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aBstract

The activities of laccase, Mn-peroxidase, phosphatase and dehydrogenase were studied 
in a Chilean Andisol (Temuco Serie) contaminated with pentachlorophenol (PCP). 
Experiments were conducted on the top of 0–20 cm soil, adding different concentrations 
of PCP (0.41, 4.1 and 41 mg kg-1). Enzymatic activities and residual concentrations of 
PCP were evaluated in soil incubated at 25 ± 1 ºC for 112 days. Enzyme activities 
of PCP-treated soil varied according to the PCP concentration added. For instance, an 
inhibitory effect on Mn-peroxidase activity was not observed during incubation at the 
three levels of PCP, whereas acid phosphatase activity was only affected by the 0.41 mg 
kg-1 PCP treatment. By contrast, laccase and dehydrogenase activities were negatively 
affected by the smallest concentration of PCP. After seven days of incubation, no residual 
PCP was measured in the soil with 0.41 and 4.1 mg kg-1 PCP. By contrast, with 41 mg 
kg-1 PCP the amount of phenol in soil decreased gradually and disappeared only after 42 
days of incubation. The overall results indicate that PCP concentrations influence some 
enzymatic activities.

palabras claves: pentaclorophenol, suelo Andisol, lacasa, manganeso peroxidasa, 
fosfatasa, dehidrogenasa 
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rEsUmEn

Se estudio la actividad lacasa, Mn-peroxidasa, fosfatasa y dehidrogenasa en un suelo 
Andisol chileno (Serie Temuco) contaminado con pentaclorofenol (PCF). Los experimentos 
fueron conducidos utilizando el perfil 0-20 cm del suelo y adicionando diferentes 
concentraciones de PCF (0,41, 4,1 and 41 mg kg-1 dry soil). La actividad  enzimática  
y  la concentración residual de PCF fueron evaluadas en el suelo incubado (25 ± 1 ºC) 
por 112 días. La actividad enzimática del suelo tratado con PCF varió dependiendo de la 
concentración de PCF adicionada. Por ejemplo, no se observó un efecto inhibitorio sobre 
la actividad de Mn-peroxidasa durante el periodo de incubación en los tres niveles de 
PCF, mientras que la fosfatasa ácida fue solo no afectada por el tratamiento con 0,41 mg 
kg-1. Por otro lado, la actividad de lacasa y dehidrogenasa fueron negativamente afectadas  
aún por la menor concentración de PCF. Después de  7 días de incubación, no fue medido 
PCF residual en el suelo con tratamiento con 0,41 y 4,1 mg kg-1 de PCP. Sin embargo, con 
41 mg kg-1 PCP la cantidad de PCF en el suelo disminuyó y completamente desapareció 
después de 42 días de incubación. El resultado general indica que la adición de  PCF 
influencia algunas actividades enzimáticas del suelo.

introdUction

Chlorinated phenols are common 
environmental contaminants in industrial 
processing and they are widely used in 
activities such as wood preservation, 
textiles and leather production. They are 
also used as pesticides in agriculture. 
Although chlorinated phenols persist 
in many environments, because of their 
recalcitrance under aerobic (Diez et al., 
2002) or anaerobic (Vidal and Diez, 
2005) conditions, biological methods 
have been utilized in groundwater and soil 
remediation of chlorophenols (Puhakka 
and Melin, 1997). 

Microbial mineralization probably 
represents the most important route for the 
detoxification of organic pollutants in soils 
(Benoit et al., 1999). Biodegradation rates 
depend on biological and physicochemical 
factors, such as the type of microorganism 
community, soil pH, oxygen, nutrient 
availability, temperature and water 
availability (Mannisto et al., 2001). The 
structure and physicochemical properties 
of the contaminants also affect the rate at 
which these compounds can be degraded 
(Rutgers et al., 1998; Simoni et al., 2001) 

as well as the process used to obtain the 
biodegradation (Rutgers et al., 1998; 
Antizar-Ladislao and Galil, 2003). PCP 
removal from soil can occur either by 
abiotic (Bollag et al., 1995, Cea et al., 2005) 
or enzymatic oxidative processes (Bollag, 
1992). Nevertheless, phenolic compounds 
in soil are mainly transformed by oxidative 
processes, catalyzed by phenolases and 
peroxidases produced by natural microflora 
(Sjoblad and Bollag, 1981).

Soil microorganisms can produce 
extracellular oxidoreductases such as 
peroxidases, laccases and tyrosinases. 
These enzymes are involved in the oxidative 
coupling processes of chlorophenols 
(Bollag et al., 1995, Gianfreda and 
Bollag, 2002). Laccase requires O2, but 
no coenzymes, and produces free radicals 
that may undergo: i) further non-enzymatic 
oxidation, ii) reduction or iii) coupling to 
other phenolic compounds (Bollag, 1992). 
Peroxidases catalyze the polymerization 
of several phenolic substances, but they 
need hydrogen peroxide to be activated. 
The products of both enzymatic reactions 
(laccase and peroxidase) are usually 
less toxic than the parent components 
(Gianfreda and Bollag, 1994).
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In natural attenuation processes, 
biochemical and biological soil activities 
may change with time and the concentration 
of the contaminant(s) whose transformation 
is naturally catalyzed. The variation of 
some enzymatic activities and mainly of 
those partially involved in the contaminant 
transformation will occur. 

Volcanic soils in Chile are the most 
important area (~60%) of agricultural land 
(Matus et al., 2006). These soils present 
high phosphate retention and accumulate 
large amounts of organic matter and their 
main clay component is allophane, which 
is considered a non-crystalline hydrous 
aluminosilicate characterized by a short 
range-ordered nature and Si-O-Al bonds 
predominance (Mora y Barrow, 1996). 
These soil characteristics play an important 
role in the adsorption and biodegradation 
processes of chlorophenols in the soil 
environment. The interactions between 
enzyme activity and PCP degradation have 
been not studied in Chilean volcanic soils. 

table 1.  Chemical characterization of Andisol soil assayed (0-20 cm). (Mean of three 
replicates). 
tabla 1. Caracterización química del suelo Andisol utilizado (0-20 cm). (Promedio de 
tres repeticiones).

Parameter Mean Standard deviation

Organic Matter (%) 12  ± 0.12

pH
w
 (H

2
O)  5.7  ± 0.12

Phosphorous (mg kg-1) 15  ± 0.30

Nitrogen (mg kg-1) 55 ± 1.1
Copper (mg kg-1)  2.6     ± 0.043
Manganese (mg kg-1)  2.7     ± 0.054
Sulphur (mg kg-1) 14   ± 0.28
Aluminium Saturation (%)   3.6  ± 0.11

Cation Exchange Capacity (cmol+/kg) 12.2  ± 0.37

Addition  Bases (cmol+/kg) 11.7  ± 0.23

Therefore, the aim of this work was to 
evaluate the long-term effect of different 
amounts of PCP on the activities of 
dehydrogenase, acid phosphatase, laccase 
and Mn-peroxidase in a Chilean Andisol.

matErials and mEthods 

site description and soil sampling 

The experiments were conducted in an 
Andisol soil (0-20 cm) belonging to the 
Temuco Series, located in the south of 
Chile (38º 42’ S, 73º 35’ W). The soil was 
collected in April 2002, sieved (2 mm) and 
stored in plastic bags at 4ºC. A subsample 
was air-dried and chemical properties 
determined according to Sadzawka (1990). 
Some chemical properties of the Andisol 
studied are presented in Table 1. The soil 
presented high level of organic matter 
(12%), N (55 mg kg-1) and P (15 mg kg-1) 
and low pH (5.7). 
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pcp effect on soil enzymatic 
activities 

To evaluate the long–term effect of 
different concentrations of PCP on soil 
enzymatic activities, one kg of soil (60% 
of water holding capacity) was put into a 
plastic recipient (34 cm x 22 cm x 5 cm) 
and different amounts of PCP (0.41; 4.1 
and 41 mg kg-1 dry soil dissolved in 100 
mM KOH) were added. The samples 
were mixed and incubated at a controlled 
temperature (25 ± 1 ºC) for 112 days. Water 
losses by evaporation were compensated 
weekly to maintain soil water content. 
A control treatment was included by 
adding 1 mL KOH 100 mM instead of 
PCP. Treatments and control were set up 
in triplicates. About 5g of soil were taken 
periodically to evaluate the enzymatic 
activities and the residual concentration 
of PCP.

 
Enzymatic activities  

Dehydrogenase activity was determined 
using the method described by Camiña et al 
(1998). After addition of 1.5 ml of Tris-
HCl buffer and 2 ml of a 0.4% solution 
of2-(p-iodophenyl)-3-(p-nitrophenyl)-
5-Phenyltetrazolium chloride, 1 g soil 
sample was incubated in the dark for 
1 h in a shaking water bath at 40 ± 1ºC, 
mixed thoroughly with 10 ml of 1:1 (v/
v) ethanol/dimethylformamide, and left 
at room temperature for 10 min before 
filtration. Iodonitrotetrazolium (INT) was 
determined spectrophotometrically in the 
filtrate by measuring the absorbance at 
490 nm and reading the corresponding 
iodonitrotetrazolium concentration 
formation (INTF) from a calibration line 
constructed using samples treated as 
above, except for the addition of various 
concentrations of INTF instead of INT. 
Results are expressed in µmol INTF g-1 h-1 

and correspond to the mean of the three 

values. Acid phosphatase activity was 
determined with p-nitrophenyl phosphate 
(0.18 M) as substrate at pH 5.5 (Modified 
Universal Buffer). After 1 h incubation 
at 20 ± 1ºC, 0.5 M CaCl2 was added, and 
the p-nitrophenol (PNP) released was 
extracted with 0.5 M NaOH and measured 
spectrophotometrically at 400 nm (Rubio 
et al., 1990). Phosphatase activity was 
quantified by reference to a calibration 
curve constructed using PNP standard 
concentrations incubated with soil under 
the same conditions described above, and 
was expressed in µmol PNP g-1 h-1. Laccase 
activity was determined as described by 
Bourbunnais and Paice (1990) with some 
modifications (Saavedra, 2002). ABTS 
(2,2’- azinobis - 3 - ethyl benzothiozoline-
6- sulphonate) oxidation was measured 
at 420 nm. Briefly, the mixture reaction 
containing 1 g of soil in 4 mL sodium 
acetate buffer 0.1 M, pH 5.0 and ABTS 
0.15 mM, was incubated at 25 ± 1º C for 
1 h. Manganese peroxidase activity was 
determined as described by Pasczynski et al. 
(1988). The mixture reaction contained 1 
g soil in sodium tartrate buffer 0.1 M pH 
5.0, H2O2 0.1 mM and 0.1 mM MnSO4. 
The oxidation of the Mn (II) to Mn (III) 
was measured at 238 nm after 30 min 
incubation at 25 ± 1ºC.

 
analysis of pcp 

The pentachlorophenol (PCP) concentration 
in the soil (usually 4g) was determined by 
High-Performance Liquid Chromatography 
(HPLC) after extraction with hexane in 
a soxhlet system as described by Soto-
Córdoba et al. (2001). HPLC analyses 
were performed with a Merck Hitachi L-
7100 pump, a Rheodyne 7725 injector 
with 20 µL loop diode array detector. The 
detection was set up at 215 nm and the 
column was a reverse phase (Lichrosphere 
60RP select B, 5 μm). The mobile phase 
consisted of acetonitrile/phosphoric acid 
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(1:1 v/v) delivered at a flow rate of 1 mL/
min, at room temperature (about 22 ºC). 
Briefly, 4 g of soil were extracted with 
hexane for about 16 hours in a soxhlet 
extractor system and then evaporated at 
65ºC using a rotavapor under reduced 
pressure. The sample was re-suspended in 
5 ml of methanol HPLC grade and filtered 
at 0.45 μm membrane before injection (20 
µL) in the HPLC equipment.

statistical analysis 

All experiments and analyses were done 
in triplicate. The values reported for 
enzymatic activities are averages of the 
three determinations expressed on an 
oven-dried soil basis (105ºC). Analysis of 
variance (ANOVA) followed by a Tukey’s 
test at the 0.05 level was used when 
comparison between means was required. 
All statistical were carried out using SPSS 
version 9.0 software.

rEsUlts and discUssion

fate of the pcp in the soil 

In order to evaluate the transformation 
of PCP in the soil, it was monitored by 
HPLC during incubation. This assay was 
carried out in parallel to the soil enzymatic 
activities determinations under similar 
environmental conditions. Table 2 shows 
residual PCP in the soil treated with 
different concentrations of PCP (0.41; 4.1 
and 41 mg kg-1). The PCP concentrations 
decreased through the incubation, with the 
treatment with 41 mg kg-1 being the most 
persistent in the soil and detected until day 
35. In the other two treatments, PCP was 
detected only until day 7 (Table 2). It can be 
observed that, after one day of incubation, 
the PCP concentration decreased by almost 
50% at any concentration used.  While at 
the two lower PCP concentrations (0.41 and 

incubation time
(days)

                                 pcp  

0 0.0 0.41 4.1 41

1 ND 0.23 2.6 26.6 
7 ND 0.028 0.4 22.4 

14 ND ND ND 7.4 
21 ND ND ND 6.8 

35 ND ND ND 5.8 

42 ND ND ND ND

 ND: Not detected 

table 2.  PCP concentration (mg kg-1) during the soil incubation period at 25 ºC (Mean 
of three replicates)
tabla 2. Concentración de PCF (mg kg-1) durante el periodo de incubación del suelo a 
25 ºC (Promedio de tres repeticiones)
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4.1 mg kg-1), six more days of incubation were 
sufficient to further reduce the concentration 
of the phenol to a residual 10%, at the highest 
content, 30 more days were required to reach 
the same residual level. 

These results indicate therefore that the 
PCP removal from the soil was faster in 
the first hour and then it followed different 
kinetics depending on the initial PCP 
concentration added to the soil. This could 
be explained by different mechanisms 
occurring during the incubation period.  
     The great difference between the PCP 
added to the soil and the PCP founded after 
1 day of incubation may be due not only to 
degradation processes but also to adsorption 
processes that occur when PCP is added to 
allophanic soil. Results obtained previously 
have shown that PCP is strongly adsorbed 
in this type of soil during the first 24 hours 
of contact (Cea et al, 2005). Obviously 
the amount of PCP adsorbed into the soil 
will be affected not only by the initial PCP 
concentration value and its characteristics 
such as the dissociation constant (pKa), 
but also by soil characteristics such as 
pH, organic matter content, clay types and 
others. PCP is a weak acid (pKa is 4.7) and 
exists in two chemical forms in aqueous 
solutions: a relatively apolar and slightly 
soluble phenol (PCPº) and the dissociated 
form, a highly soluble phenolate(PCP-). 
As described by Diez et al. (1999), the 
adsorption of PCP in allophanic soils is 
enhanced at low pH values (around 4.5). 
Furthermore, it might be expected that the 
toxicity of PCP is enhanced when the pH is 
lowered. 

The slower kinetic steps in the 
disappearance of PCP from the soil (Table 
2) probably were dominated by the intrinsic 
degradation and/or transformation carried 
out by endogenous soil microorganisms 
resulting in the formation also of phenolic 
degradation products or humic hybrid 
components. In both the cases, however, 
these latter components can be considered 

as a part of the group of molecules which 
are precursors to the synthesis of humic acid 
(Ruttimann-Johnson and Lamar, 1997). 

Evaluation of pcp on soil enzyme 
activities 

The dehydrogenase activity was affected 
mainly at the highest concentration (41 mg 
kg-1) and the effect decreased with the lower 
PCP additions. In general, the activity of the 
enzyme decreased strongly during the first 
3 days, then a stationary situation occurred 
until day 28; thereafter, the enzyme activity 
increased regularly and at the end of the 
incubation period it reached a value of 0.8 
µmoles INTF g-1 h-1 for the control soil, 
higher than the initial one (0.5 µmoles INTF 
g-1 h-1) (Figure 1). n soil, dehydrogenase 
activity is very often considered a reliable 
indicator of the active microbial biomass, 
this being an intracellular enzymes whose 
activity depends on the survival of the 
living microbial cell. The behavior of 
dehydrogenase activity shown in Figure 1 
could be due to the combination of several 
effects acting on soil microorganisms 
and arising from the presence of PCP 
and its degradation and/or transformation 
products. 

The sudden decrease monitored in the 
first 3 days of incubation period could 
be reasonably explained by a strong 
inhibitory and/or killing effect by PCP 
on active microbial cells. As the residual 
PCP concentration decreased, simpler 
degradation products were probably formed 
or PCP molecules were removed by partial 
or total immobilization in the soil matrix. 
In both cases, a less hostile environment 
for microorganisms resulted and the 
latter started to be active and reproduced. 
The increase of activity monitored after 
μ50 days50 days of incubation seems to indicate 
that degradation leading to products 
easily available as C sources rather than 
entrapment phenomena.
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The inhibition of dehydrogenase activity 
by PCP was also reported by McGrath and 
Singleton (2000). In an experiment lasting 
six weeks and carried out in a sterile soil 
inoculated with a single fungi species and 
another soil inoculated with a combination 
of species, dehydrogenase activity decrease 
considerably in the soils contaminated 
by PCP, with its initial concentration 
being (250 mg kg-1); however, higher 
concentrations than that were used in this 
study. 

Soil organic matter content also 
influences the dehydrogenase activity. 
Martínez  Cruz et al.  (2002) demonstrated 
that when the organic matter content 
diminishes, the response of the 
dehydrogenase activity is higher since 
the immobilization of the enzymes on the 
humic materials often cause an inhibitory 
effect on their activity (Sarkar et al., 1989). 
Soil from our study presented an organic 
matter content of 12 % (Table 1), then 
also contributed to the initial reduction of 
deshydrogenase activity. Soil pH is also 
an important factor in the activity of this 

enzyme. In pH above 6.0, the enzymatic 
activity is higher than in more acidic 
conditions such as in an Andisol soil (Table 
1). This may suggest that the soil microflora  
are subjected to some stress associated 
with changes in their growing conditions. 
In the presence of high contaminant 
concentrations (41 mg kg-1), these effects 
were probably much more marked and 
an adaptation period was needed to allow 
normal growth of the microbial biomass. 
This hypothesis seems to be supported by 
the amounts of proteins measured in the 
control. A constant protein concentration 
was measured within 0-60 days (0.01 mg g-1 
in average); thereafter, it increased twofold 
until the end of the experiment (data not 
shown).

PCP concentration did not affect Mn-
peroxidase activity through the incubation 
showing no significant effect on any 
treatment (Figure 2).  In general, Mn-
peroxidase activity strongly decreased in 
the first 3 days, after which time the Mn-
peroxidase activity increased gradually 
until day 15, reaching the highest activity, 

figure 1. Effect of PCP (0.41, 4.1 and 41 mg kg-1 ) on dehydrogenase activity in the soil. 
figura 1. Efecto del PCF (0,41, 4,1 and 41 mg kg-1 ) sobre la actividad de la dehidrogenasa en el suelo
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about 730 nmoles Mn+3 g-1 min-1, in the 
treatment with low PCP concentrations. 
Between 16 and 40 days, the Mn-peroxidase 
activity decreased slowly for different 
PCP concentrations and control. After this 
period, Mn-peroxidase remained almost 
constant and was similar to the initial one. 

The behavior of Mn-peroxidase was 
quite similar to that of the dehydrogenase 
shown in Figure 1, at least during the first 
3 days, thus supporting an inhibitory effect 
by PCP, though not dependent on its initial 
concentration. In contrast to the increase 
measured with dehydrogenase activity, the 
stationary value reached by Mn-peroxidase 
activity could be explained by considering 
the extracellular nature of this enzyme 

and the possibility of its stabilization by 
interaction with organic and inorganic soil 
colloids.

Diverse studies have demonstrated 
that PCP concentrations decrease in 
soils treated with white-rot fungi that 
produce ligninolitic enzymes (laccase, 
Mn-peroxidase). These enzymes have 
a wide range of specificity and it is of a 
great importance in the transformation and 
mineralization of organic contaminants 
with similar structure to lignin (Pointing, 
2001). Indeed, their activity has been often 
correlated with the degradation of PCP 
inoculated with white-rot fungi.

Initial  laccase  activity  ( measured 
after  1  day  of  incubation )  was  highest 

figure 2. Effect of PCP (0.41, 4.1 and 41 mg kg-1 ) on Mn-peroxidase activity in the soil.
figure 2. Efecto del PCF (0,41, 4,1 and 41 mg kg-1 ) sobre la actividad de la Mn-peroxidasa en el suelo.
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(>30 µmoles ABTS g-1min-1) in the lowest 
treatment (0.41 mg kg-1) of PCP addition. 
However, it decreased with respect to the 
control treatment when 4.1 and 41 mg 
kg-1 PCP were added. Laccase activity 
decreased for all PCP treatments on day 
3 of incubation (Figure 3). The initial 
laccase activity decreased from 20 to 15 
µmoles ABTS g-1min-1 after 3 days of 
incubation in a control treatment with the 
enzyme activity subsequently becoming 
stable until the end of the incubation (± 10 
µmoles ABTS g-1min-1). On the other hand, 
for PCP treatments of 0.41, 4.1 and 41 mg 
kg-1 PCP, the laccase activity decreased 
progressively reaching the lowest value 
after 42 day of incubation and from then 
until the end of incubation a low range of 
laccase activity was observed showing the 
persistence of an inhibitory effect.

The initial increase in laccase activity 
when 0.41 mg kg-1 PCP was added tallies 
with data obtained by Saavedra (2002). 
The author reported that laccase activity 
was higher than the control sample when 
445 mg kg-1 PCP was added to the soil and 

the laccase activity evaluated after 1 hour 
of contact. 

Laccase behavior is consistent with that 
reported by Gianfreda et al. (1998). The 
authors showed that the higher the phenol 
concentration, the more pronounced the loss 
of laccase activity. The authors explained 
their results as due to the progressive 
entrapment and/or adsorption of active 
enzyme molecules within/on phenol 
polymeric aggregates as they formed.  

The activity of acid phosphatase is 
very important in Andisols from Chile, 
whose main characteristics are their high 
P fixation capacity and their acid pH. Acid 
phosphatase activity showed an initial 
increase (day 3) with the addition of the 
different PCP concentrations, including 
the control treatment, later phosphatase 
activity decreased with time. After seven 
days, acid phosphatase activity remained 
almost stable up to 56 days of incubation, 
after which it increased slightly until the 
end of the incubation period, reaching 
values similar to the initial ones (Figure 
4).  The highest (41 mg kg-1) PCP amount 

figure 3. Effect of PCP (0.41, 4.1 and 41 mg kg-1 ) on laccase activity in the soil.
figura 3. Efecto del PCF (0,41, 4,1 and 41 mg kg-1 ) sobre la actividad de la lacasa en el suelo.
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showed the greatest inhibitory effect on 
phosphatase activity whereas at 0.41 mg kg-1 
PCP phosphatase activity was similar to 
the control soil, showing no inhibitory 
effect. According to Omar and Abdel-
Sater (2001) at this PCP concentration a 
stimulative effect on soil microorganism 
growth may have occurred.  

Hydrolases such as phosphatase, 
hydrolyze numerous substrates into less 
complex molecules and are considered 
suitable for the detoxification of xenobiotic 
substances in the environment. These 
enzymes have a very broad specificity 
and do not require cofactors or coenzymes 
(Gianfreda and Bollag, 1994). As reported 
by Munnecke et al. (1982), the hydrolysis of 
pesticides results in a loss of biospecificity 
and products with both a lower stability 
and a higher biodegradability are often 
formed. 

conclUsions

Pentachlorophenol is one of the most typical 
examples of xenobiotics that can affect 
the biological activity of soil. However, 
PCP removal can spontaneously occur in 
soil and several factors may participate 
in this phenomenon, including physical, 
chemical and biological soil properties. 
In the long-term experiment performed 
in this study, the addition of PCP to a 
Chilean Andisol affected the activities of 
laccase, dehydrogenase and phosphatase 
enzymes, mainly at higher concentrations, 
whereas lower or no effects on acid 
phosphatase activity were detected at the 
lowest PCP concentration (0.41 mg kg-1). 
Mn-peroxidase was not affected by PCP 
addition, probably due to the characteristics 
of the allophonic soil used in this study 
which has high organic matter content and 
a high PCP adsorption capacity. 

figure 4. Effect of PCP (0.41, 4.1 and 41 mg kg-1 ) on phosphatase activity in the soil. 
figura 4. Efecto del PCF (0,41, 4,1 and 41 mg kg-1 ) sobre la actividad de la fosfatasa en el suelo.
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