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Abstract

2,4,6-trichlorophenol (TCP) is a toxic compound widespread in the environment, with numerous applications. There are
many fungi capable of degrading it, although little attention has been paid to non wood-degrading species. Penicillium
chrysogenum ERK1 was able to degrade 85% of TCP in batch cultures in the presence of sodium acetate. Degradation rate
was fitted to a specific first-order kinetic and the growth rate was fitted to a Gompertz model. Hydroquinone and benzo-
quinone were identified as degradation intermediates. The phytotoxicity of the residues was reduced by half after fungal
treatment. These results suggest that Penicillium chrysogenum can be applied successfully to biodegrade TCP.
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Introduction

Chlorophenols have been introduced into the environment
through their use as biocides and as by-products of chlorine
bleaching in the pulp and paper industry. In addition, penta-
chlorophenol (PCP), trichlorophenol (TCP) and tectrachloro-
phenol (TeCP) were used historically as fungicides in wood-
preservative formulations (Field and Sierra-Alvarez, 2008;
McAllister et al., 1996).

Many fungi and yeast are able to co-metabolise or miner-
alise chlorophenols (Field and Sierra-Alvarez, 2008). Wood-
degrading fungi are well established as excellent degraders
of chlorophenols (Asgher et al., 2008). However, studies on
chlorophenol degradation using fungi which do not belong to
the white rot category are scarce.

Penicillium species are commonly found in food, indoor
air and soils, and have been shown to be good hydrocarbon
assimilators (Leitdo, 2009; Samson et al., 2004). Several
authors have reported on their ability to degrade phenol and
chlorophenols. For example: P. chrysogenum CLONA 2
degrades phenol (Leitdo et al., 2007); P. simplicissimun SK9117
(Marr et al., 1989) and Penicillium strain Bi/72 (Hofrichter
et al., 1992) degrade mono-chlorophenols; and Penicillium
camemberti degrades pentachlorophenol (Taseli and Gokcay,
2005). Nevertheless, these strains were not able to use those
chlorophenols as growth substrates. In addition, degradation of
trichlorophenol has not been reported for these fungi (Leitao,
2009).

Several studies have been conducted on the biotransfor-
mation and degradation of chlorophenols from the water-soil
environment. However, most of these did not analyse the
toxicity of the final residues. Thus, it is also relevant to assess
the phytotoxicity of these wastes before and after degradation
(Osma et al., 2010).
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In this work, both the degradation of TCP by a soil isolate
of P. chrysogenum and the analysis of the toxicity of TCP resi-
dues on wheat seeds are reported. In addition, a growth model
was selected and experimental data were fitted to it. Finally,
metabolic products were identified by HPLC.

Experimental

All of the reagents used were analytical grade, except for 2, 4,
6-trichlorophenol (TCP) which was of chromatographic grade
(purity 99%), from Sigma-Aldrich (St. Louis, USA). HPLC
acetonitrile was obtained from Sintorgan (Buenos Aires,
Argentina).

A Penicillium chrysogenum ERK 1 isolate (GenBank,
accession numbers HQ336382 and HQ336383) was maintained
in potato dextrose agar (PDA, Gibco) at room temperature for
14 days (without TCP). This fungus was isolated from com-
mercial crop soils from Balcarce, Buenos Aires province,
Argentina, as described by Wolski et al. (2010).

For the degradation assays the fungus was inoculated
directly from the PDA plate into an Erlenmeyer flask of 250
m¢{ with 150 m¢ of liquid mineral salt medium (LMS) con-
taining: 1 000 m{ deionised water, 1 g MgSO,7H,0 0.1 g,
K,HPO, 0.1 g, NH,)NO, and 0.1 g KCl and 25 ut of trace ele-
ment solution (in mg-¢': MnSO, 15.4, FeCl, 40, ZnSO,-7H,0
6.3, CuSO,-5H,0 2.5, (NH,),-Mo.-0,,-4H,0 0.5), and supple-
mented with 10 mg-¢!' of TCP alone, or with 2 g-¢! of sodium
acetate or 2 g-0! of glucose, depending on the assay. The
TCP concentration was selected to avoid the substrate inhibi-
tion: in preliminary experiments run with 25 mg-0' and
50 mg-0"! no degradation was observed. The pH was previ-
ously adjusted to 6.0. Each flask was inoculated with 4 PDA
agar discs of 4 mm containing the fungal mycelium. The
cultures were incubated at 30°C for 30 days, in a shaker at
80 rrmin and operating in the dark in order to avoid photo-
degradation of TCP. Non-inoculated flasks with LMS supple-
mented with TCP were used as controls. All experiments were
carried out in triplicate, and the results show the mean value
of 3 independent experiments.
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At different times after inoculation the mycelium from each
flask was filtered and the dry weight of the mycelia was meas-
ured. The TCP content of the liquid medium was measured in
the filtrates after removing the mycelia. The fungal mycelium
was filtered onto a Whatman GF/A filter, rinsed twice with dis-
tilled water and dried at 100°C until constant weight. Biomass
was calculated as mg of dry weight per volume of reactor ().

The concentration of TCP was estimated by HPLC. A
Waters HPLC system (Millipore, Waters Division, Milford,
Massachusetts, USA) consisting of a Model 590 pump,
equipped with a UV detector Model 484 variable-wavelength
detector set at 310 nm was used.

The separation was achieved with a Water Spherisorb
ODS2 CI18 (5 um) 4.6 x 250 mm analytical column (Millipore
Corporation, Milford, MA, USA). A mixture of 7 mM phos-
phoric acid: acetonitrile (50:50, vol/vol) isocratic system was
used as solvent and the flow rate was maintained at 1 m{-min™.
The compounds were identified by comparing their retention
time with those similarly treated, and by co-chromatography.
Under the above conditions, the retention times of the external
standards were: TCP — 8.73 min, hydroquinone — 3.32 min,
benzoquinone — 3.78 min, 2,4,6-trichloroanisole (TCA) —

4.77 min.

The amount of TCP adsorbed to the fungal mycelium was
measured as described by Leontievsky et al. (2000a). The fun-
gus was grown in 150 mC of LMS supplemented with 10 mg-£"!
of TCP and with 2 g-0!' of acetate. The mycelia were filtered
from the liquid culture, washed 3 times with distilled water,
suspended in 2 m{ of distilled water and homogenised with a
IKA T18B Ultra-Turrax homogeniser (by IKA Gmbh, Staufer
in Breigan, Germany). The mycelium extract was collected and
centrifuge at 12 000 g for 15 min and the supernatant recovered
was used to determinate TCP content by HPLC. Three inde-
pendent samples were analysed for TCP adsorption. Additional
HPLC runs were carried out with the water phase from the
washing process.

Qualitative assays were performed on agar plates to study
the enzymatic activity involved in phenol degradation. The
fungus was inoculated in LMS medium supplemented with
2% agar, 1% glucose and different substrates. Medium and
substrate solutions were autoclaved separately and mixed after
cooling down to around 50°C. The test fungus was centrally
inoculated and incubated at 25°C for 8 days.

Laccase activity was assayed using 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) as substrate
(0.02%); the formation of a green halo indicates laccase activity
(Rubilar Araneda, 2007).

Poly R-478 was used as substrate (0.02%) to determinate
peroxidase activity (manganese peroxidases and lignin
peroxidases) by decolouration of Poly R-478 from violet to
yellow (Levin et al., 2004; Rubilar Araneda, 2007).

The toxicity of the TCP and its degradation products was
assessed by measuring the phytotoxic effect of LMS supple-
mented with TCP 10 mg-0"', and the residue of TCP degradation
(1.43 mg ("), on the germination of wheat (Triticum aestivum)
seeds, according to Zucconi et al. (1985) and Osma et al.
(2010). LMS was used as control. Five replicates of 10 seeds
each were used for each treatment. The seeds were submerged
in LMS plus TCP 10 mg-(" and the residue of TCP degradation.
After 5 days of incubation in the dark at 25°C, the seed germi-
nation and root length of seeds immersed in the solutions men-
tioned before were measured. The germination index (GI) was
calculated as follows: GI=GP x La/Lc, where GP is the number
of germinated seeds expressed as a percentage of control values
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(LMS). La is the average root length in the TCP solutions or
TCP residues and Lc is the average root length in the control.

The fungal growth shows a phase in which the specific
growth rate is initially very slow; after a lag period (}) it accel-
erates to a maximal value (u__). In addition, the growth curves
contain a final phase in which the rate decreases and finally
reaches zero, so that an asymptote (A) of the growth curve is
reached (Zwietering et al., 1990). When the growth curve is
shown as the logarithm of the number of organisms plotted
against time, these growth rate changes result in a sigmoid
curve with a lag phase just after /=0, followed by an exponen-
tial phase and then a stationary phase. Different models were
used to model fungal growth (Amrane et al., 2005; Hamidi-
Esfahani et al., 2007). In this work, the Gompertz growth
model was used to fit the biomass growth curve (Eq. (1)), by the
least squares method. In addition, degradation substrate was
fitted to a specific first-order kinetic (Eq. (2)).

ln())((oJ =A. exp{— exp[— % t-A)+ 1}} M

dTCP
dt

where:
TCP is 2, 4, 6-trichlorophenol concentration in mg-¢!
¢ is time in days
X is biomass expressed as mg of dry weight per litre of
reactor volume

= k.X.TCP @

The parameters 4, u___and 4 are as described above and £ is the
first-order specific constant for TCP degradation. The agree-
ment of the model with the data was analysed by ANOVA test.
The growth rate (r,) and degradation rate () were determined
as first derivatives of concentration, (Egs. (3) and (4)), while
specific degradation rates were calculated as in Eq. (5):

aX
_aa 3)
E
r = dTCP @)
dt
_._ 1 drcp o
SoXxT odr

Results and discussion

When degradation of TCP was evaluated in the absence of a
carbon source other than TCP itself, P. chrysogenum was not
able to degrade TCP as a single substrate (data not shown).
Therefore, different ancillary carbon sources were added, and
85% of degradation of 10 mg-"! of TCP was achieved in 26
days in presence of sodium acetate (Fig. 1), but no degradation
of TCP was observed in presence of 2 g-! of glucose. These
results agree with those reported by Hofritcher et al. (1992) and
Marr et al. (1989), where other Penicillium isolates degraded
mono-chlorophenols only in the presence of a co-substrate.
Degradation of TCP has been well studied for the fungus
Phanerochaete chrysosporium, which was able to degrade 58%
of TCP in 30 days with 2% of glucose as a co-substrate (Reddy
et al., 1998). Therefore, P. chrysogenum shows good degrada-
tion potential taking into account that this fungus had not been
acclimated.
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Figure 1

Fungal growth of P. chrysogenum and degradation of 2, 4,
6-trichlorophenol in presence of acetate as growth substrate.
X is the dry weight per unit of reactor volume (biomass) and S is
TCP concentration. Lines represent the results predicted by the
model for fungal growth (Eq. (1)) and TCP degradation (Eq. (2)).

No sorption of TCP was detected in the fungal mycelium
or in the water phase from the mycelium washing process. This
result confirms that the decrease of TCP in the liquid culture
was due to its biotransformation and not adsorption to the
fungal mycelium. Therefore, P. chrysogenum degraded TCP
effectively.

Biomass growth is shown in Fig. 1. The fungus started to
grow immediately, without a lag phase, and grew exponen-
tially until Day 15, when an evident deceleration was observed
showing the transition between the exponential and stationary
growth phase. This behaviour has been commonly observed
in bacterial growth (Zwietering et al., 1990), and has also been
studied and modelled in fungal growth (Amrane et al., 2005;
Hamidi-Esfahani et al., 2007). The biomass growth was fitted to
a Gompertz sigmoid curve (Eq. (1)) which takes into account the
three growth phases: lag phase, exponential phase and stationary
phase. The lag time parameter (1) obtained was 0, indicating that
a lag phase was not appreciable. However, the maximum specific
growth rate (4 ) value obtained was approx. 0.163 £ 0.015 d”,
which represents an active exponential growth phase. The maxi-
mum asymptotic value (A=In (X /X)) was 2.557+0.155, indicat-
ing that, in the stationary phase, the final biomass was almost 13
times higher than the initial biomass. The fitting of the model to
experimental data is shown in Fig. 1. The ANOVA analysis did
not show significant differences at 95% confidence intervals and
the adjusted regression coefficient was 0.92, demonstrating a
good fit of the model to the experimental data.

The yield coefficient for the fungus with acetate as sub-
strate, in the presence of TCP, was about 0.048 (expressed as
mg of mycelium dry weight per mg of acetate consumed). As a
control, the fungi was grown in LMS supplemented only with
2 g-0! of acetate and the yield coefficient was 0.178, showing
that TCP inhibited the mycelium growth by 73%. In addition,
when the fungus was grown in 25 g-' of TCP, no growth was
observed. Similar results were reported for Coriolus versicolor,
where 25 g-! of TCP inhibited mycelia growth almost com-
pletely, and 15 g0 resulted in a marginally toxic concentration
which still permitted some biomass growth (Leontievsky et al.,
2000a).

Figure 1 also shows that the TCP degradation started from
time zero and that the degradation rate increases as the biomass
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Figure 2
P. chrysogenum growth rate (r,) and 2, 4, 6-trichlorophenol
degradation rate (r)). Continuous line represents the
degradation rate and the dashed line represents the growth rate.
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Figure 3
HPLC-chromatogram of 2, 4, 6-trichlorophenol degradation by
P. chrysogenum. a: Time zero showing the retention time of
TCP (Peak 6: 8.73 min). b: Biodegradation of TCP after 26 days.
Peak 1: injection peak, Peak 2: hydroquinone (3.32 min), Peak 3:
benzoquinone (3.78 min), Peaks 4 and 5 not identified.

grows (Fig. 2), indicating that the degradation is proportional
to biomass. Furthermore, at the end of the test, when the bio-
mass was almost constant, the degradation rate decreased as
the concentration of TCP decreased (Fig. 2), indicating that the
degradation rate is also proportional to TCP concentration. For
this reason, the TCP degradation was fitted to a specific first-
order kinetic (Eq. (2)), with a constant of 1.17 x 10° £0.06 x 103
£-d'mg. The fitting of the model to experimental data is also
shown in Fig. 1. The ANOVA analysis did not shown signifi-
cant differences at 95% confidence intervals and the adjusted
regression coefficient was 0.98. This indicates a good fit from
model to experimental data.

Within the range studied, P. chrysogenum showed an aver-
age specific degradation rate of 8.39 x 10 d'!, while Penicillium
strain Bi 7/2 showed specific degradation rates of 8.16 x 10 d”!,
1.56 x 102 d'and 3.70 x 102 d"' for 2-chlorophenol, 3-chloro-
phenol and 4-chlorophenol, respectively, for an initial concentra-
tion of 50 mg-"! (Hofrichter et al., 1992). Therefore, P. chryso-
genum showed good degradation potential taking into account
that TCP is more toxic than mono-chlorophenols (Field and
Sierra-Alvarez, 2008; Leontievsky et al., 2000b).
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Figure 2 shows that the biomass growth rate reached a max-
imum of 4.86 mg-0"-d"! on Day 12, before the onset of degrada-
tion of TCP, which reached a maximum of 0.044 mg-¢'-d"!' on
Day 15. These results suggest that the fungus needs to initially
grow at the expense of acetate and then at the expense of TCP,
at a lower growth rate.

The TCP concentration was reduced by 85% at Day 26,
and the appearance of new peaks in the HPLC chromatograms
was observed, indicating the active biotransformation of TCP
(Fig. 3). Identification of the intermediate products of TCP
degradation were made by comparing the chromatographic
characteristics of the peaks with those of pure compounds.
Under co-metabolic conditions some TCP sub-products were
putatively identified: two of the compounds detected have the
same retention times (77) as the external standards hydroqui-
none (3.32 min) and benzoquinone (3.78 min), and these identi-
fications were confirmed by co-chromatography of the sample
and the internal standards. The TCP degradation intermediates
identified are the same as those previously described for white
rot fungi (Field and Sierra-Alvarez, 2008). In addition, other
minority compounds were observed at very low concentrations,
but these were not identified.

It is widely reported by several authors that filamentous
fungi, including several Penicillium species like P. chryso-
genum, can metabolise 2,4,6-TCP to 2,4,6-trichloroani-
sole (TCA). (Alvarez-Rodriguez et al., 2002; Fontana and
Altamirano, 2010; Prak et al., 2007). However, the retention
time of the external standard TCA and the sample, and the
co-chromatography results for these, were not in agreement.
Future studies, using HPLC-MS and GC-MS need to be con-
ducted to determine the chemical structures of the intermediate
metabolites in TCP transformation.

Laccases and peroxidases are two groups of enzymes
involved in lignin and hydrocarbon degradation by fungi.
White-rot fungi are responsible for lignin degradation in
wood. However, most C turnover from plant-residue lignin in
soil cannot be attributed only to white-rot fungi (Rodriguez
et al., 1996). However, neither laccases nor peroxidase activ-
ity (manganese and lignin peroxidases) was detected in P.
chrysogenum ERKI. In a previous report, Rodriguez et al
(1996) detected an extracellular laccase capable of oxidising
ABTS in ligninolytic cultures of Penicillium chrysogenum,
but lignin peroxidase, manganese-dependent peroxidase or
aryl-alcohol oxidase was not detected in the same culture. It
is well known that ligninolytic fungi from various ecological
niches have very different enzyme activity patterns. On the
other hand, Szewczyk and Dlugonski (2009) have reported that
the biodegradation of PCP by filamentous fungi is mediated
by cytochrome P450 monooxygenases rather than ligninolytic
enzymes (laccases and peroxidases), also producing quinones
as biodegradative intermediates. Therefore, further research
is necessary to identify more intermediate metabolites and to
elucidate the enzymatic pathways used in this biodegradation
process.

The phytotoxicity of plant growing media based on the
germination index (GI) of seeds was evaluated as described
by Zucconi et al. (1985). This is one of the most common
phytotoxicity assays used in the literature. The GI combines
measurements of relative seed germination and relative root
elongation that are both sensitive to the presence of phytotoxic
compounds. Several species have been traditionally used for
evaluating phytotoxicity. However there are no standardised
seed species in use worldwide (Osma et al., 2010; Warman,
1999).
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Wheat (Triticum aestivum) was used for this assay, because
it is a common crop in Argentinean fields. Seed germination
was 100% for wheat in LMS as a control, 73.11% for seeds
treated with the products of TCP degradation and 40.22% for
10 mg-€ ! of TCP; root elongation was 14.73, 11.08 and 9.41
mm, respectively. Therefore, GI values were: 55.26% for seeds
treated with TCP residues and 25.88% for TCP 10 mg-C"', show-
ing that fungal treatment reduced the phytoxicity of TCP by
approximately 50%. According to Zucconi et al. (1985), values
for GI lower than 50% indicate high phytotoxicity, values
between 50% and 80% indicate moderate phytotoxicity and
values over 80% indicate that the material presents no phyto-
toxicity. Therefore, from the phytotoxicity assays of products
of TCP transformation, we can conclude that these products are
moderately phytotoxic for wheat. Further studies are required;
for example, using mixed cultures to improve the reduction of
the toxicity of TCP transformation products.

Conclusions

Degradation of TCP by Penicillium chrysogenum has been
demonstrated successfully at laboratory scale. The biomass
growth and degradation were fitted to a Gompertz sigmoid
curve and to a specific first-order kinetic, respectively. Both
models fit very well. Hydroquinone and benzoquinone were
identified as degradation intermediates, although more stud-
ies need to be done to elucidate the enzymatic pathways and
metabolites involved in the degradation of TCP. In addition,
the TCP degradation products were moderately phytotoxic for
wheat, while TCP was highly phytotoxic. This is the first work
to report on the degradation potential of P. chrysogenum for 2,
4, 6-trichlorophenol.
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