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Abstract

Ligninolytic enzymes activities (laccases, peroseha (total, MnP and MiP) and aryl-
alcohol oxidase (AAQO)) were measured during thetivation of six commercial

Pleurotussp. strains on MMP media, on cereal grains (spad)on straw substrates
(the three commonly utilized cultivation steps tataon fruiting bodies) supplemented
with several concentrations of autoclaved (OMW)gamma-irradiated (iOMW) olive

mill waste. Results indicated that all the stranese able to grow on MMP media and
spawn containing up to 30% OMW and iOMW and onvstsabstrates mixed with 50%
OMW. None of the strains showed AAO activity andrdanwas not a single strain which
showed the highest laccases and peroxidases @sjvihdependently of the utilized
substrate Pleurotusmycelia adjusted their enzymatic mechanisms depgnoh their

variety, type of substrate, concentration of OMWOMW added. OMW was a better

supplement to use than iOMW because OMW inducelenigxo-enzymes activities.
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1. Introduction

The modern ecological manufacture of olive ovdlves technological processes,
which generate, besides the oil, a residue witlh Ingpisture content (between 50 and
70%) named olive mill waste (OMW). Valorisation ©MW is not an easy task. The
expensive chemical extraction of the reminiscehdoe to the high level of moisture
content and the heterogeneous composition, inqodati the fibrous material, makes it a
difficult material to handle.

White rot fungi, and particularly Oyster mushmPleurotussp.) mycelia, can grow
on and detoxify olive mill waste waters or vegetativaters (OMWW) (Fountoulakis et
al. 2002; Kalmis and Sargin 2004), the major residiotained when the traditional olive
oil production system is followed (using a threepd centrifugation process).
Nowadays, the modern olive oil factories produceecan®@MW than OMWW, thus,
many of the latest investigations have been ainoedtudy the ability ofPleurotus
mycelia to colonise and degrade/detoxify substratgplemented with different OMW
concentrations (Saavedra et al. 2006; Sampedrd 20@7). In some cases, a double
objective (ecological and economical) was achiesedh as to obtain good quality
Pleurotusfruiting bodies by means of the OMW degradatiomnigRRodriguez et al.
2010).

However, the production process for Oyster musir fruiting bodies involves many
steps. Firstly, the mycelia mother cultures are@ulbvated on specific liquid or semi-
solid media. Then, mycelia are inoculated on schdriers (which usually are pre-
treated cereals grains such as wheat, rye, maflef) and incubated until the grains are
fully colonized. This process is called spawn prapan or spawning. Finally, specific
substrate mixtures are prepared (wheat straw andy mather lignocellulosic wastes

(Yildiz et al. 2002)), inoculated with the spawmnmogeneously distributed, packed in
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bags or blocks and incubated under controlled ¢mmdi until the mycelia fully
colonize the substrate and is able to initiate fth#¢ing bodies production. Each step
involves a different substrate to be colonizedaating that the mycelium has to adapt
and re-adapt their metabolic pathways in orderrtawgon them. Oyster mushrooms
have the interesting ability of producing and seegespecific lignolytic enzymes to the
surrounding environment enabling them to use a watgye of substrates (including
OMW supplemented substrates) as source of nutramisenergy necessary for the
fruiting bodies production. Thus in principle, theishrooms strains which are able to
produce larger quantities of these enzymes mightbdtter suited to colonize the
substrates and to produce higher fruiting bodietdgi Moreover, perhaps, their need
or/and time to adapt their enzymatic mechanisms fiab medium to spawn and from
spawn to substrate could be reduced if OMW wouldehlaeen added from the first
cultivation steps accelerating the substrate cebdion, increasing the enzyme
production and the mushroom yields. Thus, in th@ky cultivation medium, spawn
and substrates were supplemented with OMW to ifgegst the effect of this residue on
the mycelial growth and on the lignolytic enzymeoguction using six different
Pleurotusstrains. Particularly, laccases, peroxidases ayldakcohol oxidases (Ander
and Marzullo 1997) that have been usually pointedha enzymes mainly responsible
for the degradation of lignocellulosic residueshsas OMW.

The use ofy-irradiation of lignin-containing substrates was approach previously
followed to facilitate microbial lignin degradatiomhis pre-treatment can also facilitate
disruption of lignocellulose polymers, allowing aasier and faster fungal enzymes
attack (Awafo et al. 1995; Gbedemah et al. 1998MAkri and Zarkawi 1999; Lam et

al. 2000).Thus, in this work, two different treatments weppléed to raw OMW, the
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standard high temperature sterilisation (autoclgvend the application gfrays as a

cold sterilisation process.

2. Material and methods

2.1 Biological material

Mushroom strains used in this study were themergial strains 2191 and 2171 of
Pleurotus ostreatuandPleurotus pulmonariu2204 obtained from the mother culture
collection of Mycelia (Gent, Belgium)Pleurotus ostreatusK15 and Pleurotus
pulmonariusP17 were supplied by Micelios Fungisem S.A. (Autbain).Pleurotus
ostreatus,strain 1111 was kindly donated by INETI (Intitutadional de Engenharia
Tecnologia e Inovacao) (Lisboa, Portugal).

Olive mill waste (OMW) was obtained from a contous olive oil production process
with a two-phase centrifugation system (Cooperatika Olivicultores de Fatima,
Fatima, Portugal), frozen at %5 as it was acquired and lyophilised. A part of the
freeze dried OMW was irradiated withrays in a cobalt-60 source, until reached an
average dose of 5 kGy, and stored at —25° C. Thdiation was performed in Isotron
Netherland BV (Ede, The Netherlands). Irradiated \@Nh these conditions will be

mentioned as iOMW.

2.2 Fungal growth on semi-solid media

Mycelia obtained from the mother cultures wiaculated on Petri plates containing
MMP medium (10 g [* of malt extract (Difco), 5 g T of mycological peptone (Difco)
and 15 g [} of agar (n° 3, Oxoid)) and sterilised cellophaireles at the top of the
semi-solid medium. To test the effect of olive nwiaste addition, MMP medium was

supplemented with 5, 15 and 30 % (w/v) OMW (20 minoclaved olive mill waste) or
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IOMW (irradiated OMW). Plates were inoculated iiplicate from non-adapted inocula
and incubated at 2%t.

Mycelial growth (minor and major diameters) vmasasured twice a day until mycelia
reached the plates edge (after 9 days). Growthlatas expressed as mm daysing
the slope at the linear growth phase of the fulgio( 7 days). Myceliabiomass was
also quantified by weighting the produced mycetimtched from the cellophane after 9
incubation days. Afterwards, fresh mycelia werezém, freeze-dried and weighted
again to calculate their dry weight. They were rageound in a mortar with liquid

nitrogen and stored at -20°C for ligninolytic enagmeterminations.

2.3 Fungal growth on liquid media

Liguid MMP medium (25 mL) was supplemented wittb, 15 and 30 % (w/v) OMW
or iOMW on 100 mL Erlenmeyer flasks and inoculatgth non-adapted inocula from
mother cultures of thPleurotusstrains.Erlenmeyer flasks were incubated in triplicate
for each strain and media and placed af@5in darkness without shaking, during 9

days.

2.4 Lab- and commercial scale spawn preparation

Lab-scale spawns were prepared by mixing ryeagnaith tap water in a ratio (2 : 1)
(w/v), supplemented with 0, 5, 15 and 30% OMW (wamy sterilized in an autoclave
30 min. Irradiated-OMW was added after sterilisaind the cereal grains. Sterilized and
y-irradiated spawns (20 g) were added to the tomadbnised Petri plates (after 7
incubation days) including OMW or iOMW to allow ther mycelial colonisation of
the grains. Afterwards, plates were incubated at@8uring 7 days. Colonized grains

were extracted from the plate and used to inocualaemercial scale spawn bags.
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Commercial-scale spawns were prepared by boilirgg gsains at 100°C during 30
minutes. Afterwards, grains were collected withieve and placed on filter paper to
drain excess of water during 10 minutes. Cookedhgrél30 g) were mixed with O
(control) or 15% OMW (w/w) and 6% calcium carbonatealcium sulphate (1:3)
(w/w). The mixture (150 g) was placed in speci@rimo-resistant bags (13 x 7 9m
and sterilised in an autoclave during 30 minut@avé bags were inoculated with 10%
(w/w) of fully colonized grains produced as aboesdtibed (lab-scale spawn including
0 or 15% OMW) and incubated at 25 during four weeks in darknesitter 7, 14, 21
and 28 days, two bags per strain and substrate se@agated and a fraction lyophilized

to determine the ligninolytic enzyme activities.

2.5Pleurotus cultivation on wheat straw substrates
Substrates foPleurotus cultivation were prepared as follows: wheat strewas

chopped (2 — 5 cm) and left overnight soaking yphat water. The excess of water
was drained on a sieve during 20 min. Afterwartie, $oaked straw was mixed and
homogenized with 0% (control) or 50% OMW (expressedry weights of both straw
and OMW). Homogenized substrates (60 g) were platqaastic bags (15 x 25 x 3
cm) and sterilized in autoclave during 30 minut&®rilized substrates were inoculated
with 10% (w/w) of fully colonized commercial-sca¢pawn from the selected strains
and left incubated in dark at %5 during 60 days. Every five days, two bags pexirstr
and substrate were separated and a fraction lyppdiito determine the ligninolytic

enzyme activities.

2.6 Determination of ligninolytic enzymes actigtie
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Dried mycelia powders (10 mg) obtained from $keni-solid mediaywere mixed with
1 mL buffer (0.1 M citric-phosphate buffer (pH Srflaccase, 0.1 M succinic-lactic
acid buffer (pH 4.5) for peroxidases, or 0.1 M pituste buffer (pH 6) for aryl-alcohol
oxidase determination) to measure the intracelligainolytic enzymes activities. The
mixture was stirred in a Vortex for 10 minutes amatrifuged at 14 000 rpm during 5
minutes (Hermle Z200 M/H). Obtained supernatantsewesed as source of enzymes
for determination of laccase, peroxidase and dcgkenl oxidase activities.
Extracellular ligninolytic activities were measurezh the liquid media after 9
incubation days. Media (1 mL) were centrifuged 4000 rpm, 2 min (Hermle Z200
M/H) and the supernatants used as source of eltriareenzymes.
Freeze-dried grains or straws from the differersvap or substrate types were ground
with liquid nitrogen on a miller (Moulinex Mastereh20, France) during 1 min at
maximum speed and sieved until the particle size wamaller than 0.3 mm. The
obtained powder (2 g) was vigorously mixed with B (for spawn samples) or (10 mL
for straw samples) of the above described buffexs similarly stirred. Suspensions
were centrifuged at 5000 rpm for 10 min at 4f8igma Laborzentrifuge 3-10,
Germany) and supernatants were used as lignin@giigme source.
Ligninolytic activities were monitored using a PerkElmer UV/vis Spectrometer
Lambda 2S, by measuring absorbance of the oxidgbiaaucts. Activities were
measured in duplicate and calculated as the slopegeen absorbance and time of the
first linear stage of reaction. Enzymatic actistigere defined as the amount of enzyme
that transforms 1 mol of substrate secbfkhtal) per gram of dry weight of mycelia, or
per mL of liquid media (in case of extracellulazgmes).
Laccase activity was measured using ABTS (2,2 -@ahis(3-ethylbenz-thiazoline-6-

sulfonic acid, Sigma) as substrate, following thetimd ofNiku-Paavola et al. (1988).



188  Absorbance was measured at 436 nm antC2bising a mixture of enzyme extract and
189 5 mM ABTS in 0.1 M citric-phosphate buffer (pH S)he molar extinction coefficient
190  of the oxidation product from ABTS wasss = 29 300 M" cmi™.

191 Peroxidases activities (POD) were measured aspetakidase (total POD), manganese
192 dependent peroxidases (MnP) and manganese indepiguedexidases (MiP) according
193 to the method described iMartinez et al. (1996Jsing as substrate 3-Methyl-2-
194  benzothiazolinone hydrazone hydrochloride (MBTHuk&) which interact with 3-
195 dimethylaminobenzoic acid (DMAB, Aldricht) produgrapurple coloured reaction in
196 the presence of the enzyme;(4 and manganese (Mn). The reaction was followed at
197 590 nm and 3C°C. The molar extinction coefficient of the oxidatiproduct from
198 MBTH/DMAB was €590 = 32 900 M' cmi'. Aryl-alcohol oxidasa (AAO) was measured
199 using veratryl alcohol (3,4-Dimethoxy benzyl alchhas substrate following the
200 method of Gutierrez et al. (1994).

201

202  Statistical analysis

203 One way analysis of variance (anova) was perforaséng a Statgraphi€$lus 3.1 for

204  Windows software (Statistical Graphics Corporatigy, USA). The mean comparison
205 test used was Fisher’s least significant differemqm@cedure (LSD).

206
207 3. Results

208 3.1 Pleurotus sp. on OMW containing media

209 The growth of sixPleurotusstrains was evaluated on Petri dishes containihPM
210 media and MMP supplemented with different OMW a@dIW concentrations up to
211 30% (Table 1).The Pleurotus pulmonariustrains showed a faster growth than the

212 selected P. ostreatus strains independently of the cultivation medi@MW
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supplementation up to 5% enhanced a significantghdr growth rate in all the

analyzed strains compared with MMP control me#iegher OMW supplementations

(15%) did not increase the mycelial growth. On tatrary, some strains grew even
slower than on MMP control medium. This decrease significant when 30% OMW

was added. However, additions of iOMW did not digantly stimulate or reduce the
mycelial growth because rates were similar to tlors®&MP media.

When the fungal growth was measured as the pestibiomass, results confirmed
that P. pulmonariusproduced more mycelial mass thBn ostreatusstrains in MMP
control medium (Table 2)In the medium where the mycelium seemed to spitesid
hyphae faster (5% OMW supplementation) their fregtmass was similar or even
higher (if expressed in dry weight) than the contoo P. ostreatusstrains and similar
or lighter forP. pulmonariusstrains.Additions of 15 or 30% OMW induced a higher
fresh weight than in control medium for four of tsteains and similar percentage of dry
weight as on the 5% OMW containing medium. On ayeradditions of IOMW to
MMP media showed similar or a slight biomass reidnctompared to control.

The levels of the ligninolytic enzymes (laccasesl peroxidases) were measured
inside and outside the fungal hyphad”tdutorusstrains cultivated on MMP or OMW /
IOMW supplemented media. Results differed dependinghe considered strain and
enzyme location (intra- or extracellular activi)ieStrains sucltas P. ostreatu2171,
2191 and k15 showed significantly higher intradallulaccase activities in control
media than the rest of the analyzed strains (F&. All the strains showed higher
laccase levels when cultivated on control mediumantlon 5 and 15% OMW
supplemented media. Only when they were grown odiume including 30% OMW,
intracellular laccase levels increased up to sintdaels to when they were cultivated

on MMP for some strains (PO1111, PP-P17 and PP22fd)n all cases, higher than

10
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when they were cultivated on media including 5 6%610MW. When thePleurotus
strains were cultivated on media containing iOMWgit laccase activities were in all
the cases lower than the control but independentlye iIOMW added.

The levels of extracellular laccases seemeddmrease with the OMW concentration
added for theP. pulmonariusvarieties (Fig. 1b). A remarkable increase waseole
for the P-17 strain, the increase was also obsewidd increasing concentrations of
IOMW. P. ostreatusvarieties showed extracellular laccase activities but their
activity was strain dependent and did not correlaitth the presence or absence of
OMW or iOMW in their cultivation media.

The threePleurotusstrains that showed high intracellular laccasevidies on MMP
medium showed also higher endo-peroxidases (PQI@)slehan the rest of the strains
except forP. ostreatusl111 that showed low laccase levels and very payloxidases
activities (Fig. 2a). For the latter strain and f@r ostreatusK-15 and 2171, the
peroxidases levels decreased with increasing OMWcamdrations. This was not
observed with media containing iOMW. TRe pulmonariusvarieties showed very low
POD activities compare witR. ostreatusamples in all the utilized media.

The above described values for the intracellpgapxidases activities were the sum of
manganese-dependent (MnP) and independent (MiBXipese activities. The activity
of one or other type depended more on the strain ¢t the cultivation media (data not
shown). For instance, the total POD activity obedrinP. ostreatuK-15, 1111, 2191
and 2171 were mostly due to their MiP (respectiv&8y 80, 71 and 69% on average)
however, thd®. pulmonariusstrains showed 40-42% MnP.

The levels of extracellular peroxidases wereragasing with increasing OMW
concentrations and the effect was observed in el dnalyzed strains (Fig. 2b).

Moreover, the peroxidases activities showed simi#ues in all the strains ranging
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from (on average) 101 nkat nilon control medium up to more than 10 fold the mmint
values on media including 30% OMW (1383 nkat thLSimilar values were also
observed within th&leutorusstrains cultivated on increasing iOMW supplemeaotet
but slightly lower POD levels were achieved than @MW (except forP. ostreatus
1111). The peroxidases secreted to the extraaelkdia were mainly MnP since their
activities were, on average, on MMP medium 52% ttital POD activity while on
MMP supplemented with 30% OMW increased up to 67.3%e percentage of MnP

was even higher when iOMW was utilized as MMP addi{71 — 78%).

3.2 Pleurotus sp. on OMW containing spawn

Rye grains supplemented with OMW or iOMW weredulated with adapted mycelia
grown on media including the same olive mill wast@centration and type. When the
spawn were fully colonized (after 5 days in the-sahle experiment) ligninolytic
enzymes were measured. The strains which show@tcease of exo-laccase activity
with increasing OMW concentration during their ardtion in medium such ase. P.
pulmonariusP-17 and 2204 showed a similar increasing lacpesfde when they were
grown on spawn supplemented with OMW and iOMW (Big). SimilarlyP. ostreatus
1111, one of the strains which showed high permdadavels on OMW and iOMW
containing media presented the highest levelsidhalanalyzed strains when they were
cultivated on wheat grains supplemented with thenesasupplements (Fig. 3b).
However, in this case, the strain showed higheoxpédase activity in control spawn
than in the supplemented samples. The rest of na/zed strains also showed POD
activities but lower values and independent of @MW or iOMW concentration added.

The effect of 15% OMW supplementation was alested using a large scale

spawning procedure. Similarly, ligninolytic enzyneegivities were recorded during the
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28 incubation days necessary for the complete gralonization. On average, the
laccase activities, detected on control spawnse Wever than on spawn including 15%
OMW during the complete cultivation time but, tlevéls were strain dependent (Fig.
4). Pleurotus pulmonariu2204 showed the highest laccase activity of alahalyzed
strains on control spawn showing a peak of actiaftgr 21 days (Fig. 4a). Howevér,
pulmonarius P-17 was the strain which showed the highest agtion OMW
supplemented spawn (Fig. 4b) peaking also afterd@ys. In fact, except foP.
pulmonarius2204, all the strains grown on supplemented spawwved a maximum of
laccase activity at approx 21 days.

The values of the total peroxidase activitiesruspawning on control grains showed
higher differences than laccase activities fromistto strain (Fig. 5a). The strain with
the highest laccase activit?.pulmonarius2204) showed very low peroxidases levels
compared with other strain®.ostreatusl111 showed the highest activity of all the
analyzed strains aftek4 daysof incubation mostly due to MiP (3 fold higher vatu
than MnP) although a second activity peak was adtiafter 28 days because of a
significant increase of MnP compensating the MiRBvdyg decreaseP.ostreatusK15
showed a high peak after 14 days but it was dukedigh MnP levels since the levels
of MiP activity were always very low. However, thetal peroxidase activitpf P.
ostreatus2191 was very high after 28 incubation days aneas mostly due to the
presence of MiP.

When the grains were supplemented with OMW thal {peroxidase activity profiles
became more similar within the studied strains. &atnains showed a low peroxidase
level through the complete incubation tinke pulmonariu2204 and® ostreatus2191)
and the rest showed a pronounced increase almtyst ahd of the incubation time (Fig.

5b). However, the type of peroxidases involvedha bbserved activities was strain
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dependent. The activity peak observed after 14 baton days observed fdp.
ostreatus2171 was produced mostly by MiP while the pealerag8 days ofP.
pulmonariusP-17 was due to MnfP.. ostreatud<-15 showed a small activity peak after

14 days due to its MnP while after 28 days the digittivity peak was due to MiP.

3.3 Pleurotus sp. on OMW containing straw substrate

Wheat straw substrates or substrates supplecthente 50% OMW were inoculated
with adapted fully colonized spawn without or wiit5% olive mill waste. The
ligninolytic enzymes activities were measured dgir60 days. ThdPleurotusstrains
cultivated on wheat straw showed lower levels ot#se activity (Fig. 6a) than when
they were cultivated on the substrate supplementdgd OMW (Fig. 6b). In both type
of substrates, most of strains showed a maximunaafase activity after 10 days
exceptP. ostreatusl111 andP. pulmonarius2204. The latter strains showed a laccase
maximum after 15 cultivation days. The maxima aék@eroxidase activities appeared
in all the analyzed strains and in both substrgped after the laccase peak. MnP
accounted for almost 100% of the total POD actiintwll the studied strains since the
levels of MiP were insignificant during the comgletultivation time and independent
of the substrate type. When the strains were @i#ty on control substrate, except for
P. ostreatu2171 (POD peaked after 15 incubation days), mb#ieostrains showed a
POD maximum after 20 days afd ostreatusl111 and K-15 after 25 days (Fig. 7a).
On wheat straw supplemented with OMW, all cultidatdrains showed more POD
activities than on control substrates (Fig..7B) ostreatus2171 andP. pulmonarius
2204 showed a maximum of activity at the same iatoh day than when they were
cultivated on control substrate (respectively 18 @0 days) but higher POD levels

were measured irP. ostreatus2171 at the days following the peaking aRd
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pulmonarius2204 doubled its POD activity at the maximum levidie rest of strains
showed a time shift in the activity peaking, POD\aty of P. ostreatuK-15 and 2191
was maximal in this substrate after 30 incubati@ysdbut P.pulmonarius P-17

anticipated the POD secretion 5 days before itdymrtoon on control substrate.

4. Discussion

The mechanisms for degradation of lignin-contayn substrates followed by
Pleurotusand other white rot fungi is still not completainderstood but apparently
mushrooms need the combination of several enzymesfféctively degrade such a
complex material. AllPleurotus strains were able to colonize and grow on media
containing up to 30% OMW suggesting that they wanke to synthesize and secrete
ligninolytic enzymes. The faster or slower growtbultl be caused by the higher or
lower activities depending on the isoforms synthediby the different strains. It is now
well known that some compounds present in a cultaeslium might induce their
synthesis and secretion facilitating media colamire (.e. ferulic acids, veratryl
alcohol etc. (Chen et al. 2003; Jaousinal. 2006)).

Aryl alcohol oxidases were measured but not deteict@ny of the strains and any of
the three cultivation steps, probably because #&mzyme only appears when the
nitrogen source is nearly exhausted (Gutiérred. f995). Results suggested that both
laccases and peroxidases were synthesized andeskascthey were needed for nutrient
mobilization, since their intracellular levels deded only on mushroom strain but
extracellular levels correlate with increasing OMMncentrations. This effect was
observed in all the studied strains for peroxidas#vities although it was less
pronounced for the exo-laccases activities of sBmestreatusstrains. Some authors

mentioned that endo-enzymes were different isofdimaa the exoenzymes secreted in
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the medium (Dittmer et al. 1997)f this was the case, the endo-laccases and —
peroxidases were not influenced by the evolving im@dithough in some strains their
endo-peroxidases levels seemed to decrease witkasing concentrations of OMW
added to the medium. Other results that might bealis in concordance with Dittmer

et al. (1997) was the fact that inside theostreatusstrains more MiP than MnP were
detected while outside the hyphae MnP was mostgied.

The induction of lignolytic exo-enzymes by OMWipplementation was also
observed when thBleurotusmycelia were grown on rye grains to produce thensp
but it was only remarkable on the laccase actwitieasured oR. pulmonariusstrains.

Irradiated-OMW supplementation of MMP media ge rgrains enhanced similar
effects as OMW, but results were more variable betwstrains suggesting that either
the sterilization process yield a more homogenewaterial when it is autoclaved than
irradiated or that the heat treatment might havealifiredd some OMW compounds
transforming them in more powerful ligninolytic gmze enhancers or inducers. Thus,
the use of IOMW was discarded and in the follonexgeriments were performed using
only OMW.

The low laccase and peroxidase activities olesefor some of the strains cultivated
on control or OMW supplemented spawns could betduée fact that these enzymes
are mainly produced in a specific growth stage @suhlly laccases are produced before
peroxidases (Fu et al. 1997; Fenice et al. 2003)eWhe enzyme production profile
was studied during 28 cultivation days on spawn$&®rdays on substrates, results
confirmed this hypothesis since a maximum of laeagivity was found during only a
few days (depending on the strain and dependinglwether it was cultivated using a
standard formulation as control or supplementet @MW) followed by an increase in

peroxidase activities a few days later.
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All selected strains showed higher laccase iggtpeaks on spawn supplemented with
OMW than on control. On the contrary, the perox&astivities were higher on control
than on OMW supplemented spawn and depending osttams some produced more
MnP than MIP or vice versa or first they showedeakpof MiP and later another of
MnP. The laccase and peroxidase activities prefilen mushrooms were cultivated on
substrates were also different than on spawn dirgteer laccase levels were found on
OMW supplemented substrates than in control. PQ@ldeon substrates were similar
between control and OMW supplemented substratesdore strains: some produced
more POD in control substrates and others moreupplesmented substrates. These
results might indicate that mushrooms can easijysadheir enzymatic pathways to
generate those enzymes better suited to degradeitteeinding environment depending
on its precise composition and/or degree of degi@daluring all the steps of their
cultivation and their growth. Thus, there was ne&ddo include OMW in all the
cultivation steps for a better adaptation of theshmaom mycelium. Moreover, there
was not a specifi®leurotus strain which showed the highest laccase or peazed
activity in the three studied cultivation stepsther a specific strain which produced the
highest levels of both enzymes. However, if only kst cultivation step was observed
Pleurotus ostreatuK-15 could be considered as better suited to goowOMW
supplemented substrates than the others sindeatgesl high levels of both laccase and
peroxidase activities. This strain was also idedifn previous studies (Ruiz-Rodriguez
et al. 2010) as one of the bé&deurotusstrain able to grow on OMW and to produce
good quality fruiting bodies, probably because bé targe amount of lignolytic

enzymes produced.

17



412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

Acknowledgements

Cooperativa dos Olivicultores de Fatinfgatima, Portugal)Mycelia (Gent, Belgium)
and Micelios Fungisem S.A(Autol, Spain) are acknowledged for their support
providing the samples of this research. Finanaigpsrt was provided by PRODEP lli
(Programa de Formacdo Avancada de Docente®rtugal) and ALIBIRD-CM

S2009/AGR-1469 regional program from themunidad de MadrigMadrid, Spain).

References

Al-Masri, M. R., Zarkawi, M., 1999. Digestibilityral composition of broiler litter, as
affected by gamma irradiation. Bioresource Techgple9, 129-132.

Ander, P., Marzullo, L., 1997. Sugar oxidoreducsaaad veratryl alcohol oxidase as
related to lignin degradatiodournal of Biotechnolog¥3, 115-131.

Awafo, V., Chahal, D., Charbonneau, R., 1995. Eftddrradiation, as a pretreatment,
on bioconversion of corn stover into protein-riclya@lial biomass oPleurotus
sajor-caju.Radiation Physics and Chemistry 46, 1299-1302.

Chen, S., Ma, D., Ge, W., Buswell, J.A., 2003. ketchn of laccase activity in the
edible straw mushroomiolvariella volvaceaFEMS Microbiology Letter218,
143-148.

Dittmer, J., Patel, N., Dhawale, S., Dhawale, 8971 Production of multiple laccase
isoforms byPhanerochaete chrysosporiugrown under nutrient sufficiency.
FEMS Microbiology Letters 149, 65-70.

Fenice, M., Giovannozzi Sermanni, G., Federici,0FAnnibale, A., 2003Submerged
and solid-state production of laccaaaed Mn+peroxidaseby Panus tigrinuson

olive mill wastewater-based medimurnal of Biotechnology 100, 77-85.

18



436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

Fountoulakis, M.S., Dokianakis, S.N., Kornaros, M.Eggelis, G.G., Lyberatos, G.,
2002. Removal of phenolics in olive mill wastewateising the white-rot fungus
Pleurotus ostreatudNater Research 36, 4735-4744.

Fu, S.Y., Yu, H.-S., Buswell, J.A. 1997. resultl0@&ffect of nutrient nitrogen and
manganese on manganese peroxidase and laccasetimodawy Pleurotus sajor-
caju. FEMS Microbiology Letters 147, 133-137.

Gbedemah, C., Obodai, M., Sawyerr, L., 1998. Prakny investigations into
bioconversion of gamma irradiated agricultural wadiy Pleurotus spp.
Radiation Physics and Chemistry 52, 379-382.

Gutiérrez, A., Caramelo, L., Prieto, A., Martinek].J., Martinez, A.T., 1994.
Anisaldehyde production and aryl-alcohol oxidasd daehydrogenase activities
in the ligninolytic fungi of the genu®leurotus.Applied and Environmental
Microbiology 60, 1783-1788.

Gutiérrez, A., Martinez, M., Almendros, G., Gonzaléla, F., Martinez, A., 1995.
Hyphal-sheath polysaccharides in fungal deterioratihe Science of the Total
Environment 167, 315-328.

Jaouani, A., Tabka, M.G., Penninckx, M.J., 20Q@&gnin modifying enzymes of
Coriolopsis polyzonand their role in olive oil mill wastewaters dematisation
Chemosphere 62, 1421-1430.

Kalmis, E., Sargin, S., 2004. Cultivation of twoefotus species on wheat straw
substrates containing olive mill waste water. In#&tional Biodeterioration &
Biodegradation 53, 43-47.

Lam, N. D., Nagasawa, N., Kume, T., 2000. Effectanfiation and fungal treatment on

lignocelluloses and their biological activity. Ratlon Physics and Chemistry

59, 393-398.

19



461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

Martinez, M. J., Ruiz-Duenfas, F. J., Guillén, Fd Martinez, A. T. 1996. Purification
and catalytic properties of two manganese perogitgasenzymes from
Pleurotus eryngiiEuropean Journal of Biochemistry 237, 424-432.

Niku-Paavola, M.L., Karhunen, E., Salola,P., RauNig 1988. Ligninolytic enzymes
of the white-rot fungu®hlebia radiata Biochemical Journal 254, 877-8.

Ruiz-Rodriguez, A., Soler-Rivas, C., Polonia, I.jciérs, H.J., 2010. Effect of olive
mill waste (OMW) supplementation to Oyster mushreosubstrates on the
cultivation parameters and fruiting bodies qualityernational Biodeterioration
& Biodegradation 64, 638-645.

Saavedra, M., Benites, E., Cifuentes, C., Nogdres,2006. Enzyme activities and
chemical changes in wet olive cake after treatnwveith Pleurotus ostreatu®r
Eisenia fetidaBiodegradation 17, 93-102.

Sampedro, |., Marinari, S., D’Annibale, A., Gre@, Ocampo, J.A., Garcia-Romera,
I., 2007. Organic matter evolution and partial détcation in two-phase olive mill
waste colonized by white-rot fungi. International io@eterioration &
Biodegradation 60, 116-125.

Yildiz, S., Yildiz, U.C., Gezer, E.D., Temiz, A.0Q2. Some lignocellulosic wastes used
as raw material in cultivation of tH&leurotus ostreatusulture mushroom. Process

Biochemistry 38, 301-306.

20



482 Table 1— Slopes (mm day) of six Pleurotusstrains obtained by linear regression of mycelgnowth between 2 and 7 days (linear growth

483  curve) on petri plates containing MMP media suplet@é with 0, 5, 15 and 30% of olive mill waste (ON@ irradiated OMW (iOMW).

484
Pleurotus ostreatus Pleurotus pulmonarius
Average Average Averageall
PO 2191 PO-K15 PO 1111 PO 2171 P.ostreatus PP 2204 PP-P17  P.pulmonarius strains
MMP 13 12.5 15.0 13.2 134 16.22 16.6 16.4 14.9
MMP+5% OMW 17.4 17.9 17.3 16.3 17.2 18.4 18.7 18.3 17.7
MMP+15% OMW 13.6' 14.4 13.8 15.8 14.4 16.0¢ 14.5 15.3 14.8
MMP+30% OMW 11.8 13.2 12.0 12.7 12.4 11.6 12.5 12.1 12.2
MMP+5% iOMW 11.7 14.4 16.3 13.4 14.0 16.4 16.6' 16.5 15.2
MMP+15% iOMW 14.7 15.4 16.C 14.5 15.2 17.9 16.3 17.1 16.1
MMP+30% iOMW 13.9 14.F 15.7 13.6 14.3 16.0¢ 14.9 15.5 14.9
485

486 Values are the mean of three separate experim&htfifferent superscript denotes statistically sigwint differences (p<0.05) among data in the sashenn.

487
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488 Table 2 — Fresh weight and percentage of dry weight ofPdeurotusstrains after 9 days of incubation on petri platestaining MMP media

489  suplemented with 0, 5, 15 and 30% of olive mill tgg®©MW) or irradiated OMW (iOMW).

490
Pleurotus ostreatus Pleurotus pulmonarius
Growth Media PO 2191 PO-K15 PO 1111 PO 2171 Average PP 2204 PP-P17 Average Averageall
MMP 0.48 (12.5%) 0.63(9.5%) 0.3F(12.9%) 0.3C (6.7%) 0.43(10.4%) 0.79 (11.4%) 0.58(13.8%) 0.69 (12.6%) o.:er?lnls.S%)
"MMP+5% OMW 037 (16.2%) 0.56 (12.5%) 0.35(17.1%) 0.48 (14.6%) 044 (151%) 050 (12.0%) 055 (12.7%) 053 (124%) 048 (137%)
MMP+15% OMW 057 (12.3%) 0.54 (14.8%) 0.48 (14.6%) 0.67 (14.9%) 0.57 (14.2%) 0.83 (9.6%) 0.72 (9.7%) 0.78 (9.7%) 0.67 (11.9%)
MMP+30% OMW 057 (12.3%) 0.45 (13.3%) 0.47 (12.8%) 0.50 (14.0%) 0.50 (13.1%) 0.46" (15.2%) 0.7C (11.4%) 0.58 (13.3%) 0.54 (13.2%)
"MMP+5%iOMW  0.38 (13.9%) 0.37 (135%) 0.29 (17.2%) 0.35 (17.1%) 034 (15.4%) 057 (11.5%) 043 (16.3%) 048 (13.9%) 041 (147%)
MMP+15% iOMW  0.5% (13.7%) 0.5Z (11.5%) 0.50 (14.0%) 054 (11.1%) 052 (12.6%) 0.54(9.3%) 0.63 (11.1%)  0.59 (10.2%) 0.55 (11.4%)
MMP+30% iOMW  0.44 (13.6%) 0.63 (12.7%) 0.40 (12.5%) 0.50 (12.0%)  0.49(12.7%) 0.42(11.9%) 0.44 (13.6%)  0.43 (12.8%) 0.46 (12.7%)
491
492

493  Values are the mean of three separate experim&htRifferent superscript denotes statistically sigifit differences (p<0.05) among data in the saphemn.

494

495
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Fig. 1: A) Intra- and B) extracellular laccase activities six Pleurotus sp. strains
cultivated on MMP control medium or MMP media swgpented with OMW or

IOMW

Fig. 2: A) Intra- and B) extracellular total peroxidasdivdties in six Pleurotus sp.
strains cultivated on MMP control medium or MMP nzesupplemented with OMW or

IOMW.

Fig. 3: A) Laccase and B) total peroxidase activities ix Bleurotus sp. strains

cultivated on rye grains (spawn) supplemented @jth, 15 or 30% OMW or iOMW.

Fig. 4. Laccase activities in siRleurotussp. strains cultivated on rye grains (spawn)

supplemented with a) 0 or b) 15% OMW during 28 days

Fig. 5: Total peroxidase activities in sRleurotussp. strains cultivated on rye grains

(spawn) supplemented with a) 0 or b) 15% OMW dufliBglays.

Fig. 6: Laccase activities in siPleurotus sp. strains cultivated on wheat straw

substrates supplemented with a) 0 or b) 50% OMWhdu60 days.

Fig. 7: Total peroxidase activities in sRleurotussp. strains cultivated on wheat straw

substrates supplemented with a) 0 or b) 50% OMWhdw60 days
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