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1. Introduction

ABSTRACT

Bioaugmentation is a promising technology to clean up sites contaminated with recalcitrant chemicals.
White-rot fungi have proven to be effective in the degradation of pentachlorophenol. Here, we report the
bioremediation of soil contaminated with pentachlorophenol (PCP) by Anthracophyllum discolor and its
impact on the soil microbial community. In this study three types of microcosms were established: fresh
soil (Cp), fresh soil plus wheat straw (WSyp) and, fresh soil plus wheat straw inoculated with A. discolor
(WSADy). Additionally, similar treatments and a control of sterile soil spiked with PCP (Cy50, WS;50 and
WSAD,50) were used to evaluate the remediation and adsorption of PCP. The PCP removal, total micro-
bial activity, and enzymatic activities were evaluated. This study also investigated the structure of soil
microbial community by denaturing gradient gel electrophoresis (DGGE), identifying some of the dom-
inant bacterial and fungal species. The results showed that PCP was effectively degraded in soils by A.
discolor and by indigenous soil microorganisms. The addition of wheat straw increased the PCP degra-
dation and enzymatic activities. Only laccase activity was negatively affected by PCP contamination. The
PCP degradation was associated with changes in microbial communities, mainly stimulation of mem-
bers of bacterial phylum Proteobacteria (Xanthomonadaceae, Burkholderiaceae and Enterobacteriaceae),
and fungal phylum Ascomycota and Basidiomycota. This study shows the ability of A. discolor to degrade
PCP from contaminated soil, and demonstrates that agricultural residues, such as wheat straw, can be
used as growth substrate by microorganisms in PCP-contaminated soil, demonstrating a great potential
of autochthonous microorganisms for soil remediation.

© 2010 Elsevier B.V. All rights reserved.

the capacity for transforming a range of pollutants by fungi depends
on the nutrient status and the presence of appropriate carbon

The use of microorganisms to detoxify and degrade con-
taminants has received considerable attention as an effective
biotechnological approach to clean up polluted environments.
Bioaugmentation may an effective approach in the case of recalci-
trant chemicals that tend to resist degradation by native microbial
communities. Among the microorganisms capable of degrading
pentachlorophenol (PCP) are the white-rot fungi (basidiomycetes).
White-rot fungi are able to degrade all major wood polymers and
numerous studies have demonstrated their ability to tolerate and
remediate PCP-contaminated environments [1].

The degradation system in white-rot fungiis induced by nutrient
deprivation and the enzymes involved in the pollutant transfor-
mation process are usually expressed under nutrient-deficient
conditions that are prevalent in many contaminated soils [2]. Thus,
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and nitrogen growth substrates [3]. Currently, inexpensive growth
substrates, such as wood chips, sawdust, wheat straw and apple
pomace are being used to stimulate white-rot fungi in soil [4]; in
addition their effect on pollutant degradation, oxidative enzyme
expression and soil microbial community structure is being investi-
gated. Particularly Anthracophyllum discolor (Xerotus discolor Mont.
1853), a white-rot fungus isolated from the southern forest of Chile,
has demonstrated a high capacity to degrade PCP [3,5] due to the
production of ligninolytic enzymes, mainly manganese peroxidase
(MnP) and to a lesser extent laccase (Lac), lignin peroxidase (LiP),
and manganese-independent peroxidase (MiP) [5]. Biodegradation
of PCPin soil slurry cultures by Bjerkandera adusta and A. discolor has
been studied by Rubilar et al. [3]. They observed high PCP degra-
dation rates upon addition of lignocellulosic waste increased the
ligninolytic enzyme activity, especially when A. discolor was used.

Microbial communities within contaminated ecosystems tend
to be dominated by those organisms capable of utilizing or sur-
viving toxic contamination. Macnaugton et al. [6] found that the


dx.doi.org/10.1016/j.jhazmat.2010.05.013
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mcea@ufro.cl
dx.doi.org/10.1016/j.jhazmat.2010.05.013

316 M. Cea et al. / Journal of Hazardous Materials 181 (2010) 315-323

Table 1
Primer sets used in this study.

Microorganism and primer Genomic target

Sequence (5'-3') Reference

Bacteria

EUBf933-GC2.4 16S rRNA
EUBr1387 16S rRNA
358F-GCP 16S rRNA
907R 16S rRNA
Fungi

NS1 18S rRNA
NS8 18S rRNA
NS7-GC¢ 18S rRNA
F1Ra 18S rRNA

GCA CAA GCG GTG GAG CAT GTG G Iwamoto et al. [14]

GCC CGG GAA CGT ATT CAC CG

CCT ACG GGA GGC AGC AG Muyzer et al. [15]
CCG TCA ATT CMT TTG AGT TT

GTA GTC ATA TGC TTG TCT C O’Donnell et al. [16]
TCC GCA GGT TCA CCT ACG GA

GAG GCA ATA ACA GGT CTG TGA TGC
CTT TTA CTT CCT CTA AAT GAC C

de Souza et al. [17]

3 GC-clamp, CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG.
b GC-clamp, CGC CCG CCG CGC CCC GCG CCC GTC CCG CCG CCC CCG CCC GG.
¢ GC-clamp, CGC CCG GGG CGC GCC CCG GGC GGG GCG GGG GCA CGG GGG.
4" All GC-clamps were attached to the 5'-end of primer.

structure and diversity of the dominant bacterial communities
changed substantially when compared to an uncontaminated soil.
They also observed competition between inoculated bacteria and
the autochthonous microbial community that rendered the inocu-
lum ineffective. Using denaturing gradient gel electrophoresis
(DGGE), Mahmood et al. [7] detected changes in relative abundance
of microbial communities for PCP-amended soils when compared
to controls. As a consequence of contamination, soil microbial activ-
ity and enzyme activities can change. However, Kihkonen et al.
[8] reported that the total microbial activity measured as fluores-
cein diacetate (FDA) hydrolysis was not sensitive to added PCP in
a contaminated area with a history of chlorophenol contamina-
tion. In terms of enzyme activities, Diez et al. [9] demonstrated
that Lac activity was negatively affected in soil contaminated with
PCP.

In this context, the objective of the present study was to evaluate
the degradation of PCP from a contaminated soil by A. discolor and
its effect on the autochthonous soil microbial community structure.

2. Materials and methods
2.1. Soil

PCP degradation was studied on an Andisol collected from the
Temuco Series, located in southern Chile at 38° 42’S, 73° 35'W. The
soil sample was collected from 0 to 20 cm depth, passed through a
2 mm sieve and then moistened to 60% of its water holding capacity
(WHQC) prior to use in this study. Sterile soil was prepared as fol-
lows: soil samples (75 g) at 60% of its WHC were put in glass pots
ensuring a maximal depth lower than 2.5 cm. The pots were cov-
ered with aluminum foil and autoclaved at 121 °C for 40 min. After
that, the samples were incubated during 24 h, and autoclaved again
for 40 min.

The chemical characteristics of soil were 5.5+1.1mgkg~! of
available N, 15+0.3 mgkg~! of Pgjeen, 12+0.1% of organic matter
and a pH value of 5.7 +0.1. The analyses were done according with
methodology described in Sadzawka et al. [10].

2.2. Fungal inoculation

The inoculum was prepared as followed: 5 agar disks (6 mm
in diameter) of active mycelia of A. discolor from 5-day-old cul-
tures on LBM medium [5] were placed 150 mL of culture broth
(10gL-'glucose, 5gL-1 peptone and 2.5gL-! yeast extract) and
incubated at 30 & 1 °Cin darkness for 7 d. After incubation, the flask
was homogenizedand4mL (11 gL~ of mycelium)was addedto1g
of sterile wheat straw of 1 cm length and incubated at 30 °C for 7 d.

2.3. Soil microcosms assays

Experiments to evaluate the PCP removal, total microbial activ-
ity, enzyme activities and microbial populations were performed
with three microcosm treatments: (1) 75 g of moistened fresh soil
(Cp) were placed in closed glass flask, (2) moistened soil plus 1g
of non-inoculated wheat straw (WSy), and (3) moistened soil plus
inoculated wheat straw (WSADy). The three microcosms described
above represent the control treatments. Similar treatment micro-
cosms were prepared using soil previously spiked with a stock
solution of PCP (10gL-1) diluted in KOH (0.1 molL-1) at a final
concentration of 250mg of PCP kg=! of soil (i.e., Ca59, WS250,
and WSAD;50). An additional treatment was prepared using ster-
ile soil (75g) spiked with PCP to evaluate PCP adsorption (i.e.,
SCas0)-

2.4. Analysis of PCP in soil

The residual concentration of PCP in the soil was determined
by HPLC after extraction with hexane:acetone (1:1 proportion).
Briefly, 5g of soil was mixed with 10 mL of hexane:acetone and
incubated under shaking for 2 h at 25° C. Later, the samples were
sonicated for 5 min and filtered with PTFS membrane (0.45 pum pore
size; Millipore) and then injected in a Merck Hitachi L-7100 pump,
a Rheodyne 7725 injector with 20 wL loop and a Merck Hitachi L-
7455 diode array detector. The detector was set at 215 nm and the
columnwas areverse phase (Lichrosphere 60RP select B, 5 wm). The
mobile phase consisted of acetonitrile:phosphoricacid (1:1 propor-
tion) with a flowrate of 1 mLmin—! at 25 °C. Instrument calibrations
and quantifications were performed against pure reference stan-
dards (0.05-5mgL~1). The procedure described has been checked
for PCP recoveries (95 =+ 5%). Detection limit was 0.03mgL-! for
PCP considering the noise-to-signal ratio greater than 2.

2.5. Soil biochemical and microbial community analyses

The biochemical and microbial community analyses were deter-
mined on the different microcosms as follows:

(i) Total microbial activity: The total microbial activity was mea-
sured by monitoring FDA hydrolysis [11].

(ii) Manganese peroxidase activity: The MnP activity was measured
through monitoring the oxidation of 2,6-dimethoxyphenol
(DMP). One MnP activity unit was defined as the amount of
enzyme transforming 1 wmol DMP min—! [12].

(iii) Laccase activity: Lac activity was determined as described by
Bourbonnais and Paice [13] with some modifications. ABTS
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(2,2’-azinobis-3-ethyl benzothiozoline-6-sulphonate) oxida-
tion was measured at 420 nm.

(iv) Microbial community: The microbial community composition
in soil was evaluated at 0, 7 and 28d by DGGE by using
specific primer sets for bacteria and fungi (Table 1). Briefly,
soil DNA extraction was carried out by using UltraClean Soil
DNA Isolation Kit (Mo-Bio Laboratories, Inc., Carlsbad, CA,
USA). For bacterial community analysis, fragments of 16S rRNA
gene were amplified by touchdown polymerase chain reaction
(PCR) with two different primer sets EUBf933-GC/EUBr1387
(454 bp of variable regions V6-V8) and 358F-GC/907R (549 bp
of variable regions V3-V4) [14]. For fungal community analy-
sis, fragments of 18S rRNA gene were amplified by nested PCR.
Firstly, fragments were obtained by touchdown PCR using the
primer set NS1/NS8, followed by a second PCR with the primer
set F1Ra/NS7-GC (400 bp of variable region V9). All PCR ampli-
fications were carried out with reagents supplied with GoTaq®
DNA Polymerase (Promega, Co. Madison, WI, USA).

The DGGE analysis was performed using a DCode system
(Bio-Rad Laboratories, Inc.). Twenty microliters of PCR prod-
uct was loaded onto a 9% (w/v) polyacrylamide gel with 20%
and 70% gradient (urea and formamide). The electrophoresis
was run for 16h at 100V. The gel was then stained with
SYBR Gold (Molecular Probes, Invitrogen Co.) for 30min and
photographed on an UV transilluminator. Representative bands
in DGGE gels were carefully excised, re-amplified then ran
through another DGGE gel, to avoid excised multiple bands
due to the close proximity between them. The selected bands
were then sequenced by Macrogen, Inc. (Korea). More than
one clone per band was sequenced, to provide convincing evi-
dence of taxonomic assignment and the consensus nucleotide
sequences obtained in this study were deposited and compared
with those present in GenBank database from the National Cen-
ter for Biotechnology Information (NCBI) by using BLAST tools
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.6. Statistical analysis

All experiments and analyses were done in triplicate. The values
reported for enzymatic activities are averages of the three deter-
minations expressed on an oven-dried soil basis (105 °C). Analyses
of variance followed by a least significant difference (LSD) test at
the 0.05 level was used to determine significant differences means
between treatments. The Pearson correlation (two-tailed) was used
to test between two response variables. All statistics were carried
out using SPSS version 13.0 software.

3. Results
3.1. PCP removal from soil microcosms

PCP removal was observed in all microcosms, with the greatest
difference in treatments observed during the first week of incuba-
tion (Fig. 1). During the first 14 d of incubation, the fastest removal
occurred for the WSAD,5¢ treatment, with more than 76% of PCP
removed. However, at the end of the experiment, we observed a
significant (P<0.05) increment of PCP removed in WS;s59 which
reached >93%. These results were significantly higher than the
microcosms inoculated with A. discolor.

The results also suggest that PCP removal can be attributed to
processes other than microbial degradation, such as irreversible
sorption or abiotic degradation. For example, in the SCy5¢ treatment
we observed a low retention of PCP during the first 7 d (11%), which
increased at day 14 (36%) and remained constant during the rest of

Fig. 1. Residual PCP concentration in soil obtained during incubation.

incubation time. This may be due to a saturation of the active sites
in the soil able to retain PCP.

3.2. Effect of treatments on total microbial activity of soil

FDA hydrolysis showed high variability in the time for all micro-
cosms, mainly in day 21 where the activity diminished significantly
in all microcosms (Table 2). Compared with the fresh soil, the addi-
tion of wheat straw into the soil microcosms significantly increased
the microbial activity when PCP (Cy59 V/s WS;50) was present. In
general terms, PCP increased the total microbial activity of soil
community. Also, we observed different behaviors between the
uncontaminated microcosms and those contaminated with PCP.
For example, in the microcosms without PCP, the total microbial
activity increased from day 7 to 14. However, the total microbial
activity remained almost constant in presence of PCP at the same
period of time. The increase of microbial activity at the end of exper-
iment could be associated with the presence of dominant bacteria
and fungi at day 28 which were not dominant at day 7, as it is
observed in DGGE gels (Fig. 3, bands no. 2 and 3; Fig. 4, bands no.
25 and 27).

3.3. MnP activity

From Table 2, it can be observed that MnP activity significantly
increased by the addition of wheat straw to the fresh soil with-
out PCP, then diminishing with the time as in the fresh soil. With
the PCP incorporation the MnP activity was negatively affected
only at the beginning (7-14d). After 14d, the activity increased,
probably due to an acclimatization of the autochthonous microor-
ganisms. In soil microcosms inoculated with A. discolor (WSADy,
WSAD>50) the MnP activity increased significantly, reaching values
0f 13.6-45.2 nmol Mn3* min—! g1, which were higher in WSAD 5.
The higher MnP activity of WSAD,5¢, compared with WSADg from
21d can be attributed to a repopulation of the soil microcosm by
autochthonous fungi that interact with A. discolor in the bioremedi-
ation process. High concentrations of MnP have been attributed to
PCP degradation in soils by fungi. In this study, we observed a pos-
itive correlation (r=0.353; P<0.05) between MnP activity and PCP
removal (Fig. 2). However, when the MnP activity value was above
10 nmol Mn3* min~! g~1, no significant reduction of PCP occurs.

3.4. Lac activity

In fresh soil, the Lac activity increased after 7d, and then
remained constant. After 7d, a stimulatory effect of wheat straw
on Lac activity was observed (Table 2), with significantly (P < 0.05)
higher values (3-5 wmol ABTS min~!g~1) obtained in the treat-
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Table 2
Enzyme activities and PCP removed in different microcosms during the time.
Microcosm PCP treatment (mgkg—') Time (D) Manganese peroxidase (nmol Mn?** min—'g-')  Laccase (nmol ABTS min—' g=')  Fluorescein released (mgg~—')  PCP removed (%)
Fresh soil (C) 0 7 10.3+£0.91 0.84+0.04 27.8+4.6 -
14 46+1.31 3.0+£0.54 41.1+£5.7 -
21 2.8+0.21 2.7+0.00 16.6+0.3 -
28 2.940.10 2.6+0.15 252418 -
250 7 6.4+0.26 2.2+0.06 30.5+0.5 412428
14 1.3+0.26 1.1+£0.30 33.6+33 66.0+3.6
21 5.7+£0.69 1.9+042 19.6+3.7 76.0+2.0
28 43+0.18 1.4+0.06 26.3+6.2 844416
Fresh soil + wheat straw (WS) 0 7 13.0+1.85 0.9+0.06 32.5+0.5 -
14 1.9+0.96 3.84+0.48 429+6.8 -
21 2.340.18 5.4+0.60 204+1.0 -
28 234+0.13 3.1+0.24 28.1+03 -
250 7 4.8+0.37 1.1+0.03 42.0+3.6 26.0+0.8
14 7.2+0.78 0.940.03 434+75 68.4+7.8
21 10.2 £0.00 2.54+0.54 30.1+2.2 80.0+2.8
28 9.0+0.53 1.9+ 0.66 36.4+1.1 93.6+0.0
Fresh soil +inoculated wheat Straw (WSAD) 0 7 13.6+£1.24 1.0+ 0.06 379+78 -
14 44.1+1.83 0.7+0.03 459+5.2 -
21 15.5+0.78 1.0+ 0.00 24.5+8.0 -
28 19.6 £1.25 1.2+0.21 37.2+9.2 -
250 7 19.3+£0.19 1.7+0.09 47.7+9.0 58.0+2.4
14 32.2+3.76 2.940.06 36.5+6.1 76.4+4.4
21 26.8+6.53 1.8+0.09 31.2+2.7 80.8+1.6
28 45.2+0.36 0.9+0.18 39.7+3.9 86.8+0.8
LSDg05° 2.13 0.34 6.08 -
LSDg 05 - - - 5.60

2 Least significance difference (P<0.05) for the microcosm-PCP-time interaction.
b Least significance difference (P<0.05) for the microcosm-time interaction.

81¢
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Fig. 2. Pearson correlation observed between Manganese peroxidase activity and
PCP removal.

ment WSy compared with other treatments (<3 umol ABTS
min~—!g-1). Initially, the addition of PCP produced a significant
(P<0.05) increase on Lac activity in the Cy59, WS259 and WSAD»5q
treatments when compared with the controls without PCP (Cy,
WSy and WSADy). However after 7d, a decrease on Lac activity
was observed for of these treatments. One exception was the soil
inoculated with A. discolor and contaminated with PCP (WSAD>s);
however, this treatment did not show the higher values of Lac
activity during the incubation time.

3.5. Effect of treatments on the microbial community

The effect of wheat straw and PCP amendments on bacterial
and fungal communities is shown in Figs. 3 and 4. The domi-
nant band patterns in the treated and control microcosms were
different, suggesting that the bacterial and fungal communities
were affected by the wheat straw and PCP addition. In particu-
lar, in the treatments with PCP-contaminated soil (Cy59, WS350 and
WSAD>,50) was stimulated the presence of bands with phyloge-
netic similarity to [3-proteobacteria (bands no. 9, 13 and 14) and
y-proteobacteria (bands no. 1 and 10) groups, especially the fam-
ilies Xanthomonadaceae and Burkholderiaceae. On the other hand,
compared with the treatment C,5¢, the addition of PCP plus wheat
straw (WS;s50 and WSAD,s50) showed the stimulation of other bands
phylogenetically assigned to Xanthomonadaceae (band no. 12) and
Enterobacteriaceae (bands no. 2 and 3). The appearance of bands
also suggests a synergic effect of PCP and wheat straw, stimulat-
ing different bacterial populations in soil compared with treatment
with addition of PCP or wheat straw only. A similar effect was also
observed when fluorescein was released (see Table 2).

The DGGE analysis of the fungal community did not show a
specific pattern related to treatments tested with PCP and wheat
straw. The dominant bands in the fungal community were mainly
assigned to Ascomycota and Basidiomycota (Table 3). It is notewor-
thy that in the treatment WSAD;5, at 28 d the band no. 27 (close to
Rhizopus oryzae, according to phylogenetic tree, Fig. 4) was stronger
compared with A. discolor band. Despite soil bioaugmentation by
A. discolor addition, this result suggests that autochthonous fungi
contained in soil can actively participate in PCP degradation.

4. Discussions

This study showed PCP removal from Andisol soil by biaugmen-
tation with A. discolor grown in wheat straw, and also by the soil
indigenous microorganisms. Similar findings have been described
by Mahmood et al. [7] for PCP removal: first, like us they reported
removal of PCP in two phases and second, they also demonstrate
degradation of PCP by indigenous soil bacterial communities.

In this study, we also observed PCP removal in the sterile soil
(SC350), which can be attributed to the strong adsorption of PCP in
this type of soil as was described by Cea et al.[18,19]. Moreover, Cea
et al. [18] demonstrate a high interaction of PCP with soil surfaces.

Such as have been previously observed by Rubilar et al. [3],
A. discolor presented a high capacity to remove PCP from con-
taminated soils. However, in our study we observed a significant
PCP degradation by autochthonous microorganisms, as revealed
the microcosms conducted in non-sterile soil without fungal addi-
tion (Cy50). In this context, Rubilar et al. [3] demonstrated that
indigenous microflora exert an inhibitory effect on the growth and
degradation capacity of the two white-rot fungi evaluated (B. adusta
and A. discolor) for the remediation of soil contaminated with PCP
in a slurry reactor.

Both A. discolor and autochthonous microorganisms presented
a good response to PCP in terms of total microbial activity as mea-
sured by FDA hydrolysis. Similar findings have been reported in
other studies for the indigenous microflora. For example, Kdhkdnen
etal.[8] found that FDA hydrolysis was not sensitive to PCPin a con-
taminated area with aged chlorophenols. However, other microbial
activities are more sensitive, such as butyrate-esterase, acetate
esterase and endogenous carbon dioxide evolution, which were
inhibited in the sites with higher PCP content. Here the researchers
indicate that the most sensitive microbial species were probably
replaced with more tolerant ones in these sites.

According to our results, only MnP presented a positive cor-
relation with PCP removal. Several reports have attributed to
the enzymatic ligninolytic activity in the degradation capacity of
white-rot fungi [1,3] and it has also been demonstrated that soil
microorganisms produce this type of extracellular oxidoreduc-
tases (MnP and Lac) involved in the oxidative coupling processes
of chlorophenols [20]. In this study, an increase in MnP activity
resulted in a higher percentage of PCP removal (Fig. 2). However,
this occurred when the MnP activity was <10 nmolmin—! g-!. For
the higher values of MnP activity, no relation with PCP removal
was found. In fact, according to the results obtained by Rubilar et
al. [3], the degradation of these compounds may be attributed to
the action of other cellular and extracellular fungal enzymes. These
enzymes can be phenoloxidases and cellobiase dehydrogenases,
which may participate concomitantly with ligninolytic enzymes in
the degradation process [21,22].

When PCP was added to the natural soil (C250) the behav-
ior of MnP was quite similar to the result obtained by Diez et
al. [9] who observed an inhibitory effect on this enzyme by PCP
and, considering the extracellular nature of the enzyme, attributed
this phenomenon to a stabilization period due to interaction with
organic and inorganic soil colloids. However, we observed changes
in microbial communities (see Figs. 3 and 4) that suggest an adap-
tation of the soil microflora to the contaminant, during this time.

Asreported by Diez et al. [9], when PCP was initially added to the
natural soil the Lac activity was higher than the control (Cp), then
(after 7 d for us) Lac activity decreased significantly (Fig. 2c). In fact,
Gianfreda et al. [23] found that the higher phenol concentrations
pronounced the loss of Lac activity, results explained a progres-
sive entrapment and/or adsorption of active enzyme molecules on
phenol polymeric aggregates formed. On the other hand, the low
quantity of Lac produced in this study for all treatments, is sim-
ilar with other studies, where it is indicated that white-rot fungi
produce constitutively low concentrations of laccase [2,15].

Agricultural crop wastes have been reported as a growth sub-
strate to cultivate white-rot fungi in soil [4]; supporting the idea
that inducible oxidative enzymes may prevail in several species of
fungi (native or inoculated) given appropriate growth conditions
[1]. Our results showed an increment of MnP and Lac activities in
soil amended with wheat straw. In fact, Mancera-Lopez et al. [24]
found a stimulatory effect of sugarcane bagasse over native fungi in
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Fig. 3. The DGGE banding patterns and neighbor-joining phylogenetic trees of the bacterial 16S rRNA genes amplified with the primer sets: (a) EUBf933-GC/EUBr1387 and
(b) 358F-GC/907R. The neighbor-joining trees were constructed based on some sequences of control strains taken from the NCBI database and by using ClustalX software.

Scale of bar indicated 10% sequence divergence and a bootstrap analysis was performed with 1000 trials.

Several authors show that chlorinated phenols and their deriva-
tives are degraded by diverse soil bacteria, such as Sphingomonas,
Pseudomonas and Acinetobacter [7,25]. Similarly to our results,
analysis by DGGE has revealed the presence of Burkholderia spp.

a combined system of biostimulation-bioaugmentation with fila-
mentous fungi, where the native fungi are able to grow in a complex
mixture of hydrocarbons and to removes the contaminants but to
a lesser degree than inoculated fungi.

Fig.4. The DGGE banding pattern and phylogenetic tree of the fungal 18S rRNA genes amplified with the primer set F1Ra/NS7-GC. The neighbor-joining tree was constructed
based on some sequences of control strains taken from the NCBI database and by using ClustalX software. Scale of bar indicated 10% sequence divergence and a bootstrap

analysis was performed with 1000 trials.



Table 3
Phylogenetic assignment of DGGE bands after 28 d of incubation.

Band? Taxonomic group® Closest relatives or cloned sequences (accession no.) Similarity (%)¢ Accession no.
Bacteria
1 Proteobacteria, Gammaproteobacteria, Xanthomonadaceae Luteibacter rhizovicinus from root nodule of legume growing in sand loam soil (F]561269) 99 FJ357540
2 Proteobacteria, Gammaproteobacteria, Enterobacteriaceae Rahnella sp. from soil of Great Wall Station in China (FJ546061) 99 FJ357541
3 Proteobacteria, Gammaproteobacteria, Enterobacteriaceae Pantoea sp. from rhizhosphere of plant growing on a lateritic soil (GQ478260) 98 FJ357542
4 Proteobacteria, Gammaproteobacteria, Enterobacteriaceae Enterobacter sp. from soil (FN555398) 98 FJ357543
5 Proteobacteria, Alphaproteobacteria, Methylobacteriaceae Uncultured bacterium from soil (FJ433811) 93 FJ357544
6 Proteobacteria, Betaproteobacteria, Burkholderiaceae Burkholderia sp. from forest soil (FJ685990) 96 FJ357545
7 Bacteroidetes, Sphingobacteria, Chitinophagaceae Uncultured bacterium from soil (GQ127925) 92 FJ357546
8 Proteobacteria, Betaproteobacteria, Burkholderiaceae Uncultured bacterium from rice paddy soil (AB487113) 98 FJ357547
9 Proteobacteria, Betaproteobacteria, Burkholderiaceae Uncultured Burkholderia sp. from soil (AM930510) 98 FJ357548
10 Proteobacteria, Gammaproteobacteria, Xanthomonadaceae Uncultured Luteibacter sp. from soil (AM930508) 99 FJ357549
11 Proteobacteria, Gammaproteobacteria, Xanthomonadaceae Dyella sp. from rhizosphere soil (GQ181136) 99 FJ357550
12 Proteobacteria, Gammaproteobacteria, Xanthomonadaceae Ralstonia sp. from soil contaminated with 2,4-D (AY238507) 99 FJ357551
13 Proteobacteria, Betaproteobacteria, Burkholderiaceae Burkholderia sp. from rhizhosphere of plant growing on a lateritic soil (GQ478268) 100 FJ357552
14 Proteobacteria, Betaproteobacteria, Methylophilaceae Uncultured Methylophilaceae from agricultural soil (EF072076) 98 FJ357553
15 Proteobacteria, Betaproteobacteria, Burkholderiaceae Uncultured beta proteobacterium from agricultural soil (EF664963) 98 FJ357554
Fungi
16 Ascomycota, Saccharomycetes, Saccharomycetaceae Pichia guilliermondii from soil (EU784644) 99 FJ357555
17 Chytridiomycota, Monoblepharidomycetes, Oedogoniomycetaceae Uncultured fungus from soil (EF628894) 90 FJ357556
18 Fungi incertae sedis, Basal fungal lineales, Mortierellaceae Uncultured fungus from black soil (GU568171) 97 FJ357557
19 Fungi incertae sedis, Basal fungal lineales, Mortierellaceae Uncultured fungus from soil (EF628725) 99 FJ357558
20 Basidiomycota, Tremellomycetes, Tremellaceae Uncultured Tremellaceae from rhizosphere soil (EF023436) 100 FJ357559
21 Basidiomycota, Agaricomycetes, Coriolaceae Uncultured Agaricomycetes from pig stable (GU306000) 99 FJ357560
22 Ascomycota, Sordariomycetes, Clavicipitaceae Uncultured fungus from soil (DQ865807) 100 FJ357561
23 Glomeromycota, Glomeromycetes, Archaeosporaceae Uncultured Archaeospora from root (AM384929) 94 FJ357562
24 Chytridiomycota Uncultured fungus from non-fertilized agricultural soil (AM114806) 97 FJ357563
25 Ascomycota, mitosporic Ascomycota, Scytalidium Scytalidium lignicola associated with root (AY762623) 100 FJ357564
26 Ascomycota, Sordariomycetes, Fusarium Fusarium oxysporum from potato field soil (AB521041) 100 FJ357565
27 Ascomycota, Pezizomycetes, Rhizinaceae Uncultured fungus from soil (EF628645) 94 FJ357566
28 Basidiomycota, Agaricomycetes, Tricholomataceae Anthracophyllum discolor (Xerotus discolor; FJ357568) 100 FJ357567
Anthracophyllum discolor FJ3575684

2 Corresponding DGGE bands shown in Figs. 2 and 3.

b The phylogenetic assignment is based on sequence analysis by the RDP classifier (http://rdp.cme.msu.edu/classifier/classifier.jsp) or GenBank database from NCBI (http://www.ncbi.nlm.nih.gov). It is given the phylum as well

as the lowest predictable phylogenetic rank.
¢ Based on partial sequencing of 16S and 18S rRNA gene and comparison with those present in GenBank by using Blastn.
d Sequence obtained from pure culture and used to validate the presence of DGGE band of A. discolor (F]357567).
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during degradation of chlorinated aromatic compounds [26,27].
Based on information available in the Kyoto Encyclopedia of Genes
and Genomes (KEGG) (http://www.genome.jp/kegg/) and MetaCyc
Encyclopedia of Metabolic Pathways (http://metacyc.org/), some
Burkholderia species (strains: 383, ATCC 17616, E264 and NCTC
10247) are able to produce PCP hydroxylases. A xanthomonad
with capacity to degrade chlorinated compounds has also been
recently reported [28]. In Vietnam, a recent DGGE analyses showed
diverse bacteria in soils, including bacteria such as Ralstonia during
biodegradation of phenoxy herbicides [26]. Despite these find-
ings, to our knowledgement there were no studies reporting
Ranella as chlorinated aromatic compounds-degrading bacteria.
In addition, analysis of PCP-degrading bacterial consortia from
a paper mill pulp revealed the presence of the enterobacterium
Escherichia coli [29].

In relation to fungal populations, studies have revealed that
diverse members of Ascomycetes (Rhodococcus and Paecilomyces)
and Basidiomycetes (Phanaerochaete, Trametes and Bjerkandera)
are high producers of phenoloxidases and efficient degraders of
chlorophenols [1,30]. In addition, Rhizopus oryzae was identified
as one of the more dominant fungi present in WSAD,59, which
was more dominant than A. discolor, and has also been previously
reported as a zygomycete capable of tolerating and removing effi-
ciently PCP from contaminated soil [31].

It is noteworthy that the differences between stimulated bacte-
rial populations, obtained by DGGE with the two different primer
sets assayed, could be related to mismatches between PCR primers
and DNA template, reducing the amplification efficiency [32,33]. To
solve this limitation, it is recommended to use more diverse primer
sets to analyze the same bacterial community.

5. Conclusions

This study demonstrates the great potential of A. discolor and
autochthonous soil microorganisms to degrade PCP from contam-
inated soil. This study also shows that agricultural crop residues,
such as wheat straw, can be used as an efficient growth sub-
strate by microorganisms in PCP-contaminated soils, increasing
the PCP degradation, total microbial activity and enzymatic activ-
ity. Moreover, the DGGE analysis allowed identify members of
phylum Proteobacteria (Xanthomonadaceae, Burkholderiaceae and
Enterobacteriacea) which were dominant during PCP remediation.
This result suggest that Proteobacteria can actively participate in
the remediation of chlorophenols in soils together with A. discolor.
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