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This study comparatively investigated the PAH degradation ability of Lentinus tigrinus and Irpex lacteus
in a historically polluted soil and creosote-impregnated shavings. With this regard, the effect of type
of inoculum carrier (i.e., wheat straw, corn cobs and commercial pellets) and contaminant bioavailabil-
ity was thoroughly determined. Although degradation performances of L. tigrinus were not significantly
affected by the type of the support, they were invariably better than those of I. lacteus on both the
polluted soil and the creosote-impregnated shavings. Although degradation efficiencies of all fungal
iodegradation
hite rot fungi

olycyclic aromatic hydrocarbons
ungal growth
entinus (Panus) tigrinus
rpex lacteus

microcosms were highly and significantly correlated with bioavailability, certain PAHs, such as chry-
sene and benzo[a]pyrene, were removed by L. tigrinus from the polluted soil at amounts that exceeded
about 2.3-fold their respective bioavailabilities. Degradation of PAHs was negatively correlated with
their organic carbon sorption coefficients (Koc) and hydrophobicity (log P). The strength of linear asso-
ciation with the latter parameter, however, was not affected by the type of contaminated matrix in L.

s wh
aving
tigrinus-based microcosm
creosote-impregnated sh

. Introduction

In the last decades, the biological degradation of PAHs has
roused significant interest since these ubiquitous contaminants
ave been included among priority pollutants owing to their toxic,
utagenic and, in some cases, carcinogenic properties [1]. PAHs

rise from the incomplete combustion of organic matter and are
ound as major components of creosote and coal tar. From a struc-
ural viewpoint, these contaminants exhibit two or more fused
enzene rings arranged either in a linear, angular or cluster mode.

t has been suggested that the persistence of PAHs in the environ-
ent might be due to their low susceptibility to nucleophilic attack

wing to the presence of dense clouds of �-electrons on both sides
f the ring structures [2]. In addition, some physical properties of
AHs, such as low aqueous solubility and high solid/water distri-
ution ratios, hamper microbial degradation of these compounds

hereby resulting in their accumulation in soils and sediments [1].

Due to these objective constraints, there is the need to
evelop bioremediation protocols as environmentally sustainable
pproaches to the remediation of PAH-contaminated matrices in

∗ Corresponding author. Tel.: +420 241062498; fax: +420 214062384.
E-mail address: cajthaml@biomed.cas.cz (T. Cajthaml).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.07.078
ile it was significantly larger in the historically polluted soil than in the
s in I. lacteus ones.

© 2010 Elsevier B.V. All rights reserved.

alternative to physico-chemical treatments. Although several bac-
terial and actinomycetes species have been shown to degrade
PAHs in soil [2], some peculiarities exhibited by white rot fungi
(WRF) make them particularly attractive for this purpose [3]. In this
respect, WRF are endowed with an extracellular, non-specific and
radical-based ligninolytic machinery that confers them the ability
to degrade a wide range of contaminants, including high molecular
mass PAHs which are seldom prone to bacterial attack [4,5]. More-
over, the filamentous growth mode of WRFs provides them with
the ability to diffusely penetrate into soil aggregates and to act as
dispersion vectors of resident pollutant-degrading bacteria [6].

The colonization ability of WRF on a given contaminated matrix,
however, might be hampered by both competition with the resi-
dent microbiota and adverse physico-chemical characteristics of
the matrix itself [7] thus resulting in reduced degradation perfor-
mances [5,8,9]. With this regard, the use of lignocellulosic wastes
in inocula formulation [10,11] increased the antagonistic potential
and, therefore, the growth capacity of WRF in remediation applica-
tions [12–15]. The large variability of results, however, highlights

the importance of lignocellulosic waste/fungus interactions thus
suggesting the need for further investigations.

Although the PAH degradation ability of WRF has been sug-
gested to be less affected than that of bacteria and actinomycetes by
the mass transfer rate of these contaminants from the solid to the

dx.doi.org/10.1016/j.jhazmat.2010.07.078
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cajthaml@biomed.cas.cz
dx.doi.org/10.1016/j.jhazmat.2010.07.078
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iquid phase, the low bioavailability of these contaminants, which
ends to increase with aging [16], remains a key-constraint to the
ungal clean-up of PAH-contaminated matrices [17]. Consequently,
t is of paramount importance to relate fungal degradation results to
he extent of the bioavailable fraction in order to devise appropriate

ycoaugmentation protocols.
Among WRF, Lentinus (Panus) tigrinus has recently attracted

esearch interest due to its ability to clean-up PAH-contaminated
iquid and solid matrices even under saline conditions [18].
ecently, the degradation ability of L. tigrinus CBS 577.79 towards
AHs has been shown in N-rich and N-limited standard liquid
edia under axenic conditions [19].
Therefore, main objective of the present study was to assess the

AH-biodegradation potential of L. tigrinus CBS 577.79 on real solid
atrices derived from a wood treatment plant in view of its possi-

le use in mycoremediation applications. In particular, degradation
erformances of the strain under study were investigated in both a
istorically polluted soil (HPS) and creosote-impregnated shavings
CIS) and compared with those of Irpex lacteus CCBAS 238/617, the
egradation capacity of which had been extensively demonstrated
20,21]. In order to gain insights into the matrix effect, attempts
ere done to establish a relationship between the biodegrada-

ion efficiency and the contaminant bioavailability estimated with
equential supercritical fluid extraction. Moreover, both growth
bility on the two contaminated matrices and PAH degradation
erformances were evaluated as a function of three carriers (i.e.,
heat straw, corn cobs and commercial pellets) employed to for-
ulate fungal inocula. The thorough determination of the impacts

f both bioavailability and inoculum formulation on fungal degra-
ation addressed in this study might represent a significant and
ositive contribution to the mycoremediation general understand-

ng.

. Materials and methods

.1. Materials

Wheat straw (WS), corn cobs (CC), chopped into approx. 1.5 cm
ieces, and commercial pellets (0.8 mm Ø) (CP, ATEA Praha, Prague,
zech Republic) were used as carriers for fungal inocula. The last
arrier is a wheat straw-based composite material employed for
omestic-heating purposes with a density of 1.34 kg dm−3, a mois-
ure of 6.4% (w/w) and a C/N ratio of 45:1.

The sandy-loamy HPS, collected from the same wood treat-
ent plant in Soběslav (southern Bohemia, CZ) where CIS had

een impregnated, was air-dried for 7 d at room temperature and
hen passed through a 2 mm-sieve. Its main properties were as
ollows: water-holding capacity 20%, pH 5.1, total organic carbon
.5%, total organic matter 0.9%. Organic carbon was determined
ith hot chromic acid digestion and the total organic estima-

ion was based on combustion at 650 ◦C. It contained several
etals (mg kg−1): As 17.5, Cd 0.4, Co 1.74, Cr 9.41, Cu 6.8, Fe

22, Hg 5.7, Pb 4.5 and Zn 75.6. Granulometric composition
as: sand 58.2%, fine sand 27.7%, silt 8.1%, clay 6.0%. CIS from

ak wood sleepers, provided by the company Eko-Bio Vysočina,
td., Czech Republic, were air-dried for 7 d at room tempera-
ure, mechanically ground and then passed through a 2 mm-sieve.
he sandy-loamy soil (MBU) was used as the non-contaminated
ontrol. Its main properties were as follows: total organic car-
on 0.8%, total organics 1.4%, pH 5.3, water-holding capacity 31%

nd granulometric composition was: sand 50.9%, fine sand 31.2%,
ilt 10.8%, clay 7.1%. All solvents of p.a. quality, trace analysis
uality or gradient-grade were purchased from Merck (Darm-
tadt,
ermany).
Materials 183 (2010) 669–676

2.2. Microorganisms and inocula preparation

L. tigrinus 577.79 and I. lacteus 238/617 were from the CBS
(Baarn, NL) and CCBAS (Institute of Microbiology AS CR, Prague,
CZ) culture collections, respectively. The strains were maintained
at 4 ◦C and periodically sub-cultured on MEG agar plates containing
(g l−1): malt extract, 5; glucose, 10; agar, 15 g; pH 5.0.

Fungal pre-inocula were grown under stationary conditions for
7 d at 28 ◦C in 250 ml Erlenmeyer flasks containing 20 ml MEG liquid
medium. Cultures were then homogenized with the Ultraturrax-
T25 (IKA-Labortechnik, Staufen, Germany) and 1.0 ml aliquots of
the mycelial suspension were added to 16 cm × 3.5 cm test-tubes
either containing WS (2 g) or CC (6 g) or CP (10 g), the moisture
contents of which had been previously adjusted to 70% (w/w) and
subsequently sterilized by autoclaving (121 ◦C, 45 min). After inoc-
ulation, the cultures were covered with cotton-wool stoppers and
then grown for 2 weeks at 28 ◦C under stationary conditions.

2.3. Fungal treatment of polluted matrices

The moisture contents of the two soils (i.e., HPS and MBU) and of
the CIS were previously adjusted to 15 and 25% (w/w) respectively,
with sterile deionized water. Then, the test-tubes containing immo-
bilized inocula were added with a layer of either PAH-polluted
matrices (25.0 and 5.0 g of HPS and CIS, respectively) or MBU control
soil (25 g). Due to the different apparent densities of the colonized
carriers and the contaminated matrices, different weights of them
were overlaid in order to ensure uniform heights of the result-
ing bed. Incubation controls were prepared by adding the polluted
matrices to heat-inactivated (121 ◦C, 30 min) immobilized inocula.
Each microcosm, namely the combination of inoculum carrier, fun-
gal strain and target-matrix, was prepared in triplicate (controls
included) and incubated for 60 d at 28 ◦C. Throughout the incuba-
tion, sterile deionized water was periodically added in order to keep
constant the moisture content of each microcosm.

2.4. Extraction and analyses of ergosterol and aromatic pollutants

Total ergosterol was extracted and analyzed as described by
Šnajdr et al. [22]. Samples (0.5 g) were sonicated at 70 ◦C for 90 min
with 3 ml of a methanolic solution of KOH (10%, w/v). After the
addition of 1 ml distilled water, each sample was extracted for
three times with 2 ml of cyclohexane. The solvent was evaporated
under a nitrogen stream and the solid residue dissolved in 1 ml
methanol. These samples (20 �l) were then analyzed isocratically
by reversed-phase high performance liquid chromatography (RP-
HPLC) equipped with a LiChroCart column filled with LiChrospher®

100 RP-18 (250 mm × 4.0 mm; particle size 5 �m; pore size 100 Å)
equilibrated with 100% methanol at a flow rate of 1 mL min−1. The
elution profile was monitored at 282 nm.

Extraction of aromatic pollutants was performed with an ASE
200 System (Dionex, Voisins-le-Bretonneux, France). Either 10 g of
HPS or 2 g of CIS were loaded into the extraction cell (11 ml) and
subsequently extracted with hexane–acetone (3:1, v/v) mixture
(HAM). Static heating was applied to the vessel (150 ◦C, 5 min)
and subsequent extraction was performed for 7 min at the same
temperature under 103.4 bar. The cell was then flushed with 7 ml
HAM and finally the solvent was purged from the cell by nitrogen
for 60 s. For each sample, this extraction cycle was performed
twice. From here onwards, the resulting organic extracts, air-dried
under vacuum at room temperature and finally dissolved in ace-

tonitrile (5 and 20 ml for HPS and CTS, respectively) are referred
to as contaminants extract. RP-HPLC analyses were performed
using a system consisting of a 2695 Separations Module (Waters,
Milford, MA) equipped with a LiChroCart column filled with
LiChrospher® PAH (250 mm × 5 mm; particle size 5 �m; pore
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Table 1
Molecular weight, organic carbon sorption coefficient (log Koc), hydrophobicity (log P), water-solubility, ionization potential (IP) and percent abundances of the bioavailable
fraction of each PAHs detected in the historically polluted soil (HPS) and creosote-impregnated shavings (CIS) incubation controls.

Contaminant Abbreviation Molecular weight log Koc log P WS (mg l−1) IP (eV)* Percent abundance of the
bioavailable faction in:a

HPS CIS

Fluorene FLU 166 3.88 4.18 1.90 7.88 96.0 ± 4.5 97.8 ± 5.5
Phenanthrene PHE 178 4.15 4.46 1.29 8.03 96.6 ± 12.3 40.3 ± 4.7
Anthracene ANT 178 4.47 4.54 0.045 7.43 94.1 ± 14.8 59.6 ± 5.4
Fluoranthene FLT 202 4.69 5.20 0.26 7.90 92.5 ± 6.8 96.7 ± 7.2
Pyrene PYR 202 4.58 5.18 0.135 7.53 88.3 ± 5.8 93.1 ± 7.0
Benz[a]anthracene BaA 228 5.55 5.76 0.009 7.56 37.7 ± 9.1 90.0 ± 9.0
Chrysene CHR 228 5.49 5.81 0.002 7.59 41.1 ± 12.6 73.4 ± 5.8
Benzo[b]fluoranthene BbF 252 6.08 5.80 0.0015 7.65 33.7 ± 8.6 67.2 ± 2.3
Benzo[k]fluoranthene BkF 252 6.09 6.00 0.0008 7.48 21.7 ± 14.1 69.0 ± 6.4
Benzo[a]pyrene BaP 252 5.98 6.13 0.0016 7.12 21.9 ± 9.9 54.4 ± 2.4
Dibenzo[a,h]anthracene DBA 278 6.28 6.75 0.0006 7.38 n.r.b n.rb

Benzo[g.h.i]perylene BghiP 276 6.20 6.63 0.0003 7.15 n.r.b n.r.b

indeno[1.2.3-cd]pyrene IPY 276 6.54 6.70 0.0002 8.02 n.r.b n.r.b

mean
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* From either [3,26,27].
a Estimated from the F fraction of supercritical fluid extraction (SFE). Data are the
b n.r. not reported: desorption data of these compounds upon SFE were not fitted

ize 150 Å; Merck, Darmstadt, Germany) and a 2996 diode-array
etector and 2475 fluorescent detector (Waters). Separation of
he PAHs was achieved with a gradient programme, using (A) a

ixture of methanol:acetonitrile (1:1, v/v) and (B) Milli-Q water.
he elution program was as follows: isocratic elution with 70%
A) for 5 min, gradient to 100% (A) in 15 min, isocratic elution at
00% A for 20 min. PAHs were identified on the basis of both UV
pectra and match of retention times with commercially available
tandards (Dr. Ehrenstorfer, Augsburg, Germany). Concentrations
f 13 PAHs out of the 16 compounds according to the U.S. EPA
ethod 610 were determined. Naphthalene, acenaphthylene,

nd acenaphthene were below detection limits probably due to
olatilization. The detected compounds were quantified with
he fluorescent detector under following excitation/emission
onditions: phenanthrene (PHE), anthracene (ANT) indeno[1,2,3-
d]pyrene (IPY) – 250/390 nm; fluorene (FLU), fluoranthene
FLT), pyrene (PYR), benz[a]anthracene (BaA), chrysene (CHR) –
80/340 nm; benzo[b]fluoranthene (BbF), benzo[k]fluoranthene
BkF), benzo[a]pyrene (BaP), dibenzo[a,h]anthracene (DBA),
enzo[g,h,i]perylene (BghiP) – 305/430 nm. Calibration curves
ith the standards were determined over a 0.1–10 �g ml−1

oncentration range from for each compound.

.5. Estimation of PAH bioavailability

Bioavailable fractions of PAHs were estimated using sequen-
ial supercritical fluid extraction (SFE) [23]. The extraction was
erformed with a PrepMaster extractor (Suprex, Pittsburgh, PA)
quipped with VaryFlow restrictor operating at 40 ◦C and with a
ownward stream of carbon dioxide (5.5 SFE/SFC, Messer Techno-
as, Prague, CZ). The samples (1 g of either HPS or 0.5 g of CIS) were
xtracted at 50 ◦C and 200 bar. Each extraction was carried out in
riplicate and the compounds were collected after 5, 10, 20, 40, 60,
0, 120, 160 and 200 min. Sequential supercritical fluid extraction
epresents a desorption model presuming generally that the extrac-
ion is controlled by the two rate constants differing by orders of

agnitude [24]. The chemical release data can be modelled by an
mpirical two-site model, consisting of the two first-order equa-
ions (1):

= F · S · e−k1t + (1 − F) · S · e−k2t (1)
t o o

here St is the pollutant concentration remaining in the soil after
ime t; F is the fraction of chemical rapidly released; So is the original
oncentration of the pollutant in soil; k1 and k2 are the first-order
ate constants. The so-called “F fraction” is usually assumed to be
± standard deviation of three extractions.
. (1); thus it was not possible to gain a reliable estimate of their bioavailability.

representative of equilibrium release conditions, and the remain-
ing, slowly released portion is considered to be kinetically rate
limited. Therefore, F fraction represents the portion of the target
chemical that is bioavailable in soil [17,25]. The fractions were
analyzed separately to complete desorption-kinetic profiles. Prism
version 4.0 (GraphPad, La Jolla, CA) was used for calculating the
F values. To relate the degradation performances of each micro-
cosm to the actual PAH bioavailability, the degradation fold with
respect to the bioavailable fraction (DFBF) was calculated for each
contaminant by the following expression:

DFBF = Cic − Cr

BF
(2)

where Cic and Cr are the residual concentrations in the incuba-
tion control and fungal-treated material, respectively, and BF the
mass amount of the bioavailable fraction referred to unit weight of
the contaminated material. The relative percent abundances of the
bioavailable fraction for each PAH compound detected in the matri-
ces under study and some salient physico-chemical properties are
reported in Table 1.

2.6. Phytotoxicity assay

Static-type germinability assays with barley (Hordeum vulgare
L.) seeds were conducted for 3 d at room temperature in 90-mm
Petri dishes containing Whatman GF/C filters soaked with 2.0 ml of
the contaminants extract derived from both fungal-treated matri-
ces and relative incubation controls. After the extract addition,
the filters were held at room temperature for 12 h to allow sol-
vent evaporation; then 2.0 ml distilled water were added on a daily
basis. A randomized complete blocks experimental design with 3
replicates and 50 seeds per Petri dish was used. Germinability tests
conducted in the presence of distilled water were also run in paral-
lel and served as the control. Percent inhibition (I%) of germinability
was calculated from Eq. (3).

I (%) =
(

1 − G

Gc

)
× 100 (3)
where G is the number of germinated seeds in the presence of the
contaminants extract from either fungal-treated matrices or their
incubation controls and Gc the same parameter in the absence of
the extract.
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ig. 1. Ergosterol concentrations in non-contaminated MBU soil (A), historically
olluted soil (B) and creosote-impregnated shavings (C) incubated for 60 d at 28 ◦C
ith I. lacteus CCBAS 238/617 and L. tigrinus CBS 577.79 previously supported on

ither wheat straw (WS). Corn cobs (CC) or commercial pellets (CP).

. Results and discussion

.1. Mycelial growth on contaminated matrices

Fig. 1 summarizes growth responses of I. lacteus and L.
igrinus after 60 d incubation on the MBU, HPS and CIS; both CP-
mmobilized fungi best grew on the MBU soil (12.2 and 13.7 �g
rgosterol g−1, respectively). The type of the inoculum carrier did
ot significantly affect L. tigrinus growth on the HPS where I. lac-
eus, instead, exhibited best growth (4.0 �g ergosterol g−1) when
mmobilized on CP. The situation was reversed when determining
ungal growth on CIS where the type of carrier did not affect I. lac-
eus growth and CP significantly stimulated that of L. tigrinus. In fact,
he latter fungus grew better on CP than on WS and CC (9.3 vs. 5.0
nd 5.3 �g ergosterol g−1, respectively). Regardless of the carrier,
. tigrinus invariably exhibited better growth than I. lacteus on CIS
Fig. 1). Both fungi grew better on CIS than on the HPS, despite the
ormer had a markedly higher PAH concentration than the latter;
ith this regard, the high content of potential growth substrates

i.e., cellulose and hemicelluloses) in oak wood, the predominant
omponent of CIS, might explain this effect [28]. Several studies

mphasize the importance of inoculum formulation on mycoreme-
iation and suggest that lignocellulosic carriers might either confer
o fungi an initial competitive advantage over resident microbiota
12,14] or an increased tolerance to inhibitory effects exerted by
ontaminants [29]. An additional rationale is that an external nutri-
Materials 183 (2010) 669–676

tional supply is provided by lignocellulose-based inocula carriers to
basidiomycetes which, unlike bacteria, are unable to use the large
majority of organopollutants as C and N sources [10]. Although the
use of inocula carriers promoted a satisfactory growth of the strains
under study on both HPS and CIS, their matrix-dependent oppo-
site responses clearly suggest the necessity of previous laboratory
testing prior to field-scale experiments.

3.2. Fungal PAH degradation

The PAH degradation abilities of L. tigrinus and I. lacteus were
comparatively examined on both the HPS taken from the Sobeslav
wood treatment plant and on CIS that had been produced there. For
both matrices, the PAH residual contents of non-inoculated incu-
bation controls carried out in the presence of the three carriers did
not significantly differ each one another (P < 0.05; data not shown).
Consequently, Tables 2 and 3 show for each matrix a single incu-
bation control, which, irrespective of the added inoculum carrier,
report the averaged PAH contents of all incubation controls.

The most abundant contaminants in the HPS were FLT, PYR,
PHE, CHR and FLU the relative contents of which amounted to
28.8, 18.8, 15.8, 15.5 and 12.2%, respectively, with respect to the
total PAH content (Table 2). On the one hand, and regardless of
both the fungus and the inoculum carrier, the most degraded con-
taminants were FLU, PHE and ANT the removal extents of which
ranged from 75 to 91% with respect to the incubation control. On
the other hand, CHR was the least degraded with percent removals
ranging from 1 to 9%, thus confirming the results of other stud-
ies conducted with different fungi [11,18,30]. This might be due to
the fact that CHR has a lower water-solubility (0.002 mg l−1) and
higher hydrophobicity (log P = 5.81) than the other 4-ring PAHs;
consistently, and with the exception of BaA, the relative bioavail-
able fraction of CHR was markedly lower than those of FLT and PYR
(41.1 vs. 92.5 and 88.3%, respectively). The degradation activity of L.
tigrinus towards FLT, PYR and BaP was significantly (P ≤ 0.05) higher
than that of I. lacteus with the largest differences observed for the
last compound. Although degradation performances of L. tigrinus
were not significantly affected by the type of the support, they were
invariably better than those of I. lacteus. The worst inoculant was
WS-immobilized I. lacteus, the use of which led to the highest resid-
ual PAH sum (1408 mg kg−1) corresponding to an overall removal
of 38.4%.

Although the same PAHs were detected on CIS incubation con-
trols, an approx. 21-fold higher concentration than that of the HPS
was found in incubation controls of this matrix; moreover, the
relative abundances of single contaminants greatly differed from
those found in the contaminated soil (Table 3). In particular, the
most abundant PAHs on CIS were ANT (41%), FLT (18%), PHE (14%)
and PYR (11%). Although PHE, FLU and ANT exhibited the high-
est susceptibility to fungal degradation, P. tigrinus was much more
efficient than I. lacteus in the degradation of these compounds.
Only exception was CP-immobilized I. lacteus the PHE degrada-
tion capacity of which did not differ from that of L. tigrinus-based
inoculants. Regardless of the type of inoculum support, the largest
differences between the two fungi were observed for the degra-
dation of FLU, and, to a lesser extent, of PHE and ANT (Table 3).
As already observed for the HPS, CHR was scarcely degraded. No
differences in BaP degradation were observed between the inoc-
ulants under study. On an overall basis, best degradation results
were observed with CP-immobilized L. tigrinus leading to a 68%
reduction in the PAH sum with respect to the incubation control

(15,494 mg kg vs. 47,731 mg kg , respectively).

To assess whether and which PAH might be degraded by fungal
microcosms beyond its respective bioavailable amount, degrada-
tion fold with respect to the bioavailable fraction (DFBF) was
calculated for each contaminant in both HPS and CIS (Fig. 2). DBA,
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Table 2
PAH residual concentrations observed in averaged incubation control and after incubation for 60 d at 28 ◦C with Irpex lacteus 617/93 and Lentinus tigrinus CBS 577.79 on
historically polluted soil (HPS) using either wheat straw (WS), corn cobs (CC) and commercial pellets (CP) as the inoculums carrier.

PAH Residual concentrations (�g g−1 soil)*

Control I. lacteus L. tigrinus

WS CC CP WS CC CP

FLU 278.0 ± 18.1 48.3 ± 6.7b 41.3 ± 0.4b 31.9 ± 1.3a 33.2 ± 0.2a 30.0 ± 2.2a 29.1 ± 3.3a

PHE 353.9 ± 36.1 87.1 ± 7.7b 48.1 ± 1.9a 56.5 ± 5.1a 69.0 ± 1.6ab 67.2 ± 9.5ab 48.9 ± 13.2a

ANT 104.6 ± 11.2 20.6 ± 2.2b 19.0 ± 1.2b 16.5 ± 0.6b 9.7 ± 1.9a 12.9 ± 1.3ab 10.4 ± 1.5a

FLT 659.0 ± 51.8 466.8 ± 1.5b 426.5 ± 32.8b 496.9 ± 49.0b 373.5 ± 12.4a 368.8 ± 45.3a 388.6 ± 36.5ab

PYR 429.0 ± 42.2 345.1 ± 31.3b 309.2 ± 56.9b 283.9 ± 20.4b 252.5 ± 4.4a 254.4 ± 29.4a 267.3 ± 2.5a

BaA 77.0 ± 6.9 75.9 ± 9.7b 66.7 ± 12.0ab 60.4 ± 0.6ab 55.9 ± 0.7a 56.8 ± 6.7a 59.0 ± 0.2ab

CHR 353.9 ± 18.7 337.7 ± 14.2a 314.4 ± 10.7a 349.9 ± 3.3a 322.0 ± 11.6a 319.5 ± 31.4a 322.3 ± 9.2a

BbF 12.7 ± 1.2 11.8 ± 1.7b 9.7 ± 1.6ab 10.9 ± 0.1ab 8.6 ± 0.1a 8.6 ± 0.9a 9.0 ± 0.2ab

BkF 6.4 ± 0.7 6.1 ± 0.8a 4.8 ± 0.8a 5.0 ± 0.3a 4.3 ± 0.1a 4.4 ± 0.5a 4.5 ± 0.1a

BaP 6.1 ± 0.5 5.8 ± 1.0b 5.4 ± 0.8b 5.1 ± 0.5b 2.8 ± 0.2a 3.0 ± 0.3a 3.1 ± 0.3a

DBA 0.6 ± 0.1 0.16 ± 0.0c 0.51 ± 0.0b 0.58 ± 0.1b 0.40 ± 0.1a 0.31 ± 0.1a 0.32 ± 0.1a

BghiP 1.0 ± 0.2 1.0 ± 0.3a 0.6 ± 0.1a 0.8 ± 0.1a 0.8 ± 0.2a 0.8 ± 0.1a 0.8 ± 0.2a

IPY 1.9 ± 0.3 1.6 ± 0.2b 0.1 ± 0.0a 0.1 ± 0.0a 1.1 ± 0.2b 0.6 ± 0.1ab 0.4 ± 0.1a
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PAH Sum 2284.1 ± 34.3 1408.0 ± 12.9d 1245.8 ± 28.8b

* Data are the mean ± standard deviation of three independent experiments. St
eans followed by the same superscript letters were not significantly different (P ≤

ghiP and IPY were omitted from this analysis since their desorp-
ion did not fit the model described by Eq. (1) [24] thus hindering
he determination of their F fraction.

Regardless of the inoculum carrier, FLU, PHE and ANT in HPS
ere degraded to the limit of their respective bioavailable portion

y both L. tigrinus and I. lacteus (Fig. 2B and A, respectively). By
ontrast, L. tigrinus-based inoculants degraded CHR, BkF and BaP
ar beyond their respective bioavailable fractions (Fig. 2B); in par-
icular, the first and the third one had the highest DFBF values
egardless of the inoculum carrier (approx. 2.25 and 2.35, respec-
ively). Conversely, only BkF was degraded by CC-immobilized I.
acteus slightly above its bioavailable portion (i.e., DFBF equal to
bout 1.2) (Fig. 2A).

On an overall basis, on CIS the highest DFBF values were obtained
or PHE with both fungi (Fig. 2C and D). In this respect, PHE degrada-
ion by all P. tigrinus inoculants exceeded its bioavailable portion at
imilar extents (DFBF values of about 2.4) (Fig. 2D); a similar DFBF

or PHE was only observed with CP-immobilized I. lacteus (Fig. 2C).
s for the other PAHs investigated, ANT degradation by P. tigri-
us also exceeded its respective bioavailable portion, thus yielding
FBF values (about 1.60) which were not affected by the inoculum
arrier (Fig. 2D).

able 3
AH residual concentrations observed in averaged incubation control and after incubati
reosote-impregnated shavings (CIS) using either wheat straw (WS). Corn cobs (CC) and c

PAH Residual concentrations (�g g−1 soil)*

Control I. lacteus

WS CC C

FLU 2647 ± 163 1562 ± 365b 1193 ± 92b

PHE 6698 ± 400 3021 ± 406d 2388 ± 185c

ANT 19,502 ± 131 16,869 ± 903c 7445 ± 1756b

FLT 8510 ± 529 6525 ± 331b 5090 ± 460ab

PYR 5308 ± 372 4439 ± 189ab 3495 ± 284a

BaA 1923 ± 119 895 ± 62a 970 ± 60ab

CHR 1324 ± 105 1327 ± 225b 1022 ± 73ab

BbF 651 ± 30 551 ± 14b 435 ± 32a

BkF 385 ± 67 288 ± 12b 215 ± 14a

BaP 481 ± 111 438 ± 47a 335 ± 44a

DBA 55 ± 4 23 ± 1a 17 ± 1a

BghiP 88 ± 19 83 ± 10b 52 ± 5a

IPY 156 ± 19 124 ± 6ab 102 ± 6a

PAH Sum 47,731 ± 264 36,144 ± 565d 22,759 ± 752c 2

* Data are the mean ± standard deviation of three independent experiments. Statistica
eans followed by the same superscript letters were not significantly different (P ≤ 0.05)
18.5 ± 24.0c 1133.3 ± 8.6a 1127.3 ± 31.3a 1143.7 ± 16.3a

al multiple pair-wise comparisons were carried on row means by the Tukey test:
.

To evaluate whether and to which extent bioavailability cor-
related with PAH degradation, linear regression analysis was
performed for each fungal microcosm and the significance of the
resulting correlation and the differences among regression slopes
were statistically determined. Table 4 shows that degradation was
highly correlated with bioavailability in all microcosms (P < 0.001)
with very similar correlation coefficients with the only exception
of that relative to WS-immobilized I. lacteus on CIS. Interestingly,
regression slopes of all L. tigrinus inoculants on CIS were signifi-
cantly higher than the respective counterparts on HPS while this
result was only observed with CC-immobilized I. lacteus. This sug-
gests that same variations in bioavailability promote a larger PAH
degradation in CIS than in HPS.

It is known that the scarce bioavailability of PAHs depends on
their low water-solubility, high hydrophobicity (log P ranging from
3.30 to 6.75) and tendency to strongly associate with surface parti-
cles (log Koc ranging from 3.3 to 6.54) [3,16]. A general overview on

the relationships between these salient physico-chemical proper-
ties of PAHs and respective percent removals in fungal microcosms
is provided in Table 5. As expected, regardless of both the fun-
gus and the contaminated matrix, PAH degradation was negatively
correlated with both log P and log Koc and positively correlated

on for 60 d at 28 ◦C with Irpex lacteus 617/93 and Lentinus tigrinus CBS 577.79 on
ommercial pellets (CP) as the inoculums carrier.

L. tigrinus

P WS CC CP

1228 ± 151b 36 ± 9a 26 ± 1a 31 ± 0a

424 ± 121ab 1218 ± 215a 916 ± 161a 847 ± 100a

8388 ± 1792b 3855 ± 545a 4042 ± 184a 4663 ± 610a

5159 ± 1384ab 4533 ± 193ab 5125 ± 662ab 3268 ± 747a

3823 ± 646a 4544 ± 265ab 3346 ± 249a 3374 ± 174a

1060 ± 142ab 1106 ± 15ab 1212 ± 132b 953 ± 159ab

1222 ± 189ab 1046 ± 35ab 1078 ± 70ab 930 ± 54a

494 ± 22ab 623 ± 21b 587 ± 47b 560 ± 11ab

276 ± 23b 346 ± 9bc 319 ± 15b 292 ± 11b

414 ± 74a 451 ± 41a 367 ± 30a 363 ± 47a

21 ± 4a 48 ± 3b 20 ± 6a 19 ± 5a

76 ± 9b 84 ± 3b 75 ± 2b 75 ± 7b

125 ± 10ab 141 ± 13b 131 ± 6ab 119 ± 9ab

2,710 ± 1114c 18,031 ± 251b 17,244 ± 313ab 15,494 ± 399a

l multiple pair-wise comparison was carried out on row means by the Tukey test:
.
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Fig. 2. Degradation fold with respect to the bioavailable fraction (DFBF) of fluorene (FLU), phenanthrene (PHE), anthracene (ANT), fluoranthene (FLT), pyrene (PYR),
benzo[a]anthracene (BaA), chrysene (CHR), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF) and benzo[a]pyrene (BaP) in the historically polluted soil and the
creosote-impregnated shavings after 60 d incubation at 28 ◦C with I. lacteus CCBAS 238/617 (A and C, respectively) and L. tigrinus CBS 577.79 (B and D, respectively) previously
supported on either chopped wheat straw (CWS), ground corn cobs (GCC) or commercial pellets (CP). Data are the mean ± standard deviation of three replicates.

Table 4
Regression analysis of PAH degraded vs. respective bioavailability in historically pol-
luted soil (HPS) and creosote-impregnated shavings (CIS) incubated with either L.
tigrinus or I. lacteus immobilized on wheat straw (WS) or corn cobs (CC) or com-
mercial pellet (CP). The following parameters of the regression analysis are shown:
correlation coefficient (R), coefficient of determination adjusted by the degrees of
freedom (R2

adj
), slope and F values.

R† R2
adj

Slope‡ F

I. lacteus
WS-HPS 0.756 (<0.001) 0.556 0.386 ± 0.063a 32.257
WS-CIS 0.619 (<0.001) 0.361 0.207 ± 0.050a 17.377
CC-HPS 0.810 (<0.001) 0.643 0.461 ± 0.063a 53.32
CC-CIS 0.879 (<0.001) 0.764 0.847 ± 0.087b 94.972
CP-HPS 0.723 (<0.001) 0.506 0.396 ± 0.071a 30.715
CP-CIS 0.821 (<0.001) 0.663 0.785 ± 0.103ab 57.985

L. tigrinus
WS-HPS 0.885 (<0.001) 0.774 0.521 ± 0.055a 89.926
WS-CIS 0.842 (<0.001) 0.698 1.085 ± 0.139b 60.973
CC-HPS 0.897 (<0.001) 0.798 0.539 ± 0.050a 115.466
CC-CIS 0.848 (<0.001) 0.719 1.052 ± 0.124b 71.775
CP-HPS 0.863 (<0.001) 0.735 0.515 ± 0.057a 81.564
CP-CIS 0.894 (<0.001) 0.792 1.074 ± 0.102b 111.324

† Each R value is followed by its respective significance level between round
brackets.

‡ Each value of slope is followed by the standard error of its estimate; multi-
ple pair-wise comparisons of slope values were performed by a two-tailed t-test
(P ≤ 0.05). Same letters indicate absence of statistically significant differences.

Table 5
Product-moment Spearman coefficients of correlation between percent PAH
removal efficiencies in historically polluted soil (HPS) and creosote-impregnated
shavings (CIS) after 60 d incubation at 28 ◦C with either I. lacteus and P. tigri-
nus immobilized on wheat straw (WS), corn cobs (CC) or commercial pellets
(CP) and respective PAH physico-chemical properties including molecular weight
(MW), organic carbon adsorption coefficient (log Koc), hydrophobicity (log P), water-
solubility (WS) and ionization potential (IP).

MW log Koc log P WS IP‡

I. lacteus
WS-HPS −0.90 aB −0.86 aB −0.95 bC 0.74 aA 0.50
CC-HPS −0.85 aB −0.81 aB −0.92 aC 0.74 aA 0.53
CP-HPS −0.87 aB −0.82 aB −0.93 aC 0.74 aA n.s.†

WS-CIS −0.39 aA −0.39 aA −0.42 aA 0.56 aA 0.56
CC-CIS −0.65 aAB −0.59 aAB −0.71 aAB 0.53 aA n.s.†

CP-CIS −0.72 aAB −0.69 aAB −0.77 aB 0.62 aA 0.65

L. tigrinus
CWS-HPS −0.76 aA −0.72 aA −0.83 aA 0.66 aA n.s.†

CC-HPS −0.76 aA −0.73 aA −0.84 aA 0.68 aA n.s.†

CP-HPS −0.78 aAB −0.75 aA −0.85 aA 0.69 aA n.s.†

CWS-CIS −0.90 bAB −0.85 bA −0.91 bA 0.76 aA 0.59
CC-CIS −0.92 aB −0.89 bA −0.94 bA 0.80 aA 0.50

† n.s. not significant; difference tests for correlation coefficients were performed
by pair-wise comparisons with the two-sided t-test. Same lowercase and uppercase
letters denote absence of statistical significance (P ≤ 0.05) between fungi within the
same contaminated matrix and inoculum carrier and, regardless of the contami-
nated matrix and inoculum carrier, within the same fungus, respectively.

‡ Correlation coefficients relating IP with percent PAH degradation were not
significant in several microcosms; thus, difference tests of relative r were not per-
formed.
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Table 6
Inhibition of barley seeds germination after incubation for 72 h at room temperature
with contaminants extract (see Section 2.4) derived from the historically polluted
soil (HPS) and creosote-treated shavings (CIS) incubated for 60 d at 28 ◦C with L.
tigrinus and I. lacteus previously supported on either chopped wheat straw (WS),
ground corn cobs (CC) or commercial pellets (CP) and from their relative incubation
controls.

Sample Germinability inhibition† in:

HPS CIS

Incubation controls
WS 44.2 ± 4.2 bA 65.6 ± 10.9 bA
CC 45.0 ± 3.9 bA 66.2 ± 10.6 bA
CP 43.0 ± 3.5 bA 65.8 ± 11.5 bA

I. lacteus
WS 34.0 ± 5.6 bA 51.0 ± 5.1 bB
CC 24.0 ± 2.8 aA 29.0 ± 4.2 aA
CP 30.0 ± 2.8 abA 30.0 ± 2.8 aA

L. tigrinus
WS 20.7 ± 4.6 aA 29.3 ± 3.1 aA
CC 23.3 ± 2.3 aA 32.0 ± 4.2 aA
CP 20.7 ± 4.2 aA 20.0 ± 6.0 aA

† Data are the mean ± standard deviation of three replicates. Multiple pair-wise
comparisons of column means were performed by the Tukey test (P < 0.05). Same
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owercase letters above bars indicate that differences between microcosms (incu-
ation control, L. tigrinus, I. lacteus) within the same inoculum carrier were not
ignificant. Same uppercase letters indicate lack of statistically significant difference
ithin each fungus at different inoculation carriers.

ith their water-solubility. However, two-sided difference tests
etween Pearson product-moment correlation coefficients showed
hat strength of linear dependence between log P and log Koc and
egradation was significantly higher in L. tigrinus than I. lacteus
icrocosms on CIS (Table 5). By contrast, the degradation per-

ormances of both fungi were correlated to a similar extent with
ater-solubility.

The susceptibility of PAHs to oxidation by lignin-modifying
nzymes of WRF has been shown to generally increase as the IP
ecreases. In this study, a positive correlation of PAH degradation
ith IP was found albeit such a relationship was not significant

n several microcosms. Although this result might be unexpected,
t has to be taken into account that besides to the extracellular
egradation pathway, fungi can degrade PAHs via the intracellu-

ar cytochrome P-450/epoxide hydrolase complex the activity of
hich is not dependent on IP; the presence of the active form of

his complex was recently show in L. tigrinus [19].

.3. Phytotoxicity removal by P. tigrinus and I. lacteus

The contaminants extracts from both HPS and CIS incubation
ontrols were highly phytotoxic towards barley seeds leading to
erminability inhibitions ranging from 43 to 45% and from 65.8 to
6.2%, respectively (Table 6). In the HPS, phytotoxicity was signif-

cantly reduced by all P. tigrinus inoculants, resulting in percent
nhibition values of 20.7, 23.3 and 20.7% with the WS-, CC- and
P-immobilized fungus, respectively. In the same matrix, phytotox-

city was significantly reduced only by the CC-immobilized I. lacteus
Table 6). Although CIS was more phytotoxic than HPS, a general-
zed and significant decrease of phytotoxicity was observed in the

atrix that had been incubated with the majority of P. tigrinus and
. lacteus inoculants with the sole exception of the WS-immobilized
. lacteus.
. Conclusions

The present study shows the ability of L. tigrinus to colonize and
etoxify solid PAH-contaminated matrices derived from a wood
reatment facility under non-sterile conditions. Its growth and

[
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degradation performances were invariably higher than those of I.
lacteus. The opposite responses of the two strains to inocula carriers
in dependence on the contaminated matrix points out that a pre-
liminary assessment of strain/carrier combination is fundamental
prior to field-scale mycoremediation. Although PAH degradation
was highly and significantly correlated with bioavailability in all
microcosms, the breakdown of certain PAHs proceeded well above
their respective bioavailabilities and this capacity was more pro-
nounced in L. tigrinus than I. lacteus.
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