOR (Fig. 1), with slight differences being ob-
served between the fungi when DOR was applied in agronomic
doses.

DOR bio-remediated with A. auricula-judae for 3- and 4 wk peri-
ods, unlike other fungi, exhibited a phytotoxic effect despite the
complete depletion in total phenol content and high MnP and
DyP production (Figs. 1a and 3a). However, we observed incom-
plete polymerization processes during these periods (data not
shown), which indicates that the phytotoxic effect depends on
the size of the polymer. On the other hand, bio-remediated DOR
with this fungus contains the largest amount of syringic and caffeic
acid, which has a phytotoxic effect on plant physiology (Vaughau
and Ord, 1991). A. auricula-judae only managed to remove DOR
phytotoxicity after 4 wk of incubation. After the incubation of
DOR with B. adusta and C. radians for 2 wk, the residue also had a
phytotoxic effect on tomato plant growth (Fig. 3b and c). However,

in the presence of DOR incubated with B. adusta for 3 and 4 wk and
with C. radians for 4 wk, the shoot and root dry weight of tomato
was similar to that for tomato grown without the residue. It is
important to note that the incubation of DOR with C. radians not
only leads to a decrease in its phytotoxicity but also to its elimina-
tion (Fig. 3c). The total transformation of monocyclic phenols into
polymeric products, with the exception of p-coumaric and gallic
acid, over a period of 4 wk indicates that polymerization
constitutes a means of reducing the phytotoxicity of the waste.
As C. radians was capable of transforming DOR, the dry weight of
the tomato plant to which this bio-remediated DOR was applied
increased significantly as compared with the plant that was not
treated with the residue. C. radians appears to have a certain stim-
ulative effect on the fermented residue, with root dry weight and
shoot dry weight increasing by 67% and 44%, respectively.

The effective transformation of phenolic ingredients into
polymeric fractions makes olive mill and other agricultural pheno-
lic-rich residues candidates as valuable and renewable organic fer-
tilizers. In the case of DOR, this transformation requires the in vivo
fermentation of the solid substrate by wood- and dung-dwelling
fungi, followed by the effective removal of its phytotoxicity.

4. Conclusions

Our findings demonstrate for the first time the optimized pro-
duction of classic ligninolytic peroxidases like MnP and also the
stimulation of APO and DyP by Agaricomycetes when DOR is used
during SSF. We therefore regard DOR as an effective and appropri-
ate medium for the study of enzyme expression and secretion.
Furthermore, the decrease in DOR’s phytotoxicity results in a
plant-growth-enhancing substrate which makes Agaricomycetes
and their biocatalysts an appropriate tool for transforming DOR
into an organic fertilizer. Further work is planned in order to scale
up these results and to develop application strategies in the future.
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