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Abstract—The relationship between the physiological state of fungi and the response of their functional system to metals is not known,
limiting the use of fungal enzymes as tools for assessing metal ecotoxicity in terrestrial ecosystems. The present study attempts to
establish how the development phases modulate the secretion of enzymes in the filamentous fungus Trametes versicolor after exposure
to Cu. For that purpose, extracellular hydrolases (acid and alkaline phosphatases, aryl-sulfatase, b-glucosidase, b-galactosidase, and
N-acetyl-b-glucosaminidase) and oxidoreductases (laccase, manganese and lignin peroxidases) were monitored in liquid cultures for
2 weeks. Copper was added during either the growth or the stationary phases at 20 or 200 ppm. Results of the present study showed that
Cu at the highest concentration modifies the secretion of enzymes, regardless of the development phase to which the fungus was
exposed. However, the sensitivity of enzyme responses to Cu depended on the phase development and the type of secreted enzyme. In a
general way, the production of hydrolases was decreased by Cu, whereas that of oxidoreductases was highly increased. Furthermore,
lignin peroxidase was not detected in control cultures and was specifically produced in the presence of Cu. In conclusion, fungal
oxidoreductases may be enzymatic biomarkers of copper exposure for ecotoxicity assessment. Environ. Toxicol. Chem. 2010;29:902–
908. # 2009 SETAC
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INTRODUCTION

Soil pollution resulting from human activities is a worldwide

problem with serious consequences for the health of the eco-

systems. The release of metallic pollutants into the soil and the

nondegradability of these elements have led to important

accumulation in biota and often cause adverse effects on bio-

logical systems. The assessment of these effects, at the least on

soil functioning, remains a research subject because of the lack

of efficient tools. Soil microorganisms produce extracellular

hydrolases that take part in the initial step of the mineralization

of biopolymers such as cellulose or chitin and are also involved

in the cycling of P, S, or N. As a consequence, these biochemical

actors play an important role in soil functioning [1]. Thus,

global hydrolytic activities are commonly measured in soils for

many decades to assess their health, functioning, and quality in

the presence of pollutants [2–4]. It is assumed that high levels of

activity reflect high soil quality, whereas low levels mean toxic

effects. Nevertheless, the physiological bases of these assump-

tions remain to be determined in filamentous fungi, which

represent one of the largest biomasses in terrestrial ecosystems

[5].

Saprophytic fungi, considered the predominant degraders

of lignin, have been particularly studied for their ligninolytic

oxidoreductases, such as laccases or peroxidases [6–8]. Envi-

ronmental interest in this fungal set of enzymes has increased

because of their ability to degrade a variety of organic xeno-
o whom correspondence may be addressed
n@versailles.inra.fr).
lished online 23 December 2009 in Wiley InterScience
interscience.wiley.com).

902
biotics [9–11]. Although fungi have mechanisms for metal

tolerance [12], the activity of their extracellular enzymes has

been shown to be modulated during the metal exposures in

liquid cultures. Copper increases the extracellular laccase in

different filamentous fungi [13–15]. It is also known that Cu

induces the laccase transcription in Trametes versicolor [16].

Heavy metals, such as Cu, Zn, Mn, and Pb, modify the

extracellular activity of cellulolytic and ligninolytic enzymes

in Pleurotus ostreatus [15]. In this fungus, the cellulotytic

activities were generally decreased, and the laccase activity

was increased with all tested metals. Because of these functional

modulations, it is assumed that fungal enzymes can be used as

tools for assessing the metal ecotoxicity in soil.

Soil is a dynamic system in which fungi are in the growth or

stationary phase. As a consequence, the fungal response to

metals can depend on their development phase under environ-

mental conditions. Because the relationship between the phys-

iological state of fungi and the response of their enzymatic

system to metal stress is not known, the predictive interest in

fungal biomarkers to metal exposure is hence limited. Further-

more, the fungal responses to metals can also be modulated by

other factors, such as the physicochemical characteristics of

soil or the availability of metal. By an inoculation strategy, the

influence of these factors on fungal enzymatic activities can be

assessed in terrestrial systems. For example, the fungal biomass

and laccase activity were monitored after an inoculation of

T. versicolor or Cunninghamella elegans in soil contaminated

by polycyclic aromatic hydrocarbons [17]. Thus, it is feasible to

use fungi and their enzymatic system in bioassay studies.

However, before performing studies taking into account the

complex properties of soil, it is first necessary to improve our
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knowledge of the response of the enzymatic system of fungi to

metal stress at the organism level in order to determine the

relevance of using fungal enzymes as biomarkers of metal

exposure.

The present study aims to establish how the development

phases influence the response of T. versicolor to Cu at the

functional level. Copper has been retained because it is a

common contaminant of soils from many agrosystems, amount-

ing to 100 to 1,000 ppm (mg/kg of soil), whereas geochemical

values in noncontaminated soils are between 5 and 30 ppm [18–

20]. Two main families of enzymes involved in terrestrial

ecosystem functioning were monitored: hydrolases (b-glucosi-

dase, N-acetyl-b-glucosaminidase, b-galactosidase, acid and

alkaline phosphatases, and aryl-sulfatase) and oxidoreductases

(laccase, manganese and lignin peroxidases) in liquid cultures

of T. versicolor.

MATERIALS AND METHODS

Culture conditions and metal exposure

Trametes versicolor ATCC 32745 was grown in a liquid

culture medium, containing maltose and ammonium tartarate as

carbon and nitrogen sources [21]. A mycelium mat on agar

plugs (10 mm diameter) was inoculated into 10 ml culture

medium in 150-ml Erlenmeyer flasks. Cultures were carried out

statically in the dark at 258C. After 3 or 9 d of incubation, 100 ml

of SO4Cu � 5H2O (VWR; >99% purity) sterilized by filtration

(0.2-mm-pore-size membrane) were added to the liquid cultures

at final concentrations of 20 or 200 ppm (mg Cu/L culture

medium). Controls were realized without metal addition. The

experiments were carried out with three independent replicates

(three fungal cultures) per treatment (five conditions) and per

sampling day (eight dates).

Sampling

At different days of incubation over a 16-d period, mycelia

were harvested with a nylon screen (40 mm) and dried for 48 h at

808C to monitor the fungal growth. This determination of the

dry weights of fungal biomass was also used as an indicator of

metal toxicity. The mycelium-free culture was used for the

extracellular activities assays, quantification of total proteins by

the Bradford method using bovine albumin as a standard [22],

and total sugar amounts by the Nelson-Somogyi method [23].

For intracellular activities, mycelia were washed five times

with ice-cold physiological water (NaCl, 9 g/L), frozen at

�208C for 24 h, and thawed to rupture cells. Mycelia were

ground in a mortar to liberate intracellular enzymes. Membrane

debris was separated from the ground extract by centrifugation

at 6,000 g for 30 min at 48C. Obtained supernatants were

filtered through 0.45-mm-pore-size membranes and used to

measure intracellular activities. For membrane activities, mem-

brane debris pellets were washed twice with cold citrate/

phosphate buffer (0.05 M, pH 5), centrifuged, and resuspended

to measure membrane activities [24].

Activity assays

Hydrolase activities were assayed using their substrates of

conjugated para-nitrophenyl (Sigma-Aldrich). Assays were

carried out in 96-well microplates, by mixing 120 ml substrate

solution (25 mM) in acetate buffer (0.1 M) with 80 ml enzymatic
samples, followed by incubation at 378C. After 45 min,

50 ml Na2CO3 (1 M) was added to stop the reaction. The

liberation of para-nitrophenol by enzymatic hydrolysis of

the substrate was determined at 405 nm. Acid phosphatase

(EC 3.1.3.2), b-glucosidase (EC 3.2.1.21), b-galactosidase

(EC 3.2.1.23), and N-acetyl-b-glucosaminidase (EC 3.2.1.30)

were tested at pH 4.5; aryl-sulfatase (EC 3.1.6.1) at pH 7;

and alkaline phosphatase (EC 3.1.3.1) at pH 10 [25,26]. The

standard solutions of para-nitrophenol were treated in the same

way as the samples.

Laccase (EC 1.10.3.2) activity was measured by monitor-

ing the oxidation of 2,20-azinobis-(3-ethylbenzthiazoline-6-

sulfonic) acid (1 mM; j420¼ 36,000 M�1 cm�1) at 420 nm

in citrate/phosphate buffer (CPB; 0.1 M, pH 3.0) at 308C [27].

Lignin and manganese peroxidases (EC 1.11.1.13 and EC

1.11.1.14, respectively) activities were monitored, respectively,

by the oxidation of veratrylic alcohol (3 mM; j310¼
9,300 M�1 cm�1) at 310 nm in CPB (pH 3.0) in the presence

of H2O2 (0.6 mM) [28] and the oxidation of 4-(4-hydroxy-3-

methoxyphenyl)-3-buten-2-one (1 mM; j334¼ 18,300 M�1

cm�1) at 334 nm in CPB (pH 5.0) in the presence of MnSO4

(0.1 mM) and H2O2 (0.4 mM) [29]. Solutions of enzymes were

added to a final volume of 1 ml, and the kinetics were monitored

for 30 s.

Assay mixtures containing membrane debris samples were

centrifuged (10,000 g for 1 min) before absorbance reading.

Intracellular, extracellular, and membrane activities were meas-

ured in triplicate and expressed in units per gram dry weight of

fungal biomass (U/g dry wt). Controls were done with enzy-

matic samples boiled to inactivate the activities and were

treated in the same way during the enzymatic assays. One unit

of activity was defined as the amount of enzyme that catalyzed

1 mmol substrate in 1 min.

Statistical analyses

Mean and SEM were calculated from three independent

sets for each biological variable measured. Statistical analyses

were performed by XLStat, and p< 0.05 was taken to indicate

significant differences.

RESULTS

Fungal development and metal toxicity

The growth of T. versicolor was first determined in order to

identify the development phases over a 16-d period (Fig. 1). In

the absence of metal, T. versicolor grew during 8 d. This growth

phase was related to the consumption of available sugars in the

liquid medium. The fungus then entered in stationary phase

from 8 to 9 d when the source of carbon (sugars) was exhausted.

This stationary phase was followed by a decline phase from 9 to

16 d as a result of cell lysis.

Copper was then added at 20 or 200 ppm at either day 3 or 9

of fungus incubation, during the growth or stationary phases,

respectively. Whatever the concentration of Cu added during

the growth phase (3 d), the metal had no effect on the growth of

T. versicolor compared with the unexposed control (Fig. 1a and

b). However, the fungus reached the stationary phase earlier for

the concentration of 200 ppm, linked to a faster loss of sugars in

the liquid medium (Fig. 1b). When Cu at 200 ppm was added in
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Fig. 1. Sugar concentration in culture medium and growth of Trametes
versicolor exposed to Cu at 20 (a) or 200 (b) ppm. Unexposed (lozenges) or
exposed to Cu added during either the growth (squares) or the stationary
(triangles) phase. The values are means�SE (n¼ 3); biom.¼ biomass.

Fig. 2. Distribution of enzymatic activities in the different compartments of
Trametes versicolor after 6 or 12 d of incubation, in growth (a) or stationary
(b) phases, respectively. Extracellular (solid columns), membrane (hatched
columns), and intracellular (open columns) compartments. The activities
expressed in U/g dry weight were reported as percentages (n¼ 9). ND¼ not
detected.
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the stationary phase (9 d), the lysis rate was significantly

increased compared with the control (Fig. 1b).

Distribution of enzymatic activities

Hydrolase and oxidase activities were measured in extrac-

ellular, intracellular, and membrane compartments in the

absence of metal to establish the localization of enzymes

produced by T. versicolor during the growth and decline phases

(Fig. 2). Aryl-sulfatase and lignin peroxidase activities were not

detected regardless of the development phases. Among the

detected activities, it could be observed that all hydrolase

activities were principally associated with cells (>85% of total

activities) in the growth phase (Fig. 2a). Acid phosphatase, b-

glucosidase, b-galactosidase, and N-acetyl-b-glucosaminidase

activities were distributed between intracellular and membrane

compartments, except for alkaline phosphatase, which was only

intracellular. By contrast, oxidase (laccase and Mn-peroxidase)

activities were preferentially found in the extracellular compart-

ment (>45% of total activities). This distribution was slightly

affected in the decline phase (Fig. 2b). The principal difference

appears for b-galactosidase activity, whose extracellular part

was increased five times compared with the growth phase.
Protein secretion during fungal development

The regulation of protein secretion during the development

of T. versicolor is presented in Figure 3. In the absence of metal,

a first peak of secretion appeared during the growth phase,

reaching 16.9 mg proteins/g dry weight of fungal biomass on

day 3. A second peak occurred during the decline phase of the

fungus, when the value of total secreted proteins amounted to

27.4 mg/g dry weight on day 14. The Cu addition at 20 ppm

either in the growth or in the stationary phase slightly modified

the protein secretion compared with the unexposed control

(Fig. 3a). However, the metal at 200 ppm altered the regulation

of secretion (Fig. 3b). Its addition during the growth phase led to

a long-term effect by decreasing the stimulation of protein

secretion occurring the decline phase. Despite variations in

the amount of secreted proteins, Cu addition in the stationary

phase did not prevent this stimulation.
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Fig. 4. Responses of extracellular acid phosphatase (a) and b-galactosidase
(b) activities to Cu at 20 ppm in Trametes versicolor. Unexposed (lozenges)
or exposure to Cu added during the growth (squares) or stationary (triangles)
phase. The values are means� SE (n¼ 9).
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Fig. 3. Effect of copper at 20 (a) or 200 (b) ppm on the protein secretion by
Trametes versicolor. Unexposed (lozenges) or exposed to Cu added either
during the growth (squares) or stationary (triangles) phase. The values are
means�SE (n¼ 9).
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Secretion of hydrolases and oxidoreductases

Among extracellular enzymes detected and secreted in sig-

nificant amounts by T. versicolor in the absence of Cu, two sets

of enzymes can be distinguished according to their secretion

profile under culture conditions. Each set had a peak of activity

during either the growth or the decline phase related to the peaks

of protein secretion of the fungus (Fig. 3 vs. Figs. 4 and 5).

A first set, including acid phosphatase, b-glucosidase, and

N-acetyl-b-glucosaminidase, was secreted mainly during the

growth phase (Figs. 4 and 5). Peaks of these activities were at

least twofold higher than their activity average over the

culture period (Table 1). By contrast, a second set including

b-galactosidase and oxidoreductases (laccase and Mn-

peroxidase) was poorly produced during the growth phase

and secreted mainly during the decline phase (Figs. 4 and 5).

Peaks of b-galactosidase, Mn-peroxidase, and laccase activities

were at least 2.5-fold higher than their activity average over the

culture period (Table 1).

Effect of Cu on extracellular enzymes

The exposure of T. versicolor to Cu showed that the metal

modifies the production of extracellular enzymes. However, this

response is dose dependent. Applied at 20 ppm, Cu slightly

altered the secretion profiles of hydrolases and oxidoreductases
compared with the controls, regardless of the developmental

phase at which the fungus was exposed (see examples in Fig. 4).

Only the laccase production was significantly stimulated by a

factor of 1.7 during the exposure period when Cu was added

in growth phase (Table 1). Applied at 200 ppm, Cu highly

modulated the extracellular activities (Fig. 5). In every exposure

phase, except for b-glucosidase, all hydrolase activities were

decreased by Cu (see N-acetyl-b-glucosaminidase, Fig. 5a).

The b-glucosidase activity increased when the metal was added

in the stationary phase (Fig. 5b). The production of extracellular

oxidoreductases, such as laccase and Mn-peroxidase, was

increased substantially by Cu at 200 ppm (see laccase,

Fig. 5c). Moreover, the exposure of T. versicolor to Cu resulted

in a specific response of lignin peroxidase produced only during

the decline phase (Fig. 5d). However, the intensity of enzyme

responses to Cu depended on the phase of development

(Table 1). Acid phosphatase, N-acetyl-b-glucosaminidase,

b-galactosidase, and peroxidases were more sensitive to a metal

addition during the growth phase than during the stationary

phase. This was a situation opposite to that for laccase.

DISCUSSION

Among filamentous fungi, the rot-white species has been

studied especially for their ligninolytic oxidases. However,
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Fig. 5. Responses of extracellular hydrolase (a, N-acetyl-b-glucosaminidase; b, b-glucosidase) and oxidase (c, laccase; d, lignin peroxidase) activities to Cu at
200 ppm in Trametes versicolor. Unexposed (lozenges) or exposed to Cu added during the growth (squares) or stationary (triangles) phase. The values are
means�SE (n¼ 9).
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knowledge of both their extracellular hydrolases and functional

diversity is still limited. In the present study, it was shown that

T. versicolor produced extracellular hydrolases, such as acid

phosphatase or glycosidases (b-glucosidase, b-galactosidase

and N-acetyl-b-glucosaminidase). These hydrolases are

involved in the intake of phosphorus and the degradation of

natural polymers such as cellulose or chitin. The distribution of

enzymatic activities in different fungal compartments provided

a snapshot of the localization of the enzymes. Hydrolases

were essentially associated with cells, i.e., in membrane and
Table 1. Averages and peaks of extracellular activities (U/g dry

Control

Average Peak (day)a

Acid phosphatase 2.00 4.26 (5)
b-Glucosidase 0.93 1.86 (3)
N-acetyl-b-glucosaminidase 0.24 0.50 (3)
b-Galactosidase 0.29 1.04 (14)
Mn-peroxidase 11.66 34.36 (14)
Laccase 36.33 98.13 (14)

a Number in parentheses indicates the day of activity peak. Effect of copper on a
� Significant effect of copper during the exposure period (p< 0.05).
intracellular compartments. This could be explained by the

involvement of glycosidases in the degradation of disaccharides

that can enter the cell by permeases [24]. By contrast, ligni-

nolytic enzymes known to depolymerase extracellular sub-

strates [8,12] were preferentially found in the outside

environment. This is in agreement with the identification of

signal peptides involved in the secretory pathways in genes

coding for lignin and Mn-peroxidases in T. versicolor [30].

The present study shows that the secretion of both total

proteins and enzymes depends on the physiological state of
wt) and effect of copper in cultures of Trametes versicolor

Copper addition

Growth phase Stationary phase

20 ppm 200 ppm 20 ppm 200 ppm

107 52� 76 44
142 43� 174 182�

98 25� 89 55�

138 21� 164 90
125 330� 76 149
169� 418� 133 730�

ctivities is expressed as percentage of control.
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T. versicolor under culture conditions. During the growth phase,

there was a panel of oversecreted proteins, including acid

phosphatase, b-glucosidase, and N-acetyl-b-glucosaminidase.

During the decline phase, the protein secretion was highly

stimulated, related to the increase of some activities, such as

laccase, Mn-peroxidase, and b-galactosidase. When the fungus

was subjected to nutrient exhaustion such as carbon limitation,

it could thus activate metabolic alternative pathways associated

with a new enzymatic production pattern. For example, it is

known that the production of laccases and peroxidases is

increased when medium carbon is exhausted [7]. A release

of intracellular proteins resulting from the cell lysis observed

during the decline phase cannot be excluded. However, ligni-

nolytic oxidoreductases are known to be constitutively pro-

duced at the extracellular level in several fungi of different

taxons [6,7,12,13]. Moreover, b-galactosidase activity is basi-

cally extracellular in Hypocrea jecorina, also known for several

filamentous fungi, including Aspergillus and Penicillium spe-

cies [24]. In addition, alkaline phosphatase, which was only

intracellular, was not found in the extracellular medium during

cell lysis.

With their adaptation mechanisms to different stressors,

including metal tolerance, and their involvement in nutrient

cycles [1,5,12], fungi are of ecological relevance. In the present

study, Cu, one main metallic contaminant in soils from agro-

systems, was tested [18–20]. The originality of the present study

was in testing the impact of Cu on enzymatic equipment

according to the fungal physiological state. Results of the

present study showed that the response of extracellular enzymes

to the metal was dose dependent in T. versicolor. The Cu

addition at a geochemical level (20 ppm) slightly altered the

secretion profiles of enzymes. At a higher contamination level

(200 ppm), Cu modified the secretion profiles of hydrolases and

oxidoreductases independently of physiological state of

T. versicolor. Generally, the production of hydrolases was

decreased by Cu, whereas that of oxidoreductases was highly

increased. However, the sensitivity of enzymatic responses

depended on the physiological state of the fungus and the type

of secreted enzyme. A decrease in activities of cellulolytic

hydrolases, including b-glucosidase, has also been observed in

the presence of Cu in Pleurotus ostreatus [15]. Insofar as

incubations of extracellular enzymes were performed in the

presence of Cu, this decrease in hydrolase activities was not due

to an interaction of Cu with enzymes at the extracellular level in

the present study (data not shown). Among the tested hydro-

lases, only b-glucosidase gave a controversial response accord-

ing to the exposure phase. Its activity was stimulated only when

Cu was added during the stationary phase. This process may be

due to cell lysis accentuated in the presence of the metal (Fig. 1),

consequently releasing intracellular b-glucosidases. However,

this was not observed for other hydrolases. An increase in

ligninolytic oxidoreductases, such as Mn-peroxidase and lac-

case, has been reported in the presence of Cu in different

filamentous fungi [13–16]. The present study showed that the

exposure of T. versicolor results in a specific response of lignin

peroxidase (Fig. 5d). This enzyme, not detected in control

cultures, was specifically produced in the presence of Cu, which

has not been reported in the literature. The stimulation of

oxidase production can be explained by a metal action at the

transcriptional level. Indeed, metal-responsive elements
(MREs) have been characterized on the laccase gene in

P. ostreatus [31] and on a gene cluster coding for Mn- and

lignin peroxidases in T. versicolor [30]. Thus, it has been

observed that RNA coding for a laccase is increased in the

presence of Cu in T. versicolor [16]. With the presence of MRE

on their genes, the oxidoreductases could be pertinent fungal

biomarkers of metal exposure in more complex environments.

In summary, filamentous fungi represent one of the major

biomasses in the terrestrial ecosystems and are essential for

their functioning. Among these microorganisms, T. versicolor
produces both hydrolases and oxidoreductases involved in the

cycles of nutrient elements. The exposure of this fungus to Cu

stress modulates the secretion of enzymes. Insofar as a metal

stress can lead to functional modulations independently of the

fungal physiological state, the response of these biochemical

actors may be used as biomarkers of Cu contamination. The fact

that oxidoreductases are preferentially secreted and highly

stimulated during the metal stress makes these enzymes useful

for this purpose. Finally, the present study constitutes a first step

in understanding the regulation and secretion of functional

systems of fungi and their response to a metal stress in order

to improve enzymatic tools for ecotoxicity assessment. With

inoculation of fungi specialized in oxidoreductase production in

Cu-contaminated soils, further studies should allow assessment

of the influence of complex properties of soil on these functional

responses.
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