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Abstract. A variety of methods were developed to measure soil biological activity. All these methods are
not suited to produce generally accepted results, but they give relative information about the ecological
status of soil. Soil enzymatic activity assaysis only one way to measure the ecosystem status of
soils. The technique is quite simple and produces reproducible results, and is nowadays of practical
importance because the influence of agro-chemicals, industrial waste, heavy metals, as well as soil
fertility management can be measured. Especially the search for urease inhibitor is of particular interest
in order to reduce ammonia losses from soils. Soil enzymes have been reported as useful soil quality
indicators due to their relationship to soil biology, being operationally practical, sensitive, integrative,
ease to measure and described as "biological fingerprints” of past soil management, and relate to soil
tillage and structure. The focus of this article is to provide a review of soil enzyme activity as a biological,
process-level indicator for impacts of natural and anthropogenic activities on soils. This knowledge of soil
enzymology can be applicable as bioindicator to human endeavour of ecosystem perturbation, agricultural
practices and xenobiotic pollution.
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Introduction

Soil is a living-dynamic, non-renewable resource and its conditions influence food
production, environmental efficiency and global balance (Dick, 1997; Doran and Zeiss,
2000). The quality of soil depends in part on its natural composition, and also on the
changes caused by human use and management (Pierce and Larson, 1993). Human
factors influencing the environment of the soil can be divided into two categories: those
resulting in soil pollution and those devoted to improve the productivity of soil
(Gianfreda and Bollag, 1996). A soil is biologically active, when biological processes
proceed rapidly, i.e. in a distinct span of time a lot of metabolites are produced
(Schaller, 2009). A variety of methods were developed to measure soil biological
activity. All these methods are not suited to produce generally accepted results, but they
give relative information about the ecological status of soil ecosystem (Burns, 1982;
Frankenberger and Dick, 1983). The soil enzymatic activity assay is only one way to
measure the ecosystem status of soils. Baldrian (2009) proposed a variety of
methods for measuring enzymatic activities in soils. These techniques are quite simple
and produce reproducible results, but they often differ in the mode of detection
(spectrophotometry, fluorescence, radiolabelling), the reaction conditions (temperature,
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use of buffers, time of reaction), and/or in the use of a variety of reaction substrates of
measuring the enzyme activity, even for a single enzyme (Tabatabai 1994; Alef and
Nannipieri 1995; Gianfreda and Bollag 1996; Schinner et al., 1996, Burns and Dick,
2002). Unfortunately, generally accepted standard procedures still do not exist
(Baldrian, 2009).

The role of soil enzymes and their activities are defined by their relationships with
soil and other environmental factors (e.g., acid rain, heavy metals, pesticides, and other
industrial chemicals) that affect their activities (Burns, 1982; Hussain et al., 2009). Soil
enzymes are the mediators and catalysts of important soil functions that include:
decomposition of organic inputs; transformation of native soil organic matter; release of
inorganic nutrients for plant growth; N, fixation; nitrification; denitrification; and
detoxification of xenobiotics (Dick, 1997). In addition, soil enzymes have a crucial role
in C (B-glucosidase and [-galactosidase), N (urease), P (phosphatase), and S
(sulphatase) cycle (Karaca et al., 2011). Soil enzymology is nowadays of practical
importance because the influence of agro-chemicals, industrial waste, heavy metals, as
well as soil fertility management can be measured. Especially the search for urease
inhibitor is of practical interest in order to reduce ammonia losses from soils (Schaller,
2009). The importance of soil enzymes has been explained as useful in describing and
making prediction about ecosystem’s function, quality and interactions among sub-
systems (Dick and Tabatabai, 1992). The focus of this article is to provide a review of
soil enzyme activity as a biological, process-level indicator for impacts of natural
and anthropogenic activities on soils. This knowledge of soil enzymology can be
applicable as bioindicator to human endeavour of ecosystem perturbation, agricultural
practices and xenobiotic pollution.

What is bioindicator?

A bioindicator is defined as an organism, part of an organism, the product of an
organism (e.g., enzyme), collection of organisms or biological process which can be
used to obtain information on the quality of all or part of the environment (Killham,
2002). A number of bioindicators have been suggested for monitoring soil health and
they include: soil microbial biomass, carbon and nutrient cycling, community structure
and biodiversity, soil animals, plants, and soil enzymes (Killham, 2002). Bioindicators
are very important for resource managers in order to understand ecological changes
within the soil ecosystem (Dale et al., 2008). Dale and Beyeler (2001) and Dale et al.
(2008) summarized the criteria for ecological indicators: (i) easy to measure, (ii)
sensitive to system stresses, (iii) respond to stress, (iv) anticipation of change in
ecological system, (v) predicts changes, (vi) being integrative, (vii) ability to respond to
natural disturbances, anthropogenic stresses and changes over time, (viii) variable with
response and (ix) having the attention of measured parameters of spatial and temporal
change.

Soil enzymes have been reported as useful soil quality biological indicators due to
their relationship to soil biology, being operationally practical, sensitive, integrative,
ease to measure and described as "biological fingerprints" of past soil management, and
relate to soil tillage and structure (Bandick and Dick, 1999). They are also indicative of
biological equilibrium (Frankenberger and Tabatabai, 1991), fertility (Nannipieri, 1994;
Antonious, 2003), quality (Dick, 1997; Bucket and Dick, 1998), and changes in the
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biological status of soil due to pollution (Nannipieri and Bollag, 1991; Schaffer, 1993;
Trasar-Cepeda et al., 2000).

Some Selected Soil Enzymes used as Biological indicators
Dehydrogenase

Dehydrogenase is an enzyme that oxidizes soil organic matter by transferring protons
and electrons from substrates to acceptors. This enzyme is considered to exist as an
integral part of intact cells but does not accumulate extra-cellularly in the soil (Das and
Varma, 2011). Dehydrogenase activities in soil are biological indicators of overall
microbial respiratory activity of soils and are used by microorganisms in the soil to
break down organic matter; metabolic processes that occur in abundance in healthy
microorganisms (Bolton et al., 1985). Burns (1978) reported that dehydrogenase
enzyme activity is commonly used as an indicator of biological activity in soils. This
enzyme occurs only within soil bacteria (e.g. genus Pseudomonas, with Pseudomonas
entomophila as most abundant). They do not act on their own without a bacterial host.
Therefore, when dehydrogenase is present in the soil, you can reasonably conclude that
bacteria are present (Walls-Thumma, 2000).

Testing for dehydrogenase activity in soil bacteria involves adding a substance
(triphenyltetrazolium chloride) to the soil that serves two purposes. First, it makes
organic materials more available to microorganisms. At the same time, the bacteria
convert it to a chemical called formazan, which can be extracted from the soil and
analysed (Alef and Nannipieri, 1995; Walls-Thumma, 2000). Higher levels of formazan
indicate that bacteria are present and healthy, undertaking the metabolic processes that
boost soil fertility (Walls-Thumma, 2000). Measuring dehydrogenase levels allow
researchers to better understand the effect of agricultural practices, such as pesticide
use, or other management practices on the health of soil, as well as a direct measure of
soil microbial activity. It can also indicate the type and significance of pollution in soils
(Walls-Thumma, 2000). For example, higher activities of dehydrogenases have
been reported at low doses of pesticides, and, lower activities of the enzyme at
higher doses of pesticides (Baruah and Mishra, 1986). Similarly, dehydrogenase
enzyme is higher in soils polluted with pulp and paper mill effluents (McCarthy et al.,
1994) but low in soils polluted with fly ash (Pitchel and Hayes, 1990).

p-Glucosidase

B-glucosidase is a common and predominant enzyme in soils (Eivazi and Tabatabai,
1988; Tabatabai 1994). The enzyme plays an important role because it is involved in
catalysing the hydrolysis of various p-glucosides present in plant debris
decomposing in the soil ecosystem. Thus, it is named according to the type of
bond that it hydrolyses (Ajwa and Tabatabai 1994; Martinez and Tabatabai 1997).
This enzyme is included in the category of glucosidases that hydrolyse disaccharides. a-
Glucosidase, which catalyses the hydrolysis of a-D-glucopyranoside, is also included
among glucosidases. Other glucosidases are a-galactosidase and f-galactosidase (also
called lactase). B-glucosidase is more prominent in soil than a-glucosidase and o and f3
galactosidases. It is a rate limiting enzymes in microbial degradation of cellulose to
glucose, an important C energy source of life for microorganisms in the soil (Esen,
1993; Tabatabai, 1994), according to the following reaction:
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B-glucosidases are known to be widely distributed among plants, animals, fungi,
bacteria and yeasts (Veena et al., 2011). Glucosidase activity has been observed in
various plant species such as maize and sorghum (Verdoucq et al., 2003), roots of
Panax ginseng plant (Zhang et al., 2001), and microbes like Penicillium purpurogenum
(Dhake and Patil, 2005), Ceriporiopsis subvermispora (Magalhaes et al., 2006),
Flavobacterium johnsonae (Okamota et al., 2000), Trichoderma spp. (Yun et al., 2001;
Pragya et al., 2013), Lactobacillus plantarum (Spano et al., 2005) and Dyella koreensis
spp. (An et al., 2005). There is considerable evidence suggesting that a significant
fraction of [-glucosidase enzymatic activity measured in soil originates from
abiontic enzymes (enzymes of biological origin no longer associated with living
cells) excreted into the soil solution or immobilized enzymes of microbial origin
sorbed to clays or humus colloids ((Hayano and Tubaki, 1985; Busto and Perez-
Mateos, 1995; 2000).

The enzyme is characteristically useful as a soil quality bioindicator, and may give
a reflection of past biological activity, the capacity of soil to stabilize the soil
organic matter (SOM), and can be used to detect management effect on soils (Bandick
and Dick, 1999; Ndiaye et al., 2000). This has greatly facilitated its adoption for soil
quality testing (Bandick and Dick, 1999). Generally, B-glucosidase activities can
provide advanced evidence of changes in organic carbon long before it can be
accurately measured by other routine methods (Joachim and Patrick, 2008). The B -
glucosidase enzyme is very sensitive to changes in pH, and soil management
practices. Acosta-Martinez and Tabatabai (2000) reported B-glucosidase as sensitive to
pH changes, with its activity significantly (P < 0.001) and positively correlated with soil
pH. This property can be used as a good biochemical indicator for measuring
ecological changes resulting from soil acidification in situations involving
activities of this enzyme. The B - glucosidase enzyme is also known to be
inhibited by heavy metal contamination such as Cu and several others (Joachim
and Patrick, 2008). For instance, studies have shown that plant debris did not
decompose or show B-glucosidase activities when exposed to heavy metal polluted
soils (Joachim and Patrick, 2008). More understanding of the B-glucosidase enzyme
activities and factors influencing them may contribute significantly to the studies
of soil ecosystem status (Das and Varma, 2011).

Cellulase

Cellulase catalyses hydrolysis of cellulose to D-glucose (Hussain et al., 2009).
Cellulose is the most abundant structural polysaccharide of plant cell walls with B-1, 4 -
glucosidic linkages and represents almost 50% of the biomass synthesized by
photosynthetic fixation of CO, (Eriksson et al., 1990). The cellulolytic enzyme consists
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of at least three enzymes (Joachim and Patrick, 2008). They include: endo-1,4-B-
glucanase which attacks the cellulose chains at random, exo-1,4-B-glucanase which
removes glucose or cellobiose from the non-reducing end of the cellulose chains,
and B-D-glucosidase which hydrolyses cellobiose and other water soluble
cellodextrins to glucose.

The cellulolytic enzyme systems in fungi can be divided into three groups. The soft-
rot fungi (Aspergillus niger, A. oryzae, Fusarium solani, T. harzianum, Trichoderma
reesei, Trichoderma atroviride, Mucor circinelloides), brown rot fungi (Poria placenta,
Coniophora puteana, Lanzites trabeum, Tyromyces palustris, Fomitopsis sp.) and
white-rot fungi (Phanerochaete chrysosporium, Agaricus arvensis, Sporotrichum
thermophile, Pleurotus ostreatus) (Kleman-Leyer et al., 1996; Nutt, 2006; Sukumaran
et al., 2005; Kuhad et al., 2011). Cellulase enzymes in bacteria are produced by aerobic
(Acinetobacter junii, Bacillus subtilis, Cellulomonas biazotea, Pseudomonas cellulose)
and anaerobic (Acetivibrio cellulolyticus, Butyrivibrio fibrisolvens, Clostridium
thermocellum) microbes (Sukumaran et al., 2005; Sadhu et al., 2013). Also
actinomycetes (Cellulomonas fimi, Streptomyces drozdowiczii, Thermomonospora
fusca) produce cellulolytic enzyme (Sukumaran et al., 2005; Kuhad et al., 2011). Most
cellulolytic microbiota produces, in addition to cellulases that hydrolyse the B (1-4)
glucosidic bonds, a number of other cell-wall-degrading enzymes such as ligninases,
xylanases, pectinases, etc. (Sukumaran et al., 2005). The production of cellulases is also
documented in plants and in a number of invertebrate taxa that includes insects,
crustaceans, annelids, molluscs, mussels and nematodes (Sadhu et al., 2013).

Activities of cellulases in agricultural soils are affected by several factors. These
include temperature, soil pH, water and oxygen contents (abiotic conditions), the
chemical structure of organic matter and its location in the soil profile horizon (Deng
and Tabatabai, 1994; Alf and Nannipieri, 1995), quality of organic matter/plant debris
and soil mineral elements (Sinsabaugh and Linkins, 1989; Deng and Tabatabai 1994)
and the trace elements from fungicides (Deng and Tabatabai 1994; Arinze and
Yubedee 2000).

Demonstrating the effects of increasing concentrations of fungicides on cellulases
activities, Arinze and Yubedee (2000) showed that fungicides benlate, calixin and
captan inhibited cellulase activity in Fusarium monoliforme isolates. Captatol
inhibited the cellulose activity in the sandy loam soil, and chlorothalonil showed a clear
reduction in cellulase activity under flooded or non-flooded conditions (Joachim and
Patrick, 2008). Several mechanisms have been proposed in the degradation of
cellulose by cellulases. For instance, chitin in the presence of cellulose induces
the synthesis of chitinase and other cell wall lytic enzymes which promote the release
of the intramural B-glucosidase into the medium . All these findings suggest that
the activities of cellulases can be used to give preliminary indication of some of
the physical and chemical properties of soil, thus, easing agricultural soil
management strategies (Joachim and Patrick, 2008). Since cellulases enzymes play
an important role in global recycling of the most abundant polymer, cellulose in
nature, it would be of critical importance to understand this enzyme better so
that it may be used more regularly as a predictive tool in our soil fertility
programmes (Das and Varma, 2011).
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Urease

Urease is an enzyme that catalyses the hydrolysis of urea into CO2 and NH3 with a
reaction mechanism based on the formation of carbamate as an intermediate (Tabatabai,
1982).

HaNCONHz + Ho0O — 2NH5 + CO;

It also catalyses the hydrolysis of hydroyurea, dihydroxyurea and semicarbazid and
contains nickel as a co-factor with its molecular weight may range from 151,000 to
480,000 Da (Alef and Nannipieri, 1995). The urease is widely distributed in nature,
being present mainly from plants (Polacco, 1977) and microorganisms found as both
intra- and extra-cellular enzymes (Burns, 1986; Mobley and Hausinger 1989). On the
other hand, urease extracted from plants or microorganisms rapidly degraded in soil by
proteolytic enzymes (Pettit et al. 1976; Zantua and Bremner 1977). This suggests that a
significant fraction of pureolytic activity in the soil is carried out by extracellular urease,
which is stabilized by immaobilization on organic and mineral soil colloids.

The enzyme urease has been widely used to evaluate changes in soil quality related
to management, since its activity increases with organic fertilization and decreases with
soil tillage (Saviozzi et al., 2001). This enzyme, mostly the cases are an extra-cellular
enzyme representing up to 63% of total activity in the soil (Martinez-Salgado et al.,
2010). It has been shown that its activity depends on microbial community, physical,
and chemical properties of soil (Corstanje et al., 2007), and its stability is affected by
several factors: organo-mineral complexes and humic substances make them resistant to
denaturing agents such as heat and proteolytic attack (Makoi and Ndakidemi, 2008).
Urease activity is used as a soil biological indicator because it is influenced by soil
factors such as cropping history, organic matter content, soil depth, management
practices, heavy metals and environmental factors like temperature and pH (Yang et al.,
2006). The effect of temperature on urea hydrolysis has received considerable research
attention. Generally, urease activity increases with increasing temperature.
Consequently the understanding of urease activity should provide better ways to
manage urea fertilizer, especially in warm high rainfall areas, flooded soils and irrigated
conditions (Makoi and Ndakidemi, 2008).

Phosphatases

Organic phosphorus (P,) is abundant in soils and can contribute to the P nutrition of
plants and microbes following hydrolysis and the release of free phosphate (Condron et
al., 2005). This process is catalysed by phosphatase enzymes, which are actively
secreted into the soil by many plants and microbes in response to a demand for P, or
passively released from decaying cells (Quiquampoix and Mousain, 2005). Of the
phosphatases present in soil, phosphomonoesterases are the most studied. This group of
enzymes act on a range of low molecular weight P compounds with monoester bonds,
including mononucleotides, sugar phosphates, and polyphosphates (Reid and Wilson,
1971). They cannot initiate the cleavage of phosphate from phytic acid (myo-
inositolhexakisphosphate), although they can catalyse the hydrolysis of lower-order
inositol phosphates (Cosgrove, 1980). Phosphodiesterases are far less studied in both
soils and soil organisms. This seems a significant oversight, because phosphodiesterase
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is involved in the degradation of phospholipids and nucleic acids, which constitute the
majority of the fresh organic P inputs to soil (Cosgrove, 1967). Phosphomonoesterase
and phosphodiesterase are both necessary to release free phosphate from a phosphate
diester (Turner and Haygarth, 2005). Initial hydrolysis by phosphodiesterase releases a
phosphate monoester, which must then by hydrolysed by phosphomonoesterase to
release free phosphate for biological uptake (Fig. 1).

Plants, microbes

Phosphodiesterase Phosphomonoesterase

e

Figure 1. A simplified conceptual model of the turnover of organic phosphorus inputs from
plants and microbes in soil. Organic phosphorus inputs to soil from plants and microbes are
mainly phosphate diesters, which must be hydrolyzed by phosphodiesterase and
phosphomonoesterase prior to the release of free phosphate for biological uptake. R and R’
represent organic moieties (culled from Benjamin and Philip, 2005).

Phosphate
monoesters

OH
R=O— Illj-o H
0

Phosphate
diesters

OH
R—O—II!II-O-R'
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Microorganisms that produce phosphates in soil includes soil fungi, particularly
those belonging to the genera Aspergillus and Penicillium, along with Pseudomonas and
Bacillus bacteria that produce mostly neutral phosphatase, while Actinomycetes
produced only negligible quantities of phosphatases (Tarafdar and Chhonkar, 1979). In
soil ecosystems, these enzymes are believed to play critical roles in P cycles as
evidence shows that they are correlated to P stress and plant growth (Speir and
Ross, 1978). Land plants have evolved many morphological and enzymatic
adaptations to tolerate low phosphate availability. This includes the transcription
activity of acid phosphatases, which tend to increase with high P stress (Miller et al.,
2001; Li et al., 2002). For example, when there is a signal indicating P deficiency in
the soil, acid phosphatase secretion from plant roots is increased to enhance the
solubilisation and remobilisation of phosphate, thus influencing the ability of the plant
to cope with P-stressed conditions (Hayes et al., 1999; Karthikeyan et al., 2002; Versaw
and Harrison, 2002).

In soil, phosphomonoesterases have been the most studied enzymes probably
because they have activity both under acidic and alkaline conditions, according to its
optimal pH, and because they act on low molecular P-compounds, including
nucleotides, sugar phosphates and polyphosphates (Makoi and Ndakidemi, 2008); thus
they can be used as soil quality bioindicators. Turner and Haygarth (2005),
evaluated phosphatase activity in temperate grassland, and found a strong
correlation between enzyme activity and soil properties such as pH, total N, organic P
and clay content.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 13(1): 147-169.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOI: 10.15666/aeer/1301_147169
© 2015, ALOKI Kft., Budapest, Hungary


http://www.ncbi.nlm.nih.gov/pubmed?term=Tarafdar%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=224622
http://www.ncbi.nlm.nih.gov/pubmed?term=Chhonkar%20PK%5BAuthor%5D&cauthor=true&cauthor_uid=224622

Utobo — Tewari: Soil enzymes as bioindicators of soil ecosystem status
- 154 -

The amount of acid phosphatase exuded by plant roots has been shown to differ
between crop species and varieties (lzaguirre-Mayoral et al., 2002; Ndakidemi,
2006), as well as crop management practices (Wright and Reddy, 2001; Ndakidemi,
2006). For instance, research has shown that legumes secrete more phosphatase
enzymes than cereal (Yadav and Tarafdar, 2001; Li et al., 2004). This may probably
be due to a higher requirement of P by legumes in the symbiotic nitrogen
fixation process as compared to cereals (Joachim and Patrick, 2008). The ability to
solubilize soil mineral elements by these phosphomonoesteraces is expected to be a
higher in biologically-managed systems because of a higher quantity of organic C
found in those systems. In fact, the activity of acid and alkaline phosphatases was
found to correlate with organic matter in various studies (Guan, 1989; Jordan and
Kremer, 1994; Aon and Colaneri, 2001). It is, therefore, anticipated that management
practices that induce P stress in the rhizosphere may also affect the secretion of these
enzymes in the ecosystem ((Ndakidemi, 2006). Joachim and Patrick (2008) observed
that there have been few studies examining the influence of management options
in the ecosystem on phosphatases activity in soil where most crops are grown.
Understanding the dynamics of phosphatase activities in the soil ecosystems, according
to Das and Varma (2011) is crucial for predicting their interactions as their activities
may, in turn, regulate nutrient uptake and plant growth.

Arylsulphatase

Arylsulfatase is the enzyme that catalyses the hydrolysis of organic sulfate ester
(Kertesz and Mirleau, 2004) and is typically widespread in the soils (Tabatabai and
Bremner, 1970; Gupta et al., 1993; Ganeshamurthy et al., 1995). They are classified
according to the type of the ester in arylsulphatases: akylsulphatases, steroid
sulphatases, glucosulphatases, chondrosulphatases and myrosulphatases (Tabatabai,
1982). The enzyme also catalyses the hydrolysis of p-nitrophenyl sulfate, potassium
phenyl sulphate, potassium nitrocatechol sulphate and potassium phenolphthalein
sulphate (Alef and Nannipieri, 1995).The role of this enzyme in the hydrolysis of
aromatic sulphate esters to phenols and sulphate, or sulphate sulphur is shown in the
following chemical equation (Tabatabai, 1994):

0S03K OH
ARYLSULFATASE &
B e I + KHSO,
@ + H,0 S
NO2 NO2
POTASSIUM P-NITROPHENYL SULFATE P-NITROPHENOL

The enzyme has been detected in strains of bacteria (Actinobacteria sp.,
Pseudomonas sp., Klebsiella sp. and Raoultella sp.), fungi (Trichoderma sp. and
Eupenicillium sp.), plants and animals (Nicholls and Roy, 1971), and was first detected
in soils by Tabatabai and Bremner (1970). Arylsulphatases are secreted mainly by
bacteria into the external environment as a response to sulphur limitation (McGill and
Colle, 1981). Its occurrence in different soil systems is often correlated with
microbial biomass (Klose and Tabatabai, 1999) and rate of S immobilization (Vong et
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al., 2003). The release of sulphate from soluble and insoluble sulphate esters in
the soil is affected by various environmental factors such as heavy metal pollution
(Tyler, 1981; Kucharski, et al., 2011), pH changes in the soil solution (Acosta-
Martinez and Tabatabai, 2000), organic matter content and its type (Sarathchandra and
Perrott, 1981; Dalal, 1982), the concentration of organic sulphate esters (Dodgson and
Rose, 1976), the extent to which organic sulphate esters are protected against
enzymatic hydrolysis such as sorption to particle surfaces in soils, and the activity
persistence of extracellular arylsulphatases in the soil (Joachim and Patrick, 2008).

Soil Enzyme Activity as a Biological Indicator of Soil Ecosystem Status
Soil Enzymes as Bioindicators of Ecosystem Perturbation

Changing land use from one type to another generally affects the soil ecosystem
status. Sicardi et al. (2004) found that land use conversion from natural grazed pastures
to commercial Eucalyptus grandis plantations, showed that no significant effect was
found on the number of cellulolytic aerobes, P-solubilizer and Azotobacter spp.
communities, whereas significant effect was observed on soil respiration, C-
mineralization coefficient, dehydrogenase, fluorescien diacetate hydrolysis and acid and
alkaline phosphatase activity. Sicardi et al. (2004) also reported that land use and
management practices alter the total amount and composition of soil organic matter and
significantly change the enzyme activities. Natural systems changed to agricultural
systems not only affect vegetation, but also biological properties are altered in soil
ecosystems (Acosta-Martinez et al., 2003). They observed higher enzymatic activities
(B-glucosidase, PB-glucosaminidase, arylamidase, alkaline and acid phosphatase,
phosphodiesterase and arylsulphatase) in conservation reserves programme, native
grassland and rotation with other crops (wheat or sorghum) when compared with
continuous cotton (Acosta-Martinez et al., 2003).

Devegetation and revegetation influence soil quality when compared with
undisturbed soils. In the study carried out by Bastida et al. (2006), they found that
dehydrogenase and protease were lower in devegetated soils (devegetation of Pinus
halepenis and natural shrubs) than undisturbed soil. lzquierdo et al. (2005) found that
elimination of vegetation caused a long-term negative influence on biochemical and
microbial activity of the soil. Soil quality has not been recovered even after 15 years of
deforestation. They also observed that protease and B-glucosidase activities were in
revegetation with Casuarina equisetifolia than with Anacardium occidentale; however,
urease, protease, acid phosphatase and B-glucosidase activities were significantly
greater in revegetated soil (soil restoration: after revegetation of mining area) than in
bare soil 4 years after planting (Izquierdo et al., 2005).

Forest fires are considered as natural disturbances and caused the most dramatic
changes in forest ecosystems (Karaca et al., 2011). Due to the low volatilization
temperature of N, most of the nitrogen found in biomass and soil is lost to the
atmosphere when forest fires occur. Only some enzyme activities discriminate the fire
effect on the ecosystem as bioindicators. Different soil enzymes were investigated by
different researchers for discriminating fire stress on soil quality. Some activities were
decreased and others were increased (Karaca et al., 2011). Invertase and proteinase
activities were declined by burning, but acid phosphatase, polyphenoloxidase and
peroxidase activities were increased (Zhang et al., 2005). Urease activity declined by
the fire effect and this negative effect on urease activity was time dependent and
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recovered after 12 years of burning (Cetin et al., 2009). Sardans et al. (2005) reported
that climatic conditions influence all living things as well as soil quality. The reduction
of 10% of soil moisture decreased urease (10-67%), protease (15-66%) and p-
glucosidase (10-80%) activities while decreasing of 21% of soil moisture decline urease
(42-60%), protease (35-54%) and B-glucosidase (35-83%) and acid phosphatase (31-
40%) activities and no significant influences were found on alkaline phosphatase
activities. N-cycling enzymes (protease and urease) were the most influenced by
drought (Sardans et al., 2005).

Soil Enzymes as Bioindicators of Change in Agricultural Practices

Fertilization of soils is conducted in soils by using different fertilizers such as
mineral, manure, green manure, compost, and vermicompost. Kandeler et al. (1999)
showed that farmyard manure enhanced microbial biomass, urease, deaminase and
alkaline phophatase activities in soils compared with other treatments (mineral
fertilizers) under rotations. They observed that stage of plant growth should be the cause
of concern on enzyme activities in soils in terms of evaluating the impact of fertilizers.
Similarly, soil enzyme activities (phosphatase, invertase, catalase and urease) under
different fertilizers (no fertilization, organic manure, organic manure + N, organic
manure + NP, organic manure + NK, organic manure + NPK) were lower in the early
growth stage of cucumber, but enhanced in the late stages (Yang et al., 2008). Also, the
type of mineral fertilizer used influence soil enzyme activity depending on the soil
enzymes involved, in which there is, nutrient cycling (N, P, C, and S). Soil enzyme
activities were inhibited with N fertilizer while they were promoted by P and K
fertilizers. A decrease of urease activity could be explained by the activation of
nitrification and denitrification causing suppression in urease production (Aon et al.,
2001).

Organic fertilizers are used in agricultural systems, especially organic farming.
Compost application is important in establishing and maintaining soil organic matter to
a certain level in organic farming. Chang et al. (2007) found that soil enzyme activities
(dehydrogenase, cellulase, protease, arylsulphatase, [-glucosidase, urease,
arylsulphatase, and acid and alkaline phosphatases), as well as other microbial
properties increased significantly in compost-treated soil compared with chemical-
fertilizer soils; however, no significant evaluation was observed in studied enzyme
activities after the compost dose of 540 Kg N ha™ yr. Saha et al. (2008) observed that
dehydrogenase activity is higher in composted cattle manure (44-200%) and vermi-
compost (22-108%) than in control. They concluded that: (i) organic applications,
enhanced organic matter contents and microbial biomass and thus provide better
potential for higher enzyme production and greater enzyme activities. (ii) additions of
organic amendments showed different responses on soil enzyme activities depending on
the organic matter type, and (iii) addition of organic amendments (cattle manure,
compost or vermicompost) improve soil quality, increase soil organic matter content
and stimulate biological and biochemical properties (Saha et al., 2008).

Organic amendments influence soil microbes and biochemical properties in different
ways depending on the nutrient content. Rajashekhararao and Siddaramappa (2008)
found that application of higher rates of organic amendments (rice residue and tree
litters, high C content) was favourable to soil quality parameters (microbial biomass,
microbial quotients, urease and acid phosphatase activities). Although they evaluated
the other soil health parameters (extraction yield of humus and composition of humus),
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and observed that microbial quotient was the most sensitive indicator for reflecting the
decline in soil quality. The authors also reported that microbial biomass; microbial
quotient and soil enzyme activities are used for measuring biological soil quality as
parameters. Addition of different carbon sources enhanced urease activity at different
levels of elevation depending on N levels. Higher level of N stimulated urease activity
in different C sources (Rajashekhararao and Siddaramappa, 2008).

Organic amendments can be used for suppression of plant diseases. Root rot severity
was strong, adversely correlated with total C, arylsulfatase, B-glucosidase activities
(Leon et al., 2006). S-glucosidase was not accepted as a useful indicator of disease
suppression because it varied over time. Arylsulfatase was the best bioindicator for
reflecting disease suppression. They indicated that applying organic amendments to soil
can cause disease suppression by enhancing antagonist micro-organisms and microbial
biomass and activity can be related to microbial competition with pathogens (Leon et
al., 2006).

Tillage application may change soil quality through altering soil physico-chemical,
hydrological, microbiological and biochemical properties and thus influences soil
microbial community diversity and the production of soil enzymes. Tillage also affects
soil nutrient levels and its availability, distribution of organic matter in the soil profile,
soil water and oxygen content and soil fertility (Karaca et al., 2011). Tillage especially
influences soil organic matter by exposing more soil organic matter to microbial attack
and finally rapid loss of soil organic matter. Losing soil organic matter causes a decline
of crop productivity, increase soil erosion and reduction in soil biological activity that
negatively affects soil enzymes. To sum, tillage causes a great perturbation in soil
environments (Madejon et al., 2007; Karaca et al., 2011). Many researchers conducted
the impact of tillage on soil quality parameters as well as soil enzymes. Dehydrogenase
activity increased under continuous zero-tillage practices and alkaline phosphatase and
protease activities were higher in the zero-tillage systems over conventional practice;
however, cellulase activity was greater in conventional practice compared to other
management (Mina et al., 2008). No-till systems provide better enzyme activities in
soils. Deng and Tabatabai (1997) showed that acid phosphates, alkaline phosphates,
phosphodiesterase, inorganic pyrophosphatase, and arylsulfatase were significantly
higher in no-till/double mulch than in other treatments (no-till/bare, no-till/normal,
chisel/normal, chisel/mulch, mouldboard/normal, mouldboard/mulch).

Soil enzyme activities are accepted early and are more reliable bioindicators than soil
physico-chemical properties under different tillage systems. Curci et al. (1997)
evaluated the influence of conventional tillage systems (shallowing plowing: 20cm,
deep plowing: 40 cm and scarification: 50 cm) at different depth (0-20, 20-40, 40-50,
50-70 cm) on soil enzyme activities (acid phosphatase, alkaline phosphatase,
phosphodiesterase, pyrophosphatase, arylsulfatase, dehydrogenase, a-and B-glucosidase,
a-and B-galactosidase, urea and nitrate reductase). The result showed that: (i)
glucosidase, galactosidase, nitrate reductase and dehydrogenase activities were
influenced by tillage systems, (ii) their activities were greater in shallow plowing and
scarification than deep plowing plots in the upper layer (0-20 cm) of soil and (iii) no
significant differences were found in the physical-chemical properties of the soil under
different tillage systems (Curci et al., 1997).

Irrigation as one of the agricultural practices that provides adequate moisture level in
the soil for plant growth affects the soil enzymatic activities. Zhang and Wang (2006)
investigated the impact of subsurface irrigation (-10 -16 -25 -40 -63KPa) on
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phosphatase, urease and catalase under tomato cultivated in greenhouse experiment.
They found that phosphatase and catalase activities increased in more frequent irrigation
(-10 and -16 KPa) and urease activity decreased under irrigation.

Soil Enzymes as Bioindicators of Xenobiotic Pollution

Xenobiotics are by definition unnatural compounds (e.g. pesticides, industrial
wastes) but the wider definition include naturally occurring compounds (e.g. heavy
metals) that are synthesized or are present in unnaturally high concentrations in the
environment (Skladany and Metting, 1993). Such compounds are of crucial concern in
the soil environment as they could affect many biological and biochemical reactions in
soils (Dick, 1997). Pesticides, which include herbicides, fungicides, and insecticides
etc., introduced into the environment, have potential to affect non-target organisms and
soil biochemical processes.

Pesticides reaching the soil may disturb local metabolism or enzymatic activities
(Engelen et al., 1998; Liu et al., 2008), and its applications have been shown to both
negative and positive effects on enzyme activity in soils (Ladd, 1985). The negative
impact of pesticides on soil enzymes (hydrolases, oxidoreductases, and dehydrogenase)
activities has been widely reported in the literature (Ismail et al., 1998; Monkiedje et al.,
2002; Menon et al., 2005). There is also evidence that soil enzyme activities and ATP
contents are increased by some pesticides (Shukla, 1997; Megharaj et al., 1999). ATP
contents correlate with specific soil enzyme activities and may provide valuable
information on trends in transformation of pesticides in soils (Kanazawa and Filip,
1986). A number of factors, for example, chemical nature of pesticides, the
concentration used, microbial community structure, type of soil, and soil conditions can
contribute to divergent research findings (Hussain et al., 2009). Malkomes (1997)
attributed such differences to the dual behaviour of pesticides (both harmful and
beneficial for soil enzymes), diversity and various stages of the processes taking place
in soil that are frequently overlapped.

When pesticides are applied at recommended field rates, short-term studies often
show an initial stimulatory, but small, effect on dehydrogenase activity: this may or may
not occur with other enzymes (Dick, 1997). In relation to the effects of pesticides in
soils, the two most widely-studied enzymes other than deydrogenase are phosphatase
and urease. Again, short-term studies involving applications of pesticides to soils at
recommended dosages for periods ranging from a few days up to 8 weeks have shown
slight increases or no significant effect on the activity of these two enzymes
(Baruah and Mishra, 1986; Tu, 1993). These results might be expected because
these enzymes are known to exist as abiontic enzymes and thus, unless there was
a direct effect on the enzyme reaction, there should be little effect on an abiontic
enzyme (Dick, 1997).

To overcome the confounding effect of the multiple sources of isoenzymes in soils,
studies have been conducted on the effect of pesticides on pure enzymes.
Gianfreda et al. (1993) studied the effect of three herbicides and one insecticide on pure
enzymes in free solution and found that responses could not be generalized were
enzyme and pesticide are specific. For example, glyphosate and paraquat showed a
marked activation of invertase activity, but urease and phosphatase activities were
unaffected by these pesticides. Carbaryl inhibited urease and invertase activities, but
had no effect on the activity or the kinetics of acid phosphatase. Atrazine did not
affect the Kkinetics of urease, phosphatase or invertase except at very high
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concentrations. Further work showed that the ‘state of an enzyme’ can affect its
activity in response to the presence of a pesticide. The purified urease was unaffected
by paraquat or glyphosate, but urease activity complexes on montmorillonite
increased in the presence of paraquat or glyphosate (Gianfreda et al., 1994). It was
hypothesized that the pesticide displaced some inactive/immobilized urease from the
clay surface which regained catalytic capabilities upon release into solution. These
simplified systems show the complexity of the mechanisms involved in pesticide-
enzyme interactions (Gianfreda et al., 1994).

When pesticides are applied to soils at very high concentrations such as when
there is an accidental spill, enzyme activities have been significantly affected. Alachlor
(10,000 mg kg™) alone or in mixture with atrazine and metolachor severely depressed
dehydrogenase activity for 125 days, whereas esterase was only affected by the
herbicide mixture (Dzantor and Felsot, 1991). Although bacterial numbers recovered,
fungal numbers were still inhibited 90 days after the pesticide was applied. Adding the
herbicide imaxethapyr at 100 times the recommended rate to soil showed decreases
in microbial biomass -C and dehydrogenase activity, whereas hydrolytic enzyme
activities (protease and 3,6’- diacetylfluorescein hydrolysis, FDA; a broad spectrum
enzyme assay) showed corresponding increases up to 15 weeks after application of
the herbicide (Perucci and Scarponi, 1994). In this case, Perucci and Scarponi (1994)
hypothesized that the hydrolytic enzymes were released during lysis of microbial cells
killed by imaxethapyr.

The difference between the enzymatic response at low and high pesticide
concentration is due to the persistence of the pesticide which results in the inability of
microbial populations to degrade or flourish in its presence (Junk et al., 1984; Schoen
and Winterlin, 1987). For example, Junk et al. (1984) found that alachlor and atrazine
applied alone or in combination at rates of 15 or 300 mg kg™ soil showed no
degradation after 68 weeks. Dzantor and Felsot (1991) reported that an emulsifiable
concentrate of alachlor (10,000 mg a.i. kg soil™) was stable for 337 days, which
caused depressed bioactivity (dehydrogenase and esterase activity) and reduced
bacterial and fungal numbers. Felsot and Dzantor (1995) suggested that high
pesticide concentrations cause biotoxicity and that the addition of nutrients in the
form of organic amendments to pesticide-contaminated soils appeared to stimulate
pesticide degradation. This further indicated that some specific microbial species could
survive these high concentrations and that readily-available nutrients may be limiting in
pesticide-contaminated soil.

Although single applications of pesticides have shown minimal effects on soil
biological properties, it may be more important to consider the effects of repeated
applications over many years. Voets et al. (1974) showed that long- term atrazine
applications significantly reduced the activity of phosphatase, invertase, P-
glucosidase, and urease in soils. They hypothesized that this was due to reduction of
biological activity rather than a direct effect on the catalytic behaviour of these
enzymes. Rai (1992) found that the effect of long-term (15 years) applications of 2, 4-D
on dehydrogenase and urease activity depended on application formulation. The water-
based dimethylamine salt formulation plus 2,4-D showed little effect on the activity
of these enzymes over the control, whereas the 2,4-D oil-based isoctyl ester
formulation significantly depressed activity of these enzymes. This was thought to be
due to toxic metabolite(s) formed during degradation of the ester (Rai, 1992).
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Alternatively, the amine may stimulate microbial degradation of 2, 4-D as evidenced by
increased soil respiration.

Environmental pollution of soils with heavy metals and trace elements has been
reported to have toxic effects on soil biology and to affect soil biochemical
processes (Dick, 1997). The sources of these contaminants can come from repeated
applications of sewage sludge, municipal wastes, smelting wastes, electroplating
industry wastes, impurities in fertilizers, and deposition from air pollutants such as
burning of fossil fuels and various industrial activities. Dick (1997) reported that
enzyme reactions are inhibited by metals: (i) through complexation of the substrate;
(if) by combining with the protein-active groups of the enzymes; or (iii) by reacting
with the enzyme-substrate complex. The mode of action of metals varies with enzyme
and little is known about the exact mechanisms of interactions of metals and the
multitude of enzymes that can exist in soils (Dick, 1997). Some ions can act as co-
factors or activators and at certain concentrations can increase the activity of some
enzymes (e.g. Mg, Ca, Ba, CO, Ni, Zn and Mn for pyrophosphatase; Dick and
Tabatabai, 1983). Sulphydral groups of enzymes serve as catalytic sites or as groups
involved in maintaining the correct conformation of the protein. Metals can react with
sulphydral groups causing inactivation or inhibition of enzyme activity. In studies where
a wide range of trace elements has been tested, Hg, Ag, Cr and Cd have generally
caused the greatest inhibition of sulphatase, L-glutaminase, cellulase, L-asparginase,
and P-glucosidase (Deng and Tabatabai, 1995).

Kucharski, et al. (2011) in their study of changes in the enzymatic activity in sandy
loam soil exposed to Zn pressure found that soil contamination with zinc in doses from
70 to 10,000 mg kg™ d.m. of soil causes highly significant inhibition of the activity of
arysulphatase, dehydrogenases, acid phosphatase, urease and p-glucosidase activity. In
respect to their sensitivity to soil contamination with zinc, the enzymes can be ordered
as follows: arysulphatase > dehydrogenases > acid phosphatase > urease > -
glucosidase. They hypothesized that the increased inhibition by Zn of enzymes was
likely caused by the larger deprotonation of the sulfhydryl groups in enzyme
proteins which enhance the interactions between the enzyme molecules (Eq.1). Zinc
contamination causes persistent changes in the soil environment, but according to an
index of resilience (RL), dehydrogenases are the first to return to the normal state of
equilibrium (RL = 0.276), while arysulphatase takes longer (RL = 0.173) and acid
phosphatase is the least resilient (RL = 0.064). Urease, instead of having its activity
improved in time, becomes increasingly disturbed (RL = -0.350). Kucharski, et al.
(2011) also reported that soil acidification reinforces the negative effect of zinc
contamination most evidently in respect to the activity of p-glucosidase and
arysulphatase.
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Another important factor associated with the toxicity of heavy metals is the
oxidation state of an element. For example, Speir et al. (1995) observed that Cr (111) is
significantly less toxic to soil biological properties than Cr (V1) because of Cr (III)’s
tendency to undergo precipitation, complexation or fixation reactions in soils. Cr (VI)
is a powerful oxidizing agent which can cause enzyme degradation by oxidation of
structural linkages and has been shown to cause irreversible inhibition of urease in soils
(Speir et al., 1995).

Conclusion

Soil enzymes have been reported as useful soil quality bioindicators due to their
relationship to soil biology, being operationally practical, sensitive, integrative, ease to
measure and described as "biological fingerprints™ of past soil management, and relate
to soil tillage and structure. They are also indicative of biological equilibrium, fertility,
quality and changes in the biological status of soil due to pollution. Their activities may,
however, be influenced by unknown natural and anthropogenic activities either in a
major or minor amount. Studies focusing the discovery of new enzymes from microbial
diversity in the soil might be the most suitable practices that may positively influence
their activities for improved soil ecosystem status.
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