5
€BO0KS
OMICSE 2

www.esciencecentral.org/ebooks

i o Edited by
Liliana Gianfreda
Maria A Rao

N YL TR




Copyright agreement

4
OMICSGyss
Enzymes in Agricultural Sciences

Edited by: Liliana Gianfreda and Maria A Rao

ISBN:

DOI:

Published Date: June 2014
Printed version: June 2014

Published by OMICS Group eBooks
731 Gull Ave, Foster City. CA 94404, USA

Copyright © 2014 OMICS Group

This eBook is an Open Access distributed under the Creative Commons Attribution 3.0
license, which allows users to download, copy and build upon published articles even for
commercial purposes, as long as the author and publisher are properly credited, which
ensures maximum dissemination and a wider impact of our publications. However, users
who aim to disseminate and distribute copies of this book as a whole must not seek
monetary compensation for such service (excluded OMICS Group representatives and
agreed collaborations). After this work has been published by OMICS Group, authors have
the right to republish it, in whole or part, in any publication of which they are the author,
and to make other personal use of the work. Any republication, referencing or personal use
of the work must explicitly identify the original source.

Notice:

Statements and opinions expressed in the book are these of the individual contributors
and not necessarily those of the editors or publisher. No responsibility is accepted for the
accuracy of information contained in the published chapters. The publisher assumes no
responsibility for any damage or injury to persons or property arising out of the use of any
materials, instructions, methods or ideas contained in the book.

A free online edition of this book is available at www.esciencecentral.org/ebooks
Additional hard copies can be obtained from orders @ www.esciencecentral.org/ebooks



Preface

A
OMICSGR3ss

Preface

In agricultural soils the presence of enzymes assures a correct, integrated and regulated
course of processes at soil-plant-environment interfaces that lead to the growth and
production of crops for human and animal feed. The knowledge of their main properties and
functions is a need for all scientists involved in this research field.
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About the book: Plant survival and crop performances are strictly related to the interplay
among different factors operating in the plant-environment agro-eco-system. Knowledge
on enzymes present in the soil, including those in the surrounding of the root, the intrinsic
role played by enzymes in plant growth, as well as the extrinsic role of such proteins in
pesticides metabolism, and ensuring beneficial interactions with soil microorganisms are
crucial for a better understanding of the intricate relationship among plants, soil particles
and soil living organisms. The book edited by Gianfreda and Rao aims at presenting an
updated survey of data on these subjects, collected in six chapters written by researchers
active in the field. This book may represent a basis for people willing to deep their knowledge
on plant-soil relationship with special emphasis on the role of enzymes and may provide a
stimulus for further research efforts on biochemistry of crop plants.
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Introduction

The book deals with several recent aspects on the role of enzymes in agricultural sciences
such soil biochemistry as influenced by intra- and extra-cellular enzymes, soil fertility,
interactions between enzymes and pesticides and/or environmental pollutants, plant growth
and processes at soil-plant interface. Contributions were from 14 leading experts in the
field and Enzymes in agricultural sciences provide a detailed discussion on the functions
of soil enzymes, their capability to be good indicators of soil quality, their response to
environmental contamination, their specific structural, operational and regulatory features
when involved in plant growth, and their main functions in the rhizosphere.
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Soil Enzymes

Maria A Rao*, Rosalia Scelza and Liliana Gianfreda
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Abstract

Soil enzymes are involved and assist all activities fundamental to agricultural sciences.
Indeed, all biochemical transformations taking place in soil are dependent on the presence
of enzymes. They are a composite of different intracellular and extracellular enzymatic
components, produced by microbial organisms (bacteria, fungi), or derived from animal and
plant sources (plant roots, lysed plant residues, digestive tracts of small animals etc.). Soil
enzymes are located and/or distributed in the soil matrix and their spatial variability in a soil
profile and localization in soil structural fractions of different nature and size will influence
their activity and performance.

Accurate methodologies for assaying soil enzyme activities are necessary to enlarge our
knowledge on the role of enzymes in soil nutrient dynamics and their response to environmental
factors influencing their production and expression.

The present chapter provides a survey of recent findings dealing with methodological
problems still existing in the measurement of soil enzyme activities. Information is also given
on the influence on soil enzyme activities by warming, and related effects, and biochar addition,
two factors recently widely considered in soil enzymology studies. Brief notices on indexes
and models integrating and explaining soil enzyme activities will be also provided. Enzymatic
indexes can help describing and assessing microbial functional diversity across different types
of soils and monitor their changes by diverse managements or disturbances over time. Models
can contribute to understanding the importance of the interactions between microbial and
chemical substrates in driving soil fundamental ecological processes.

Keywords:

Enzymatic indexes; Extracellular enzymes; Models; Soil enzyme measurements

Introduction

Soil is the place where all natural and anthropogenic activities necessary to the life of
humans, animal, and plants occur. Forests, plants, grasses, crops grow on soil; superficial
water basins and rivers are and flow on soil; animals spend their life and move on soil, between
cycles of incorporation of food and release of droppings, these latter contributing to the normal
recycling of soil and its nutrients. Soil is where humans have established their residence and
built all structures necessary for their life.

Enzymes in Agricultural Sciences 10
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Soil is also the place where hazardous residues deriving from anthropic activities are very
often released with dangerous and frequently irreversible effects on its safety and consequently
human health. Often these human activities have produced desertification, deficit or even
loss of biodiversity, alteration of the soil matrix, deficiency of organic matter and nutrients. It
appears therefore evident as what happens on and within soil is of paramount importance for
maintaining soil health and productivity and consequently for a balanced and integrated life
on earth.

An equilibrated, safe and productive soil exists when its biological, biochemical, physical and
chemical properties, all correlated to each other, contribute to sustain all activities occurring in
it. Among these properties the activities of soil enzymes play a fundamental role because they
mediate numerous chemical reactions involved in soil nutrient cycling; transformation of plant
and microbes debris; mineralization and transformation of organic matter within the carbon
cycle, transformation and degradation of potentially hazardous pollutants, thus contributing
to the restoration and remediation of polluted soils. Therefore, soil enzymes are involved and
assist all activities fundamental to agricultural sciences and as such they may be used as
useful and suitable indicators of microbial nutrient demand [1] and soil health and quality.

In literature there are several classifications of soil enzymes [2-8] from one of the earliest
and very likely more exhaustive proposed by Burns in the early 1982 [3] who described up to
ten categories of soil enzymes, to those recently summarized by Burns et al.[4]. Simplifying
two main categories of enzymes can be recognized in a soil: Intracellular Enzymes (IEs)
and Extracellular Enzymes (EEs). All enzymes occurring and functioning in living cells, i.e.
microbial, plant and animal cells residing in soil belong to the first category and as such they
are considered as a whole of microbial, plant and animal metabolism. Enzymes produced by
living cells but secreted outside in their neighboring environment can be considered EEs. They
may explicate their activities still bound or associated to their producing cell or at a distance
from the parent cell, being free in the liquid phase. EEs can be in turn be divided in more
categories (Figure 1) that do not have a defined borderline being interrelated with each other
and possibly transforming to each other.
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Figure 1: Complexity of enzyme activities in soil.
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An interesting group of soil EEs is those classified in the past by Gianfreda and Bollag [5] as
“naturally immobilized enzymes” and recently renamed as stabilized enzymes (SEs) [8]. Once
released into the soil from their originating cells, these enzymes are likely adsorbed, linked,
anchored or embedded on/in/to solid supports such as clays, clay minerals, organic matter
and organo-mineral complexes (Figure 1). Several experimental evidences derive from studies
performed with synthetic enzyme systems simulating those possibly occurring in soil and their
behavior, performance and features have been investigated. Several findings are available in
literature on the preparation, characterization and properties of different enzymes adsorbed,
entrapped and/or complexed with different natural or synthetic inorganic soil constituents by
means of several mechanisms [8-10].

Although a huge amount of findings and related publications are available in literature
on soil enzymes, there is still a consistent number of open, not yet resolved questions about
several aspects regarding EEs such as: localization of EEs in the soil matrix, their contribution
to substrates turnover and global biogeochemical processes; their regulation by biotic and
abiotic soil factors and consequent effects on soil organic carbon dynamics; their relationship
with producing organisms and relative counter-effects; development of suitable models to
describe both the function and biomics of ecosystems; the possible development of a suitable
soil enzyme index of soil status and health; and role that soil enzymes may play in the dynamic
of plant nutrients, in the control and restoration of environments polluted by both pollutants
and pathogenic diseases [4].

Many of these still open problems arise, as well specified by Nannipieri et al. [7] and
Wallenstein and Weintraub [11], from several considerations so summarized: 1) Current and
standard soil enzymatic methods usually provide limited information on the real activity of
soil enzymes. Assays performed under laboratory conditions measure only potential and not
real enzyme activities without giving any information on in situ activities or on the relationship
between the two types of activities; moreover they take also into account the contribution
of stabilized enzymes that could not be active under in situ conditions. 2) These assays do
not provide information neither on the production of enzymes or their producing organisms,
neither on their turnover rates or their meaning. 3) Substrates used in these assays are
simple, soluble compounds whereas substrates of enzyme activities in soil are usually larger,
complex insoluble polymers that are degraded in simpler monomeric products. 4) Assays
under lab conditions are usually carried out at fixed pH, temperature, soil moisture etc.,
and thus they do not provide information on sensitivity of enzyme activities to changes of
these parameters. 5) Minor modifications occurring in experimental procedures can lead to
errors and affect not only the final values of measured activities but also their comparison
with other data collected by different researchers. 6) Several enzymes are involved in nutrient
dynamics; consequently a single enzyme activity cannot be used as valuable indicator of such
dynamics. 7) Since soil enzyme activities can be influenced by several factors such as changes
in soil management, plant cover, changes in environmental conditions, presence or addition of
fertilizers, pesticides or contaminants, current measurement assays are often not suitable to
allow a right interpretation of the response of the enzyme activities to these factors.

In this brief chapter we will try to examine some of these hot questions giving a summing
up of what has been done and can be still done to clarify the even now obscure features of this
fascinating field of agricultural sciences. Particular attention has been devoted to last scientific
achievements.

Enzymes in Agricultural Sciences 12
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Soil Enzyme Activities: Measurement, Location and Distribution
in the Soil Matrix

Measurement

As outlined by several authors and continuously stated in recent papers, the most, still
present, important shortcoming, limiting a right interpretation and utilization of soil enzyme
activities (and their changes by both abiotic and biotic processes) is the lacking of universal,
standardized, uniform, and optimized methodologies to measure the activities of enzymes in
soil. Therefore, it is difficult to use absolute soil enzyme activity values as a powerful tool for
understanding soil biological processes.

It is well established that “maximum potential” and non-actual or “realized” [12] enzymatic
activities are measured with assays now available. Enzymes are usually measured indirectly
by determining their activity in the laboratory using biochemical assays that, therefore, do not
represent true in situ activity levels.

Although a lot of papers, book chapters and reviews have been dedicated to this topic
[2,4,5,7-10,13,14]in the last years many papers have approached again the main procedural
details and problematic aspects involved in soil enzyme assays and not resolved yet (Table 1).

How to measure a soil enzyme activity? In situ measurements:
« histochemical techniques
* electron microscopy
* zymography

In vitro measurements:
* on soils in toto (soil slurry)
+ on soil extracts

Activity measurement problems Sample preparation:

« collection

« sterilization
Sample storage:

» air-dried or moist

« refrigerated

* room temperature

Assay conditions Determination of product formation or substrate disappearance under defined
reaction conditions:

« saturating substrate concentrations

« optimal pH

* optimal temperature

« stirring

Enzymes in Agricultural Sciences 13
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I_Differences between In vitro and field condi- In vitro assays Field conditions
tions Substrate excess limiting
homogenous heterogeneous
soluble insoluble
artificial natural
Buffer present absent
Temperature optimal variable
Flora and fauna absent present
Shaking often stationary
Reproducibility high low
Difficulties in the determination of soil enzymat- Contribution by inorganic catalysts to the reaction under investigation
ic activity Possible growth of microorganisms and de novo synthesis of enzymes during the
assay

Stability of the reaction product in the reaction mixture
Influence of the soil treatment on the activity assay
Contribution of the different soil enzymatic categories

Table 1: Methodological aspects to be considered in the evaluation of soil enzymatic activity.

In situ measurement: The most realistic method to detect enzyme activities in soil would be
their direct visualization in undisturbed soils, i.e. in situ (intended as on site) measurements.
Attempts in this way were made early by Ladd et al. [15] by using electron microscopic
observations of soil sections, after their treatment with suitable compounds, which allow
enzymes in soil structure to be localized, or reaction with substrates giving rise to products
easily visualizable as colored compounds [15]. Histochemical staining was also considered
a sensitive and suitable method to detect enzyme activity in soil as in the case of alkaline
phosphatase in extra radical mycelium of arbuscular mycorrhizal (AM) fungi [16]. These
methods, however, had not a large application for the measurements of enzymes associated
with soil particles because of possible interferences by soil minerals and humic substances
that are electron-dense components. Moreover, in the field diffusion rates may reduce the rate
at which enzymes and substrate can interact to each other [17].

Visualization in situ of the activities of hydrolases (e.g. acid phosphatase, amino peptidase,
chitinase, and b- glucosidase) in forest soils was achieved by a modified root window-based,
enzyme-imprinted, membrane system [18]. Substrates giving rise to colored or fluorescent
products were utilized with a good response in the field.

Recently, a different approach based on an in situ zymography for analysis of the two-
dimensional distribution of enzyme activities in soil was utilized [19 and Chapter 4 of this
book]. By means of thin gels with embedded substrates it was possible to quantify the activity
of protease and amylase in the rhizosphere of lupine (Lupinus polyphyllus) grown in rhizoboxes
[19]. The authors concluded that since zymography “does not require destruction of soil
structure, it likely pictures enzyme activities more realistically than standard enzyme assays”,
thus offering “a promising tool for mapping distributions of enzyme activities in soils in a work-
and cost-efficient way”.

A very new method that allowed to rapidly measuring multiple soil biological properties
simultaneously was proposed and described by Dick et al. [20]. It utilized a near infrared
spectroscopy (NIRS) method requiring not expensive equipment and usable for a very large
numbers of samples. The b-glucosidase and b-glucosaminidase (NAGase) activities, and soil

Enzymes in Agricultural Sciences 14
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organic C and amino sugar N concentrations in 184 diverse soils of Ohio were predicted.
Values measured under laboratory conditions were calibrated against NIR spectral data with
partial least squares regression analysis. Further statistical analyses gave R2 values higher
than 0.8 for the majority of measured properties, thus suggesting the valuable utilization of
the method.

Laboratory conditions: The majority of assays described in literature are, however,
usually carried out under laboratory conditions. Soil are sampled at 0-10/20 cm layer and
stored refrigerated at 4°C for 10-15 days, at the most. Debate is still present whether it is
much more convenient to use soil slurries or soil extracts, to store the soil sample in the
refrigerator or in freezer or also after air-drying at room temperature. Since all manipulations
occurring in the sampling, preparation, handling and storage of soil samples may disturb
the soil, altering several factors connected to enzyme activity (e.g. activity of microorganisms,
status of the enzyme, whether immobilized or free, substrate availability, etc.) it is important
to well define and describe how the soil has been sampled, handled, treated and stored prior to
the determination of the enzyme activity [4,7,13]. This allows to reproduce as much as possible
the procedure and to compare with other results reported in literature.

Without entering in detail, soil sampling strategy (i.e. the sampling time, the number of
samples, their horizontal and vertical distribution, the sampling procedure and device) should
be representative of the natural situation of studied soils and should consider temporal and
spatial dynamics of biochemical and microbiological soil properties to be measured [13].
Indeed enzyme activities usually display evident temporal and spatial variations and generally
decrease with increasing soil depth. An accurate sampling procedure can be easily assured if
simple rules well described in literature are followed [13].

As regards storage, there are several findings demonstrating that a short storage (at the
most 10-15 days or less) of field moist soils at 4°C is preferable as respect to the other storage
procedures that may affect also the response of florescent substrates.

DeForest [21] evaluated whether soil storage and processing methods significantly influenced
measurements of potential in situ enzyme activity in acidic forest soils. Six soil EEs (NAGase,
phosphatase, phenol oxidase, b-glucosidase, b-xylosidase and peroxidase) were measured using
4-4-methylumbelliferone (MUF)-linked substrates and L-dihydroxyphenylalanine (L-DOPA) 2,
7, 14, and 21 days after collection on soil stored at both 4 and 20°C. Results indicated that
storage temperature did not influence enzyme activity values whereas extended time in buffer
did. Analyses within 2 h were considered the best measure of potential in situ enzyme activity
and the benchmark for all statistical comparisons. Moreover, the activities of b-glucosidase,
b-xylosidase and peroxidase were insensitive to storage and processing methods.

Later, Wallenius et al. [22] showed that, 16 weeks-storage of frozen or air-dried soil, humus
or compost differently affected the assay of ten hydrolyzing enzyme activities determined by
artificial fluorogenic substrates and the impact depended on the soil matrix and the assayed
enzyme. In particular, freezing affected soil enzyme activities less than air-drying that decreased
compost activity more than 50%. Similar results were obtained by Peoples and Koide [23]. Two
soils with significantly different enzyme activities were tested for 1,4-B-cellobiohydrolase, acid
phosphatase and B-N-acetylglucosaminidase as fresh, frozen or dried samples, and the ratios
of each soil activity to that the other soil for the three storage treatments were determined.
Freezing and drying significantly affected activity ratios when compared to the fresh control for
all three enzymes, being the effect of freezing much less than that measured for drying.

Enzymes in Agricultural Sciences 15
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Each investigator should consider whether soil storage affects within-experiment treatment
comparisons of soil enzyme activity. Therefore, the type of storage has to be considered being
often dependent on the physical-chemical characteristics of the investigated materials and
very often site and enzyme-specific.

Soil slurry is usually preferred to soil extract being this latter possibly disruptive of natural
soil conditions and reductive as respect to the whole enzymatic activities of the investigated
soil. Notwithstanding, Vancon and Keen [24]| demonstrated that a new method for extracting
soil B-1,4-glucanases (cellulases) and (-1,3-glucanases (laminarinases) was reproducible,
could be completed in 1 day and measured twice as much enzyme activity than the standard
passive soil enzyme extraction procedure. It consisted in the mechanical disruption of soil
samples with acid washed ceramic and glass beads, successively processed six times with
phosphate buffer (pH 7.0) by bead-beating for 30 s and 1 min incubation in an ice bath. Crude
enzyme extracts were used for measuring enzyme activities. The method allowed multiplex
enzymatic assays from several soil samples at one time.

As previously discussed [2,25], assay conditions such as presence or absence of a buffer,
pH, substrates and their concentration, temperature, shaking of soil, inhibitors of microbial
proliferation etc, markedly affect the measured activity Usually a soil enzyme assay is based
on the use of a buffered solution of a synthetic, artificial substrate at a concentration high
enough (saturation concentration) to be assumed constant throughout the time course of
the enzymatic reaction and assuring a zero-order kinetics. Moreover, substrate concentration
should be very much larger than that of the enzyme to allow a reaction rate proportional to
the enzyme concentration. A buffered vs. an unbuffered condition is usually chosen when the
disappearance of substrate and/or the formation of reaction products may change the pH of
the soil slurry, since an optimal pH value is required during the assay.

These In vitro optimized conditions, very different from those existing in vivo, are usually
well target for studying enzyme’s characteristics. By contrast, conditions simulating as much
as possible those present in nature, i.e. soil conditions, should be preferred when the goal is
to study soil enzymes from an ecological point of view [4].

Substrates commonly used in the past and very often still used in recent research, either
as bench or microplate assays, are those including in their molecular structure a chromophore
component which, after the enzymatic reaction, achieves spectroscopic properties, i.e. becomes
detectable and measurable by spectroscopic determination, or releases as product molecules
itself colored or colorable under particular chemical conditions.

Classical examples of those substrates are p-nitrophenyl derivatives, used for assaying the
activity of hydrolases such as phosphatases, glucosidases, and sulphatases. The main product
of the enzymatic hydrolysis is p-nitro phenol that under alkaline conditions acquires a yellow
color, whose intensity is detectable at 400-405 nm wavelengths.

An example of the use of these substrates was the high-throughput microplate assay
implemented for simultaneous colorimetric quantification of multiple enzyme activities
in soil [26]. The activities of P-N-acetyl-glucosaminidase, a-glucosidase, P-glucosidase,
a-galactosidase, and (-galactosidase were measured by using p-nitrophenyl substrates. The
assay being applicable to a large number of soils within hours of sampling was considered
suitable for system-level evaluations.

From the introduction of substrate derivatives with enzymatic production of fluorescent end
products [13 and references therein, 27, 28 several papers have been dedicated to compare
results obtained with same enzymes and spectroscopic or fluorimetric based approach [29-32].

Enzymes in Agricultural Sciences 16
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Moscatelli et al. [29] by comparing fluorimetric and spectrophotometric assays of
B-glucosidase in soils subjected to different management practices tried to find out reasonable
answers on the role of B-glucosidase kinetic parameters as reliable indicators in detecting
changes due to soil management and the capability of different analytical approaches to give
the same results. Both fluorimetric and spectrophotometric approaches highlighted changes
occurring under organic and conventional management. Higher V__ values were measured
under organic cropping system although the whole catalytic behavior of B-glucosidase was not
affected by organic management as indicated by the values of the specificity constant (K ). This
parameter was strongly influenced by the analytical approach. Increases of its values were
detected using the fluorogenic substrate, 4-MUF-B-d-glucopyranoside, indicating a higher
catalytic efficiency of the enzyme with the fluorimetric approach.

Studies on the same enzyme were also performed by Dick et al. [30] to evaluate the reliability
of p-nitrophenol (pNP)-based and MUF-based microplate methods for estimating -glucosidase
activity in two soils with different characteristics. Evaluation of the two methods was also
extended to the kinetics of the enzyme and the effect of different preparation procedure of soil
samples (e.g., sample, sonication, soil suspension) on the two methods was studied, as well.
While values of enzyme activities measured by the MUF and bench methods were comparable,
more variable results in terms of reproducibility, kinetic parameters, and less sensitivity were
measured with the pNP microplate method, probably because of high background absorbance
that affected its reproducibility, sensitivity, and accuracy. These results suggest that the pNP
microplate method is not as a valid substitute for the standard bench method.

A better efficiency of the microplate fluorimetric (F) assay was also demonstrated by Trap
et al. [31] when fluorimetric assay was compared to the standard spectrophotometric (P)
method. The activities of five enzymes (cellulase, N-acetyl glucosaminidase, b-glucosidase,
acid phosphatase and alkaline phosphatase) in contrasting land uses, including woodland,
grassland, cultivated and contaminated lands were measured. Although activities measured
with the P methods were higher (around 8 times) than those measured with the F methods,
significant differences in enzyme activity were revealed by the F methods in different soils.
The authors concluded that “the F method improves the effectiveness and the efficiency of
measuring universal soil quality indicators using enzymes”.

Further studies to define standardized and validated enzyme assays for meaningful data
comparison and interpretation were carried out by Deng et al. [32]. They compared bench
scale and microplated format assays of soil enzyme activities using spectroscopic (pNP) and
fluorometric (MUF) based approaches. Investigations were extended to pNP-bench, pNP-
microplate and MUF-microplate and three different enzymes were tested in 16 different soils.
MUF-based assays were found about 14 times more sensitive and precise than pNP-based
assays when soil suspensions were used, although standard errors raised by the presence of
soil suspensions. Results were different with the three analytical protocols but being in the
same order of magnitude and significantly correlated to each other indicated that the different
protocols detected the same pool of isoenzymes.

Although the sensitivity and proved efficiency of MUF-based methods, few articles are still
dedicated to these methods, indicating that their impact on soil enzymology is limited yet. Soils
with a large variety of characteristics should be studied with MUF-based methods and compared
with colorimetric enzyme assays. As summarized by Gianfreda and Ruggiero [13], microplate
fluorimetric assay and the p-nitrophenol method have advantages and disadvantages (Table 2)
and the choice between them is strongly dependent on the goal of the research is carrying on.

Enzymes in Agricultural Sciences 17
Edited by: Liliana Gianfreda and Maria A Rao



ISBN:

~ V DOI:
OMICSCRss |

4-methylumbelliferone micro plate fluorimetric assay p-nitrophenol assay
Products
Measured fluorimetrically Measured colorimetrically
Excitation at 365 and emission at 460 nm Absorbance at 405 nm
MUB fluorescence is pH-dependent p-nitrophenol absorbance is pH-dependent
Highly sensitive especially at low concentrations Low sensitivity
No known side effects
Quenching of fluorescence by soil particles and phenolic com- p-nitrophenol interferes with organic material
pounds
MUB molecule is highly mobile p-nitrophenol is adsorbed
Assay
Soil added volumetrically Soil added gravimetrically
Little quantity of substrate needed (ul) Large amounts of substrate required (ml)
Short incubation time (35 min) Medium to long incubation time (1-24 h)
Substrate difficult to dissolve Substrates dissolve instantaneously

Continuous monitoring of product release overtime (1 read cycle A single reading at the end of the incubation

min)

Measurement directly carried out in the reaction medium Need to stop the reaction and extract the product prior to mea-
surement (measurement must not be delayed, otherwise there is
formation of Na,CO,)

High numbers of samples and replicates processed at the same  Maximum of 50 assays per run

time

(96 well plate)

Plate set-up and measurement in less than 1 h Assay preparation, incubation, product extraction and measure-
ment>3.5h

Disposable materials (micro plates, universal bottles, pipette tips) Use of glass equipment with time-consuming preparation

Results

Automatic calculation of activity rates (relative units of fluores- Withdrawal of background absorbance

cence min™)

Miscellaneous
Expensive analytical equipment (fluorimetric plate-reader, Analysis at low cost
multichannel (digital) pipettes, micro plates)
A limited number of potential substrates available A large number of substrates available
Table 2: Comparison between the MUB micro plate fluorimetric assay and p-nitrophenol assay for measuring soil enzyme activity [13].

The validity of different substrates for the measurement of particular soil enzymes is also
under continuous investigation. Indeed, the use of different substrates may be helpful to better
understand the role of an enzyme in nutrient transformations in soil.

Examples are the findings of Bach et al. [33] and Kumar et al. [34]. In these papers, different
substrates were used to measure the activity of an enzyme and the effect of several parameters
on the response with the different substrates was evaluated. For instance when substrate
oxidation was measured for phenol oxidase and peroxidase activities with pyrogallol (PYGL),
L-DOPA, and ABTS in three soils across a pH gradient from 3.0 to 10.0 to determine the pH
optimum for each substrate, and further with 17 soils, results indicated that activities on the
substrates followed the order PYGL > L-DOPA > ABTS and were inversely related to substrate
redox potential [33]. At pH > 5 only L-DOPA was a suitable substrate. Moreover, both soil type
and assay pH evaluated not only which substrate was the most suitable but also the absolute
and relative oxidation rates among substrates. These results suggested that for studies devoted
to particular goals it is recommended to use all the three substrates and also to perform assays
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at soil pH and at an optimum reference pH to evaluate the pH effect on soil oxidase activity.
This could contribute to greater comparability of oxidase potential activities across studies.

The validity of the two substrates TTC and INT for soil dehydrogenase activity was reviewed
by Kumar et al. [34] under different environmental conditions and with different soils to
evaluate which one can be considered the most appropriate substrate. Authors examined 49
papers dealing with the measurement of soil dehydrogenase in natural and degraded soils
in the presence of different factors such as moisture, temperature, soil aeration, different
management regimes and others. According to other and previous findings the authors
concluded that poor results are obtained with TTC and dehydrogenase measurement under
controlled conditions may provide a valid, a useful index of changes in soil quality.

As reported above, enzymatic assays are usually carried out at optimal conditions that
in terms of pH usually means at a time-constant and defined pH where the enzyme under
investigation shows its maximum activity. Turner [35] determined the pH optima of eight
hydrolytic enzymes involved in the cycles of carbon, nitrogen, phosphorus, and sulfur, in
seven tropical forest soils of contrasting pH values from the Republic of Panama. Results led
to individuate three classes of enzymes based on their pH optima and variations with soil pH
(Table 3). As already established by other authors [36-38] the optimum pH values of acid and
alkaline soil phosphatase were 4 to 5 and 9.5 to 11.5 and prevailed in acid and alkaline soils,
respectively. By contrast, arylsulphatase activity showed a very acidic optimum pH in all soils
(pH =< 3.0) irrespective of soil pH. These different behaviors can suggest that enzymes had
possibly different origins or were differently stabilized on soil matrix.

Group Enzyme Optimum pH range
Acidic consistent among soils cellobiohydrolase 4.0-4.5
B-xylanase 4555
arylsulphatase 3.0
Acidic — sub-acidic, variable with soil pH a-glucosidase 3.0-7.0
B -glucosidase 3.0-4.75
B- N-acetylglucosaminidase 3.0-5.0
Acidic or alkaline, depending on soil pH acid phosphomonoesterase 3.0-5.0
alkaline phosphomonoesterase 9.5-11.5
phosphodiesterase 3.0-5.5

Table 3: Classification of enzymes by their pH optima and variation with soil pH [35].

The optimum pH value, however, can, and often is, different from the pH of tested soil. If
the in-situ approach is preferred (e.g. conditions that mimic the soil environment and more
approximate natural soil conditions [39], assays should be performed at pH of the bulk soil
solution by keeping in mind the possible interference and artifacts arising from substrate and/
or product sensitivity to pH changes as well as to strong acidic or alkaline pHs.

Attempts to use water instead of buffered solution at a given pH were made by several
authors [4 and references therein, 7 and references therein, 40-43]. Recently Lessard et al. [43]
compared the activities of arylsulphatase, urease, acid phosphatase and protease performing
their assays at usual standard buffered conditions (acetate pH 5.8, borate pH 10, modified
universal buffer pH 6.5 and THAM pH 8.1, respectively) and in water. Tests were carried out
on 10 pairs of Zn-contaminated soils and buffer effects on Zn lability as well as changes of pH
during water-performed assays were evaluated. No significant fluctuation of pH (only + 0.57
PH unit) and no effect by buffers on the metal concentration were observed. Moreover, similar
results (except urease) were obtained under water or buffered conditions, thus suggesting that
water could be used as “surrogate solvent” in some contests.
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Advanced methodologies: All previous results clearly indicate that variability and
uncertainty are still present for the type, characteristics and features of soil enzymatic
activities. They derive mainly from the absence of universal, homogeneous and standardized
methodologies for enzyme assays. Some general and particular suggestions have been and
can be given measuring enzyme activity in soil (Table 4). These recommendations might assist
researchers in developing a unified understanding of enzyme activities in ecosystem ecology
[12], although more research appears still required.

Steps to follow and to define in an accurate protocol [7]
. the determination of concentration changes of the reaction product or the substrate
. the use of an efficient extraction protocol for product or substrate from soil
. the choice of the buffer
. the monitoring of the effect of pH values on enzyme activity
. the study of the effect of time and temperature of incubation on enzyme activity
. the study of the effect of different amounts of soil on enzyme activity
. the study of the effect of different substrate and end-product concentrations on the enzyme activity

0 N O O B~ WN =

. the choice of a proper control
Recommendations [12]
1. run enzyme assays at the environmental pH and temperature

2. run proper standards, and if using fluorescent substrates with NaOH addition, use a standard time of 1 min between the addition
of NaOH and reading in a fluorometer

3. run enzyme assays under saturating substrate concentrations to ensure V,__ is being measured
. confirm that product is produced linearly over the duration of the assay

. examine whether mixing during the reaction is necessary to properly measure enzyme activity

. find the balance between dilution of soil homogenate and assay variation

N o oM

. ensure that enzyme activity values are properly calculated

Table 4: Required steps and recommendations measuring soil enzyme activities [7,12].

Many of pitfalls correlated with soil enzyme measurements can be overcome by advanced
and modern methodologies such as genomic and transcriptomic tools and proteomic methods.
Wallenstein and Weintraub [11] proposed that genetic studies, proteomic tools and new mass-
spectrometry approaches could be useful for the measurement of in situ activity of soil EEs.
Indeed, methods to extract RNA and DNA from soil have been greatly improved and can be
used to identify the genetic potential of microorganisms to produce specific enzymes in soil
microbial communities [4,11].

When functional genes coding for particular enzymes are abundant and detected with a
certain frequency in a soil, not necessarily it implies that those enzymes are expressed in the
soil. Indeed, no correspondence was found between the presence of laccase-encoding genes of
fungal origins in surface soils and their changes with season with laccase activities remaining
unchanged in the same periods [44,45]. Only transcriptomic studies assessing the presence of
a mRNA transcript may confirm that the enzyme has been possibly produced and regulated in
that soil. Indications can also derive from phylogenetic studies. By the relationships existing
between the genetic potential for enzyme production and 16S rRNA phylogeny, Zimmerman et
al. [46] demonstrated that about half of sequenced prokaryotic genomes were found be capable
of producing extracellularly alkaline phosphatase, chitinase and b-N-acetyl-glucosaminidase
enzymes, thus suggesting that the capacity to produce EEs varies at relatively fine-scale
phylogenetic resolution.

The entity of pool sizes, diversity and microbial source of soil enzymes can be, then,
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assessed by proteomic studies. Proteomic studies performed on a forest soil [47] and Litter
[48] demonstrated a partial correspondence between proteins or enzymes in soil solution with
those identified in the proteome extract. Attention has also to be devoted to factors affecting
proteomic studies. For instance, Giagnone et al. [49] demonstrated in model experiments that
a high content of montmorillonite greatly affected the response of microbial proteomic studies.
Additionally mass-spectrometry can be an useful tool to identify and quantify the products of
enzymatic degradation.

These molecular techniques, however, may fail in the estimation of unknown enzymes
or the enzymatic potential of viable but non-cultivable cells. Metagenomic approaches are
continuously improving [50] and they can be a powerful tool to assess the enzymatic potential
of noncultivable microorganisms and help to recognize and isolate new enzymes. Additionally,
metaproteomics can be used to study protein expression from a complex system and provide
direct evidence of metabolic and physiological activities.

Location and distribution

Another important and complex aspect of soil enzymology is the identification of enzyme
location and/or distribution in the soil matrix, i.e. the spatial variability in a soil profile and
localization in soil structural fractions of different nature and size.

Extracellular enzymes extruded outside the cell may diffuse far from the cell in the soil
solution or remain still attached to it by operating within the cell periplasm, associated to the cell
wall being confined in biofilm or capsule of polysaccharidic nature or contained in structures
such as polysomes (Figure 1) [4,7,13]. Typical examples of enzymes contained in polysomes
or cellulosomes, are polysaccharidases involved in the degradation of polysaccharides and
lignocellulose. It appears quite obvious that in the case of cell-bound enzymes substrates have
to reach the enzymes and diffusional limitations may arise. In this case, their producing cells
implement some strategies such as production of signals trough the so-called quorum-sensing
system to monitor the environment and/or contact the target substrates by responding via
chemotaxis to gradient concentrations. When the enzymatic action, in the majority of case
macromolecule degradation, occurs at the cell-soil solution interface formed monomeric
products will be easier up-taken by the cell with evident advantages for the cell metabolism.

It is widely accepted that the activities of soil enzymes usually decrease with soil depth
accordingly to the decrease of microbial biomass and organic C content [7 and references
therein, 13 and references therein]. Moreover, the response of enzymes to different treatments
and/or disturbance may change along a soil profile and with depth.

Geng et al. [51] examined the response of six hydrolytic enzyme activities and two oxidative
enzyme activities in forested ecosystems under three different treatments (intact forest
controls, canopy tree thinning, and canopy tree thinning plus ercicaceous stem removal and
soil tilling) at different depths. All enzyme activities except for peroxidase were significantly
lower at 10-20 cm than 0-10 cm soil depth. Moreover, in the 0-10 cm soil horizon the activities
of protease and arylsulphatase significantly decreased in each treatment compared to controls
as cellulase and phenoloxidase activities also did. By contrast, an opposite trend for peroxidase
activities was observed and no significant differences between treatments for glucosaminase,
glucosidase and acid phosphatase activities were detected. A different behavior occurred at
10-20 cm soil depth, where treatments affected only the activities of acid phosphatase and
phenol oxidase, whereas all other soil enzyme activities remained unchanged. The effects of
management or disturbance on agricultural ecosystems are usually examined in surface soils
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and no attention is devoted to the changes in microbial activity occurring in deep soils where
large amounts of organic carbon are potentially stored with possible consequences on carbon
biogeochemical cycle.

Kramer et al. [52] studied in a field experiment the response of microbial communities, in
terms of microbial biomass as phospholipid fatty acids (PLFAs) and enzyme activities involved
in the C-cycle (B-glucosidase, N-acetyl-B-glucosaminidase, 3-xylosidase, phenoloxidase and
peroxidase), to management practice such as crop type (wheat and maize) and litter amendment
across a depth transect (topsoil, 0-10 cm; rooted zone beneath the plough layer, 40-50 cm;
and the unrooted zone, 60-70 cm) over a period of two years. Differences were observed under
the two cultivations and litter application. Higher bacterial and fungal biomass and higher
enzyme activities were measured with wheat than with maize till a depth of 50 cm whereas
increasing effects of the same parameters deriving from litter application were visible only in
surface soils. As expected hydrolytic enzyme activities decreased with depth, by contrast, no
decrease or even an increase of oxidative enzyme activities was observed with depth.

That subsoil microbial activity may contribute to nutrient cycling at rates similar to their
surface counterparts was confirmed by changes in phosphatase kinetics and soil nutrients
measured at 0, 20, 50, 80, 110 and 140 cm depths across two parent materials (Oxisols and
Inceptisols) and two distinct forests (lower and upper montane) [53]. Both apparent kinetic
parameters V__ and K _ as well as total carbon, nitrogen and extractable phosphorus largely
decreased with soil depth.A higher variability of V_ _compared to K _ parameter was observed
but no measurable change of their ratio V__ /K_was calculated through the first meter of soil
profiles whereas 50% reduction occurred at 140 cm soil depth. These results suggested that
not only microbial communities in subsoil are metabolically active; contributing to P-cycling,
but also that production of the enzyme rather than substrate availability is controlled by
microorganisms.

Interesting is the behavior of enzymes in the rhizosphere, an oasis of biological activity
where plant properties dominate microbial and enzymatic behavior, a different gaseous
regime is present and mineral solubilization and competition effects influence nutrient cycling
[Chapter 4 of this book].

The distribution of enzyme activities between bulk and rhizosphere soil and the accumulation
of enzymes at soil-plant root interfaces, the contribution of enzymes deriving from enzymatic
proteins produced by plant roots and released in their surrounding rhizosphere soil, the effect
of plant species composition and root type as well as the contribution of root mycorrhization
on enzyme activities of rhizosphere soil have attracted the attention of several researchers and
many findings are available in literature on these topics [13 and Chapter 4 of this book].

One of the first evidence of enzymes in the rhizosphere was their localization by in situ
observation made by Ladd et al. [15] and Joner et al. [16], further confirmed by zymography
studies [19,54].

Phosphatases are enzymes typically more abundant in the rhizosphere, particularly in
rhizosphere soils of mycorrhize-infected plants, and their activity is related to P availability and /
or deficiency [13] and references therein]. In their review on phosphatase activity in natural and
mined soil Kumar et al. [38] demonstrated that both acid and alkaline phosphatase activities
had good relationships with inorganic P fractions and their activity varied with mycorrhizal
association.
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Further insights in the distribution of microbial- and root-derived phosphatase activities
in the rhizosphere of Lupinus albus L and their dependence on P availability and C allocation
have been recently provided by Spohn and Kuzyakov [54] in their studies on the coupling of
soil zymography results with “C imaging, a technique capable of reveal the distribution of
photosynthates after labeling plants with *C. Larger (5.4 times) amounts of both acid and
alkaline phosphatase activity occurred in the rhizosphere than in the bulk soil, being the first
mainly associated with roots although produced by roots and microorganisms. By contrast,
alkaline phosphatase activity was produced only by microorganisms and was more broadly
distributed in a larger area as respect to acid phosphatase. The activities of two enzymes were
also differently affected by P fertilization and rhizodeposition of photosynthates, thus indicating
that evidently different ecophysiological groups of organisms capable of mineralizing organic P
exist and their spatial differentiation possible reduces a potential competition between them.

Not only phosphatases are clearly present in the rhizosphere. An interesting study was
performed by Wu et al. [55] that correlated the activity of protease and B-glucosidase in the
rhizosphere of Citrus unshiu with the spatial distribution of glomalin-related soil protein
(GRSP), root mycorrhization, soil aggregates and carbohydrates. Positive correlations were
found between two-categories (total and easily extractable) of GRSP with B-glucosidase, soil
water-stable aggregates water-extractable or hydrolysable carbohydrates and mycorrhization
whereas a negative correlation was found with protease.

Correlations between five enzymes involved in the transformation of C, P, and N
substrates and arbuscular mycorrhizal, ectomycorrhizal, dual-colonized (arbuscular and
ectomycorrhizal), and ericoid mycorrhizal plants mycorrhizospheres were found by Gartner et
al. [56] in a fire chronosequence in Alaska. In particular, B-glucosidase and peroxidase were
lower in arbuscular mycorrhizospheres and ericoid mycorrhizospheres, respectively, than in
bulk soil. Additionally, mycorrhizosphere types influenced the entity of each enzyme activity,
thus indicating that “the community composition of mycorrhizal host plants might mediate
enzymatic activity in boreal soils” [56].

Additional information on rhizosphere enzymes and their relation with soil, plants and
microbes was provided by studies of Bell et al. [57] in which the stoichiometry approach
developed by Sinsabaugh and co-workers [1,58-60] (was applied to rhizosphere).

In their pioneering study Sinsabaugh et al. [1] assembled a comparative database of soil
EEs potential for 40 ecosystems and related soil microbial function, as expressed by EE
activities, to global biomass composition, nutrient dynamics and soil organic matter storage.
In other words an elemental stoichiometric evaluation was derived between microbial biomass
and detrital organic matter and microbial nutrient assimilation, growth and expression. The
main result achieved by the authors was that a similar stoichiometry likely exists between the
more common measured soil enzymatic activities and all microbial communities.

Starting from the hypothesis that “soil nutrient and microbial stoichiometry would differ
among plant species and be correlated within plant rhizospheres” Bell et al. [57] studied
soil C, N, P, microbial biomass C, N, and soil enzyme C, N, P nutrient acquisition activities
using rhizospheres of eight different intact species-specific plants in a semiarid grassland in
Wyoming, USA. Overall results indicated that strong positive correlations exist between soil and
plant tissue stoichiometry, whereas these components and microbial or enzyme stoichiometry
weakly correlated to each other. Indeed, contrarily to what expected no negative correlation
was observed between soil microbial enzyme activities and microbial biomass stoichiometry.
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By contrast, plant tissue, microbial, and soil nutrient stoichiometry showed similarity among
many plant species independently of plant functional type, thus indicating that no a strong
conservation occurred for plant tissue and rhizosphere stoichiometry at the plant species level.

Extensive studies have been also devoted to examine the micro-scale distribution of enzyme
activities in particle-size soil fractions to evaluate their catalytic potential and kinetics as
affected by biotic and abiotic soil constituents as well as their variation in response to different
agricultural practices [13 and references therein]. Useful information may be also achieved on
the role exerted by different soil fractions on microorganisms and enzyme activities protection
and in the turnover of organic C, by following the response of microbial processes to a range
of long-term and short-term organic C-inputs. Usually soft fractionation methods have been
utilized to guarantee the complete recovery of soil enzyme activities [13 and references therein].

For instance, Marx et al. [61] investigated the distribution of four carbohydrases
(b-cellobiohydrolase, N-acetyl-b-glucosaminidase, b-glucosidase and b-xylosidase), acid
phosphatase and leucine-aminopeptidase in four particle-size fractions (>200, 200-63, 632
and 0.1-2 mm) obtained by a combination of wet-sieving and centrifugation, after low-energy
ultrasonication.The effect of the location on enzyme distribution and long-term N fertilizer
management on their respective kinetics was studied as well. Carbohydrases distributed mainly
in the coarser fractions while phosphatase and leucine-aminopeptidase predominated in the
clay-size fractions. Moreover, the association with different particle-size fractions influenced
the substrate affinity of each enzyme as revealed by Michaelis constant (K ) measurements
whereas no significant effects were observed by N fertilizer management.

Relationships between the specific location of cellulase within the matrix of a paddy soil and
soil organic matter (SOM) quality and carbon turnover were found by Yan et al. [62]. In particular,
aphysical fractionation procedure was used to investigate whether soil carbon was spatially
isolated from degradative enzymes in the soil. In particulate organic matter fractions (POM) the
activity of carboxymethyl cellulase was greatest in coarse fractions and generally decreased from
the coarse to the silt-size fraction, concurrently to organic C concentrations did.

The different depth gradients shown by hydrolytic and oxidative enzymes in the study of
Kramer et al. [52] could indicate that hydrolytic enzymes are very likely linked to POM whereas
oxidative enzymes mainly prevail on mineral fractions. Moreover, a relationship between
microbial abundance and substrate availability possibly exist only for hydrolytic enzymes.

Limitation to soil organic matter accumulation was observed in desert grassland soils where
the higher and stabilized activities of phenol oxidase and peroxidase occurred as compared to
temperate soils and uniformly distributed across particles ranging from >1 mm to <38 pm [63].

Environmental Factors Affecting Production and Expression of
Soil Enzyme Activities

Soil enzyme activities may be affected by numerous factors of both natural (i.e. physico-
geological, geographical or physico-chemical properties of soils, organic, clay or biomass
contents etc.) and anthropogenic (agricultural management, environmental pollution, additives
such as fertilizers, pesticides, salts, heavy metals, etc.) nature. These factors may influence
the production, activity, catalytic behavior and persistence of soil enzymes through different
mechanisms involving direct, either reversible or irreversible, and indirect effects. Reversible or
irreversible action on the catalytic active site of soil enzymatic activities as well as alteration of
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the protein conformation may occur. Measurable changes in size, structure, and functionality
of the microbial community as well as altered production (induction and/or repression) of
enzymes may result as indirect effects on soil microbial growth and activity.

In this contest the attention has been devoted to a limited number of factors and the reader
is referred to literature [5,8-10,13,64-67] and the other chapters of the present book for a
comprehensive vision of the topic.

The factors selected and analyzed in this chapter are climate changes (increasing and
decreasing temperature, precipitation and associated variation of soil moisture and drought,
and the possible interference of nitrogen fertilization) and soil management by biochar addition.
The choice has been due to the particular attention devoted in the last years to these factors
and to the numerous very recent findings available in literature.

Temperature, precipitation and drought, soil moisture

Temperature strongly affects and controls soil enzyme activities, changing enzyme kinetics
and stability, substrate affinity and enzyme production because it can influence the size and
activity of microbial biomass. As soil hydrolytic enzymes are the main drivers of soil organic
matter (SOM) degradation and litter decomposition, the dependence of these enzymes on
global changes including warming, precipitation, drought and associated soil moisture will
assist in understanding the relationships among SOM stock, global carbon cycle and microbial
nutrient demand. Moreover, the possible interference of nitrogen demand in soil has also to
be considered, being nitrogen a fundamental element not only for several metabolic routes but
mainly because involved in protein and therefore enzyme synthesis.

To evaluate the role of EEs in soil and ecosystem responses to climate change, Henry
[68] reviewed field studies in which the responses and inter-annual variation of soil EE
activities were examined to warming and altered precipitation, seasonal variations, elevated
atmospheric CO,, increased atmospheric N deposition and changes in disturbance regimes.
Henry [68] underlined that the measurement of potential soil enzyme activities, as afforded by
assays performed under laboratory conditions, can be inadequate to provide a real picture of
temperature and moisture dependence of enzyme activity in situ. Moreover, some criticisms
about the methodologies used to simulate warming in field experiments were also evidenced.
Controlled environment and field experiments usually involve open top chambers, greenhouses,
retractable passive warming curtains, snow removal, heated coils/fluid filled tubes inserted
into soil or overhead infrared heaters. Each of these methods, often selected by financial,
logistical or spatial constraints rather than scientific reasons, may present advantages and
disadvantages and introduce artifacts. In many cases they do not represent real situations
occurring in situ following warming or precipitation or wind, mainly in cold areas where snow
very often covers lands. These methodological aspects can influence the interpretation of
enzyme activity responses and have to be taken in duly account [68]. The main conclusion
drawn by the author was that in general soil moisture manipulations in field studies have had
a much greater influence on potential EE activities than warming treatments, though no high
warming effects could have been achieved in the field due to the used methodology.

Opposite conclusions were achieved by Baldrian et al. [69] in their studies in a temperate
hardwood forest soil with dominant Quercus petraea, with large seasonal temperature
differences and moderate changes in soil moisture content. The effects of soil temperature and
seasonality on the sizes of EE pools and activities along with microbial biomass, soil moisture
content, and pH were investigated for three years in the litter (L), organic horizon (O) and upper
mineral horizon (Ah). Strong increases in enzyme activity as measured In vitro were observed
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up to temperature of 20-25 °C and higher activity levels occurred in the warm period of the
year, whereas no significant changes were detected in the pools of most EEs and in the content
of microbial biomass. Soil moisture did not significantly affect enzyme activities.

Contrasting results (increase or decrease) of specific enzyme activities, involved in C, Nand
Pcycles, were obtained in a temperate grassland of northern China as six-year responses
to warming and increased precipitation [70]. The responses were soil depth-dependent and
indicated that enzymes differentially responded to warming and increased precipitation at
two depths in this region. For instance, the activities of acid phosphatase and B-glucosidase
dramatically decreased with warming at 10-20 cm soil depth whereas a strong increase of acid
phosphatase and pB-N-acetylglucosaminidase occurred in surface soils, where the patterns of
enzymes were mainly driven by soil pH, ammonium and nitrate.

A different temperature-sensitivity behavior as well as low activity levels could be expected
by enzymes acting in cold areas. Wallenstein et al. [71] investigated seasonal variation and
temperature sensitivities of six hydrolytic enzymes at 4 and 20°C on four sampling dates in
tussock, intertussock, shrub organic, and shrub mineral soils in Arctic tundra soils at Toolik
Lake, Alaska. Greatest activities of 3-N-acetylglucosaminidase, f-glucosidase, and peptidase
were observed at the end of winter, suggesting that enzymes were produced even in frozen
soils. Soil enzyme pools generally showed high sensitivity to temperature (as measured by
Q,,) in the same period of the year and not higher activity levels were observed during Arctic
summer. Temperature was found to be the strongest factor driving low in situ enzyme activities
in the Arctic, as achieved by modeling the potential activity of in situ f-glucosidase for tussock
and shrub organic soils based on measured enzyme activities, temperature sensitivities, and
daily soil temperature data. However, limitation in nitrogen supply could have affected enzyme
production in summer determining their non-expected lower values [71].

The influence of nitrogen fertilization on enzyme responses to climate changes (precipitation
variability and relative varied soil drought) was successively confirmed by the findings of Alster
et al. [72]. Direct and indirect negative effects of drought on litter decomposition, and faster
decomposition by N-adapted microbial communities in N-fertilized plots than in non-fertilized
plots were shown as measured by the activities of nine EEs in a semi-arid study site in southern
California. Authors started by the hypothesis that changes in fungal biomass, considered
dominant in the area, and potential EE activities would relate directly to litter decomposition
responses. Contrarily to what hypothesized, bacteria and not fungi predominated in the area
and they negatively responded to drought treatment. However, fungal biomass and many
potential enzyme activities positively responded to drought treatment although their efficiency
(measured as the mass loss of chemical substrates per unit of potential enzyme activity)
declined with drought, possibly because an increase of enzyme immobilization and a reduced
diffusion rate occurred due the low water availability. In N-fertilized plots, larger efficiencies
of some enzymes (b-glucosidase, b-xylosidase, and polyphenol oxidase) were observed when
microbes were transplanted into originating environments, thus suggesting that microbial
enzymes may adapt to their local environment. Authors concluded that a link between enzyme
potentials and in situ activities is possible if the impact of drought and N addition on the
efficiencies of EEs can be predicted.

Nitrogen addition showed significant effects also on the kinetics (V_,_and K _ parameters) of
cellobiohydrolase, b-glucosidase, b-xylosidase, b-glucosidase, and b-N-acetylglucosaminidase
involved in SOM degradation in two forest soils [73]. The values of K were considerably
decreased by N addition in a soil, while variable K_ was observed in the other soil. By contrast
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significant increases of V___were detected for all investigated enzymes in the two soils. Both
kinetic parameters were temperature sensitive but a greater response from V__ (higher Q ,
values) than K was observed. No measurable interaction between N-addition and temperature
variation was detected. Overall results suggested that a larger degradation of substrates
possibly occurred under N-fertilization and higher hydrolytic enzymatic activities could be
expected by the simultaneous increase of temperature and N-addition.

The role of temperature sensitivities in SOM decomposition on both kinetic parameters
of the same enzymes was investigated in five sites crossing from a boreal forest to a tropical
rainforest [74]. Q,, values ranging from 1.53 to 2.27 for V___and 0.90 to 1.57 for K were
calculated and a significant (P = 0.004) negative relationship with mean annual temperature
was observed for the K_ of b-glucosidase, suggesting that temperature can have higher effect
on enzymes in cooler climates. When data were parameterized in a mathematical model it was
concluded that V___and K  temperature sensitivities could counterbalance to each other for
the SOM losses. Moreover, results confirmed the adaptation of microbial EEs, as measured by
their kinetic behavior, to local environmental temperature [72].

Recent findings seem to partly contrast this conclusion [75] at least in an alpine grassland
ecosystem. The response of five soil EE activities (phenol oxidase, b- and a-glucosidase,
b-xylosidase, cellobiohydrolase) and temperature sensitivity (Q,;) to experimental warming
was investigated by setting up a free air-temperature enhancement system. While extracellular
enzymes adapted to seasonal temperature variations showing higher values during the warm
period of the year, no acclimation to the field experimental warming was observed.

Similar results were obtained for four peptidases and four glycosidases when exposed
to experimental climate manipulation in a long-term experiment in northern Sweden [76].
Experimental soil warming and/or winter snow addition did not show significant effect on
either the potential activities or the temperature sensitivity of the two group of enzymes,
whereas opposite trends of significantly season-dependent patterns occurred for the two
functional enzymatic groups. This behavior may suggest that warming acts indirectly on soil
processes by the seasonality of substrate supply and microbial nutrient demand rather than
directly by influencing the production of enzymes. Moreover, the potential divergence between
the different seasonal patterns observed for the two groups of enzymes must be considered
when enzyme-based models are implemented to describe soil processes.

Detailed studies on the temperature and moisture sensitivity of in situ f-glucosidase enzyme
activity were performed by Steinweg et al. [77] and data incorporated in a mathematical model
indicated that beside temperature and moisture B-glucosidase activity was affected also by
substrate concentrations and diffusion constraints, thus providing a template for analyzing
the role of specific abiotic managing in situ enzyme activities, facilitating their incorporation in
biogeochemical models. The new experimental protocol considered soil samples collected every
two weeks over a 10-week period with precipitation inputs manipulated to obtain drought
(50% ambient precipitation), ambient, and wet (150% ambient precipitation) treatments.
Enzyme activity was assayed in soil slurries at three different temperatures (15, 25 and 35 °C)
and to different moisture levels in the lab and adding substrate to homogenized dry or moist
soils instead of slurries. Stable temperature sensitivity but significant variation of moisture
sensitivity was detected among the five sample dates and treatments. As respect to ambient
and wet plots, drought plot soils showed strong responses of the enzymatic activity to increases
of moisture. When the effect of only temperature or only moisture or their simultaneous action
were estimated, results indicated that the highest B-glucosidase activity occurred in ambient
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plots and that it responded primarily to changes in temperature except in dry soil. These
results corroborated what usually retained i.e. in situ enzyme activity in soils can be strongly
limited by low soil moisture, thus reducing any increasing effect of warming.

Further studies were extended to evaluate how climate variables (warming, precipitation
and interaction between them) affected the activities of P-glucosidase, cellobiohydrolase,
xylosidase, acid phosphatase, -N-acetylglucosaminidase and leucine-aminopeptidase, and of
microbial biomass carbon (MBC) in different seasons and in soils treated with the same levels
of precipitation (ambient, 150% of ambient during growing season, and 50% of ambient year-
round) and four levels of warming (unwarmed to ~4°C above ambient) over the course of a year
[77]. Negligible or little effects by climate manipulations (warming, precipitation, moisture and
season) were observed on potential enzyme activity, whereas mass-specific potential enzyme
activity (calculated by potential enzyme activity/MCB ratio) raised with temperature, reached
its peaking value under medium warming, then declined at the highest warming. Moreover,
a stable enzyme pool under drought was observed thus indicating that mass-specific enzyme
production increased with temperature and drought or that decreased enzyme turnover rates
occurred in dry soils. The stoichiometry of potential enzyme acquisition activities strongly
changed with season, with an increase in C-acquiring enzymes and a decline in the potential
activity of N-acquiring enzymes from summer to winter when a reduction in organic N
degradation likely occurred. A stable enzymatic C:P activity ratio instead was measured over
the year indicating a consistent, continuous need of P sources. At low soil temperature and
in frozen soils slower reaction rates as well as reduced in situ activities will be likely present
because of the limited diffusion of substrates [77].

As compared to presence and composition of fungal communities, abiotic factors such
seasonality, nutrient concentrations, moisture, pH, carbon and nitrogen content, and
mean annual precipitation, showed higher and more significant effects on the activities of
o- and B-glucosidase, B-xylosidase, cellobiohydrolase, B-N-acetylglucosaminidase and acid
phosphatase in five sites during the growing season in March and 17 sites during the dry
season in July throughout southern California. The correlations between abiotic factors,
fungal community composition and soil enzyme activities were examined by analyzing the
response of enzyme activities to all factors (abiotic vs. fungal composition) separately and
concomitantly across a variety of ecosystems [78]. The analysis showed no correlation between
fungal community composition and enzyme activities at the species, genus, family or order
levels, whereas significant correlations were found between soil carbon, nitrogen and pH and
hydrolytic activities, and between mean annual precipitation and oxidative activities. In dry
season, fungal composition explained only 27.4% of the variation in all enzyme activities but
35.3% of it was accounted for by abiotic factors.

Biochar fertilization

Soil management is strongly related to global food security and research, then practices
and policies influencing soil management are of paramount importance to assure a sustainable
agriculture [79]. Soil management by addition of inorganic fertilizers and organic residues is
an old and very common agricultural practice to increase soil fertility and crop production.
Several are the types of inorganic fertilizers as well as organic substrates and a large literature
is available on their effects on the activities of soil enzymes as one of the main and more
expected results of their addition to soil [13 and Chapter 2 of this book].

Recently, a great attention has been devoted to the use of biochar to improve soil fertility
by promoting sustainable resource efficiency, mitigate climate changes, increase crop yield
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per area, increase soil carbon (C) storage by its sequestration, reduce soil acidity, and
reduce irrigation and fertilizer requirements. In addition the biochar capability to decrease
soil emissions of greenhouse gases and reduce nitrous oxide (N,O) emissions was taken into
account as healthy effect [80,81].

A wide illustration of different research approaches and obtained results on biochar
characteristics and its effects on several soil biological and chemical properties and
environmental conditions is provided by a “Virtual special issue” of Soil Biology and
Biochemistry Journal available on the web site of the Journal [82] and including 29 articles
dealing with these topics and spanning from 2009 to 2012.

Biochar is a stable carbon-rich by-product synthesized through pyrolysis/carbonization of
plant- and animal-based biomass that can last in soil for very long periods. Biochar chemical
and physical properties depend on the raw material characteristics and pyrolysis conditions
as well as its soil ameliorant capacity is dependent on the soil properties and environmental
conditions. Another, interesting and valuable property of biochar is its reactivity and capability
to reduce and mitigate soil pollution by contributing to the restoration of soils contaminated by
both organic and inorganic contaminants when added to contaminated soils [83-37]. Biochar
large surface area and cation exchange capacity, strictly dependent on the originating material
and pyrolysis treatment, facilitate and improve sorption of pollutants to its surfaces, reducing
not only mobility but also bioavailability and phytoavailability of organic contaminants in soil.
Char materials may, however, contain toxic compounds. Therefore, to avoid undesired effects
on soil biota and environmental quality, a detailed characterization of biochar nature and
quality is mandatory before any application either for agricultural or environmental purposes.

It has been well established that amendment of soil with biochar affects not only microbial
activity, biomass and community structure, but also other soil biota as fauna and plant roots
(see the extensive review of Lehmann et al. [88] (Figure 2). Weak or strong correlations might
establish among primary properties of biochar, soil processes they influence and soil biota,
with resulting effects on soil behavior (Figure 2).

SOIL PROCESSES
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Figure 2: Interactions among soil biota, soil processes and biochar properties.

Usually, increases of enzyme activities have been detected as a result of the increase of soil
microbial biomass by biochar addition, although opposite responses have been also obtained
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[89,90]. Stable biochar materials obtained from the weed Parthenium hysterophorus and used
at different amounts in laboratory experiments increased the activities of soil dehydrogenase
and catalase while hydrolytic enzyme activities decreased [90]. Increases of acid phosphatase,
alkaline phosphatase and fluorescein hydrolase activities as well as those of dehydrogenase
and catalase were instead observed with biochar obtained from water hyacinth (Eichornia
crassipes) applied to a red soil from Dhanbad, India [89]. The increase was dependent on the
amount applied and was the highest in 20 g kg! biochar treatment.

To better enhance soil productivity and biological activity biochar was co-applied with fly
ash to the same soil and soil nutrients, biological properties and the yield of Zea mays were
measured [91]. Dehydrogenase (+60.7%), alkaline phosphatase (+32.2%), and fluorescein
hydrolase (+12.3%) activities increased due to co-application of the two materials. Further
positive effects were great increases of soil nutrients (+110% P and +64% K), microbial biomass
(+25.3%) and maize grain yield (28.1%). pH-buffering effect and sorption of SOM to mineral
surfaces probably induced more reactive interactions among water, air and nutrient in soil
[91]. For a clear understanding of biochar effect on soil enzyme activities, possible interaction
with substrate and products should be, however, considered [92,93], because real biochar
effect on soil enzymes can be hampered and masked by such interactions.

Experiments performed on sandy silt loam soils amended with different amounts of
pine wood and barley straw biochar demonstrated that significant decreases (up to 80%) of
substrates (pNPP and INT) and respective products (pNP) and iodonitrotetrazolium formazan
(INTF) occurred in the assays of dehydrogenase and phosphatase, suggesting that solid-phase
adsorption on biochar surfaces did occur [93]. Bioavailability of the substrates decreased and
no saturating condition possibly arose. Statistical analysis was conducted to evaluate the
effects of soil type, biochar concentration, biochar feedstock and their interactions on the
concentration or extractability of enzyme assay substrates and products. Results indicated that
the chemical properties and nature of biochar as well as the soil type affected the relationship
between sorption and biochar concentrations, such as no an unique correlation or correction
factor could be developed.

Similar sorption phenomena have been already observed by Bailey et al. [92] when effects on the
activities of soil B-glucosidase, B-N-acetylglucosaminidase, lipase, and leucine aminopeptidase
were investigated in biochar-amended soils or In vitro reaction. Indeed, to explain variable effects
of biochar on soil enzymatic activities observed with field studies, In vitro colorimetric and
fluorescent assays were performed in microcosms with tree different soils added with biochar.
As compared to non-amended soils, the activity of B-glucosidase increased and that of lipase
decreased as evidenced by assays performed with fluorescent substrates. When substrates were
temporarily put in contact with biochar and successively tested, a reduction of the apparent
activity of the enzymes was observed thus confirming that sorption of substrates on biochar
surface hampered enzyme activity. By contrast, a stimulating effect (increases by 50-75%) of
B-N-acetylglucosaminidase activity was measured when the purified enzyme was previously
exposed to biochar. Therefore, when biochar-sorption effects are not rightly considered, soil
assays can underestimate the increase of soil enzymatic activities due to biochar.

Biochar adsorption of B-glucosidase but not of its substrate cellobiose was found by
Lammirato et al. [94] when both were exposed to chestnut wood char In vitro phosphate buffered
system. A reduction by <30 % of the reaction rate occurred, indicating a slight influence of
the material on the activity of the enzyme. By contrast, complete inhibition of the reaction
rate occurred with activated carbon that adsorbed more than 97% of either B-glucosidase or
cellobiose, probably because of its high specific surface area and high porosity.
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Indexes and Models Integrating and Explaining Soil Enzyme
Activities

Two of the hot questions cited in the Introduction regards the possible integration of EE
activities in i) an index of soil quality as a valid tool capable of properly describe and assess
microbial functional diversity across different types of soils and monitor their changes by
diverse managements or disturbances over time, and ii) models at global levels integrating not
only carbon, nitrogen or soil nutrient dynamics but also microbial biomass and EE activities.
These models can help understanding the importance of the interactions between microbial
and chemical substrates in driving soil fundamental ecological processes.

Soil enzymatic indexes

As well stated in the past [95-98] and recently stressed by Cardoso et al. [99] a true
and accurate description of soil health or soil quality (used synonymously) and its use in
sustainability predictions require that several soil chemical, physical and biological properties
should be considered and their response to soil perturbation within a reasonable timescale
verified. Thus a systemic approach based on different kinds of indicators in assessing soil
health would be safer than using only one kind of attribute.

Among soil biological properties, enzyme activities are considered good indicators of soil
quality and its directions of change with time caused by soil management practices, soil
pollution by organic and inorganic pollutants, soil perturbation by microbial inoculation and
others. Indeed, enzyme activities are influenced by natural and anthropogenic factors [5],
rapidly respond to ecosystem variations and changes in soil use and management and, being
easily measurable, they may provide a rapid tool to follow environmental modifications [100
and references therein].

This high degree of variability of enzyme activities could be, however, a limitation to their
use as indicators of soil quality because contradictory results in different studies might result
[99]. Therefore, the reliability of enzyme activity measurements as indicators of changes in soil
quality is severely related to the possibility of comparing information from different laboratories.

An attempt was made by Creamer et al. [101] by implementation of an inter-laboratory
comparison of multiple-enzyme and multiple substrate-induced respiration assays to assess
method consistency in soil monitoring. Authors compared investigations performed in three
laboratories. The activities of -cellobiohydrolase, B-N-acetylglucosaminidase, B-glucosidase,
acid phosphatase, 3-galactosaminidase, (-xylosidase, [-galactosidase and sulphatase were
tested by the hydrolysis of 4-MUB-containing substrates from nine sampling sites providing
a range of soil physical, chemical and microbiological properties. The analysis was based on
testing for intrinsic variation, i.e. within-assay plate, inter-laboratory repeatability by means of
geometric mean regression and correlation coefficient, and land-use discrimination (principal
components analysis).Results demonstrated a large intrinsic variation, diverging patterns for
the enzyme assays for inter-laboratory repeatability, and significant discrimination of soils with
relatively consistent patterns, although inconsistent correspondence between the laboratories
was observed. Therefore, studies confirmed that suitable biological standards should be
identified if biological indicators of soil quality should be used. Indeed, less availability and
widespread utility of reliable analytical standards for biological methods still limit repeatability
of soil biological data.

Many efforts have been made to condense the achieved information in a numerical value,
an index capable of differentiating between soils with different quality features or affected by
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pollution or other disturbances. As emphasized by Bastida et al. [102] the characteristic of soil
quality relating to soil properties that changes as a result of soil use and management should
be quantified and the index should be a “sensitive and accurate” tool “for evaluating changes
in soil quality in a short time-scale”.

Indexes, mainly based on enzyme activity values, have been also developed to predict and
indicate the rate of a whole metabolic process. In many cases, they relied on a conceptual
wrong condition, that is a single enzyme activity or just a category of activities belonging
to the same enzymatic class (e.g. oxidases or hydrolases) could well describe complex soil
metabolic processes [7]. In other cases, empirical relationships were derived and correlated
some changes of nutrients like carbon or nitrogen with microbial biomass-C or -N, and enzyme
activities involved in their transformation. Such indexes were applied and their effectiveness
was tested with both agricultural and non-agricultural soils. A list of such indexes is reported
in Table 5 and details on each of them, its application and effectiveness in evaluating soil
quality are summarized in Bastida et al. [108] Nannipieri et al. [7] and Chapter 2 of this book.

Whichever numerical index is proposed, its applicability at a general level requires, however,
validation on many soils differing in properties and history. This approach was followed by
Puglisi et al. [103] who developed by canonical discriminant analysis three numerical indexes
(AI 1, AI 2 and Al 3) based on all or some of seven enzyme activities (arylsuplatase, b-glucosidase,
phosphatase, urease, invertase, deydrogenase and di-phenoloxidase) measured in three soils
characterized by different alteration events (Table 5). The validity of each index was tested
using a third experimental data set not used in index development. When tested and validated
on published data sets dealing with enzymatic activities in different soils and characterized
by different alteration events, the third index (Al 3) was able to discriminate altered soils from
controls by higher index scores [103].

Index (*) Purpose Reference
Soil Alteration Index Al 1 = -21.30 arylsulphatase +35.2 Effects on the quality of agricultural soils contaminated with [103]
B-glucosidase -10.20 phosphatase —0.52 urease —4.53 industrial and municipal wastes, organic fertilization or irriga-
Invertase+14.3 dehydrogenase+0.003 phenoloxidase. tion with poor quality water under different crops: Ficus cari-

Soil Alteration Index Al 2 = 36.18 B-glucosidase -8.72 €& Maize, tomato, etc.
phosphatase —0.48 urease—4.19 invertase

Soil Alteration Index Al 3 = 7.87 B-glucosidase -8.22
phosphatase -0.49 urease.

Enzymatic Activity Number (EAN) = 0.2 (0.15 dehydroge- Effect in cultivated and forest soils and pastures [104]

nase + catalase + 1.25.10°° phosphatase + 4.107 prote-| act of soil management on its quality

ase + 6.10™ protease).

Biological Index of Fertility (BIF) = (1.5 dehydrogenase + Effect in untilled management systems (natural grassland [105]

k 100 catalase)/2. and orange grooves) comparing to tilled systems in south-
eastern Sicily

Biochemical Index of Soil Fertility (B) = Corg+N,,, +dehy- Effect of organic and mineral fertilization [1086]

drogenase+alkaline phosphatase+protease+amylase.

Organic C content = -0.4008 arylsulphatase+0.4153 de- Evaluation of soil in different states of degradation [107]
hydrogenase+0.4033phosphatase+0.4916(3-glucosidase.
Total N = (0.38-10-3) microbial biomass-C+(1.4.107%) Evaluation of soils under climax vegetation [108]

mineral N+(13.6.107°)phosphatase+(8.9.10%) B-glucosi-
dase+(1.6.107%) urease.

Total N = 0.44 available phosphate+0.017 WHC +0.410 Valid for Mollisol. Evaluation of forests soils under natural [109]
phosphatase—0.567 urease+0.001 microbial biomass-C|vegetation without human intervention
+0.419 B-glucosidase —0.980.
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Organic C content = 4.247 available phosphate+8.185 Valid for Entisol. Evaluation of forests soils under natural veg- [109]
B-glucosidase+7.949 urease+17.333. etation without human intervention
Microbial Degradation Index (MID) = [0.89(1/1 + (dehy- Assessment of semiarid degraded soils [110]
drogenase/4.87)2%)] + [0.86(1/1+ (water-soluble carbo-
hydrates/11.09)2%)]+ [0.84(1/1+ (urease/1.79)2%)] + [0.72
(1/1+ (respiration /18.01)25)].
Reldative Soil Stability Index (RSSI) = Effects of 2,4-D herbicide on soil functional stability [111]
ayl5
J EA perturbed(t)dt
day2 100

dayl5
I EA control(t)dt
day2

Biological Quality Index (BQI) Variation in relation to the ecosystem degradation [112]

Total C = -2.924 + 0.037 hot water extractable C— 0.096
cellulase + 0.081 dehydrogenase + 0.009 respiration.

Soil Quality Index including microbial biomass C, respi- Evaluation of recuperation of hydrocarbon contaminated soils | [113]
ration, dehydrogenase activity, seeds germination and|by nutrient applications, surfactants or soil agitation
earthworms.

Table 5: Indexes of soil quality integrating also soil enzyme activities [7,102].

Corg (organic carbon content, %); N __ (total nitrogen content, %); EA= enzyme activity
(enzymes measured = arylsulphatase, (-glucosidase, urease, protease, acid and alkaline
phosphatase). (*) For the units in which each enzyme activity or soil properties were expressed

see references.

Recently, an interesting approach was used by Veum et al. [114] to model and assess
changes in soil quality fractions and soil quality across a continuum of long-term agricultural
practices in Missouri, USA. Beside several physical and chemical indicators, the activities
of dehydrogenase and phenol oxidase were measured, and *C nuclear magnetic resonance
(**C NMR), diffuse reflectance Fourier transform (DRIFT) spectra of soil organic matter and
visible, near-infrared reflectance (VNIR) spectra of whole soil were collected. All indicators
strongly correlated to each other as assessed by a modified two-factor ANOVA to account
for the lack of plot-level replication and to evaluate the main effects of crop and fertilization
practice. The SMAF (Soil Management Assessment Framework) soil index, that incorporates
several biological, physical, chemical, and nutrient data scoring curves (for details on the
development and implementation of the SMAF see [115]), was used to score and rank all the
12 investigated plots for overall soil quality. Strong positive and negative correlations were
observed between the SMAF index and many soil quality indicators, including dehydrogenase
and phenol oxidase activities and soil organic matter composition, thus underlining the strong
link existing among microbial community and its function, common indicators of soil quality,
and properties of soil organic matter.

Models

The analysis of global change impacts on terrestrial systems and feedbacks to the climate
system requires the development of simulation biogeochemical models, taking in account
interactions between global climate changes, terrestrial carbon balance and all factors affecting
them. Models are useful not only for extrapolating and understanding the behavior of functions
on hearth to longer time scales not easily reachable, but also to evaluate all the interaction
existing among the cycles of elements and the processes that govern them. Therefore, several
efforts have been made to develop realistic, reliable models possibly founded on mechanisms
really occurring on hearth and possibly taking in account several experimental data and
environmental affecting factors.

Enzymes in Agricultural Sciences 33
Edited by: Liliana Gianfreda and Maria A Rao



-4 ISBN:
DMICSGESs

Since the main global pool of terrestrial carbon is soil organic matter (SOM) it is evident
that many models have dealt with the decomposition of SOM and factors and actors involved in
it. Although SOM decomposition is mainly operated by microbes and their EE activities, many
models have ignored the integration of enzyme activities in their structure, thus disregarding
their important contribution.

Microbes and fungi generate EEs to produce simple nutrients from complex organic matter
but microbial enzymatic synthesis is dependent on resource availability and nutrient dynamics.
Therefore, decomposition model should include enzyme dynamics and the activities of some
enzymes specifically involved in C, N and P cycles thus providing insights in the biogeochemical
equilibrium between microbial biomass stoichiometry and elemental composition of organic
matter [116]. As previously cited [1], the activities of microbial EEs involved in the mineralization
of organic carbon, nitrogen and phosphorus are stoichiometrically related to microbial biomass,
detrital organic matter, microbial nutrient assimilation, growth and expression.

A simple theoretical model was elaborated by Schimel and Weintraub [117] based on first
order kinetics in which a simple proportional relationship is assumed between the decomposition
rate of a particular C pool and the size of the pool with a simple decomposition constant k
(dC/dt = kC) and extended to decomposition by extracellular enzymes according to dC/dt =
kC x Enzymes. Nitrogen deficiency may limit microbial growth and EEs production and loss
may arise by enzyme binding to soil matrices thus competing to enzymatic transformation and
producing a non-linear response of decomposition rates to enzyme concentration. Therefore,
both these phenomena should be considered in the development of a model. The integration of
enzyme dynamics as well as of N limitation to microbial growth in a more complex version of
the kinetic model led to identify that total C flow may be limited by the functioning of the EEs,
and actual microbial growth may be N limited [117].

Starting from a meta-analysis of papers dealing with the measurement of acid/alkaline
phosphatase (AP), b-glucosidase (BG), and b-N-acetyl-glucosaminidase (NAG) activities in
tropical soils Waring et al. [116] observed that the ratios BG:AP and NAG:AP in these soils were
significantly lower than those of temperate ecosystems in general. This result could indicate
that in tropical soils P bioavailability is low and may constraint the growth efficiency of soil
microbes; therefore microbes will invest much in the production of enzymes of organic P than of
C or N degradation, with a resulting negative influence on C microbial utilization and lowering
the rate of microbial growth and then of organic matter decomposition. A biogeochemical
equilibrium model [59] was used to confirm that P limitation may lower microbial growth
efficiency. The model included the ratios BG:AP and NAG:AP, the microbial biomass ratios C:N
and C:P and two parameters L, and L, which represent “the stoichiometry of labile C versus
nutrients pools in the environment”. Without entering in detail [59,116] the model predicted
that actually low microbial growth occurs in P-limited soils and therefore P availability should
be considered when models are developed to simulate microbial enzyme allocation, biomass
growth, and C mineralization.

A quite complicate decomposition model was elaborated by Moorhead and Sinsabaugh
[118] founded on three functional guilds, and therefore called Guild Decomposition Model
(GDM), each of them defined by different characteristics, established on common information
of main physiological, growing and enzymatic properties of different microbial communities
involved in various phases of litter decay. Guild 1 includes opportunist microorganisms
capable to quickly colonize new available litter and consume soluble polymeric substrates; in
Guild 2 decomposers that degrade polymeric substrates such as cellulose and lignocellulose by
producing many hydrolytic and oxidative enzymes are enclosed, and then in Guild 3 there are
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microorganisms degrading recalcitrant organic matter by means of powerful oxidative enzymes
capable to act on covalent bonds of aromatic rings and hydrocarbon chains, and thus to attack
protected glycosides, peptides and lipids. As well summarized by Wallenstein and Weintraub
[11] this model “describes how the availability of labile C and N can inhibit lignin degradation
by influencing the expression of EEs responsible for microbial C acquisition, elucidating the
mechanisms controlling C sequestration during decomposition”.

A simpler model of carbon C dynamics was proposed by Gogo et al. [119]. It was considered
to be more easily and experimentally implemented and calibrated. The model was based on a
mass balance between solid C, represented by litter, water extractable organic carbon (WEOC)
and gaseous C, i.e. the cumulative C-CO, respired. C flux from the solid to the gaseous form
with time is dependent on litter decomposition in WEOC that is a consequence of extracellular
enzymatic catalytic reactions at a defined rate. The mathematical expression of the model and
its development is not object of this chapter and details are available in the original paper.
The model was tested on three types of peatland litter and appeared robust and suitable to
well describe the early stages of C dynamics in litter and efficient in measuring the whole real
enzymatic catalysis rate.

A theoretical Extracellular Enzyme (EEZY) model of decomposition and producing two
separate groups of C- and N-acquiring enzymes was developed by Moorhead et al. [120].
One group of enzymes was involved in the hydrolysis of only C-substrates (e.g. cellulose) and
the other of substrates containing both C and N (e.g. chitin or proteins). Typical enzymes
representing the two groups are b-glucosidase and b-N-acetylglucosaminidase, involved in
the hydrolysis of cellulose and chitin, respectively. EEZY was able to estimate EEs behaviors
obtained by field studies of terrestrial soils, aquatic sediments, fresh water biofilm and plankton
communities. Moreover, its predictions of litter decay were consistent with those obtained by
other models. Although the model simulated enzyme activities, it confirmed the existence of a
stoichiometric 1:1 ratio of enzyme activities associated with C- and N-acquisition and indicated
a great response by simulated EE activity to changes in the efficiency of microorganism in the
use of carbon sources.

In many of these models it is not possible to discriminate by common enzymatic assays
between free and stabilized EEs, when the presence of these latter may affect a quick response
in microbial enzyme allocation determined by new or altered nutrient inputs. An integrated
model was proposed by Allison [121] who considered that several situations contribute to the
production and action of EEs and are dominated by economic aspects in terms of production
costs. A simulation model was established in which the influence of competition by cheaters,
(i.e. microorganisms that use EEs produced by other microorganisms thus competing
with the producers and lowering the efficiency of the secreted enzymes for the growth and
survival of their originating cells), nutrient availability, and spatial structure on microbial
growth and enzyme synthesis was examined. Simulation was reiterated by changing C, N or
P supply and the author concluded that cheaters were favored by conditions in which the
cost of enzyme is high, whereas lower rates of enzyme diffusion favored producers. Moreover,
carbon mineralization, microbial growth and enzyme production was limited by nitrogen
supply because enzymes having a high content of N-units require high levels of N sources
[121]. Further studies monitored the activity of phosphatase (P cycle), b-glucosidase (C cycle)
and glycine amino peptidase (N cycle) in an infertile tropical soil after supplying it with C,
N, and P nutrients under different combinations of complex and simple nutrient additions,
and evaluated the relationships between resource availability, EEs production and nutrient
dynamics. The conclusion drawn by the authors was that “microorganisms produce enzymes
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according to “economic rules”, but a substantial pool of mineral-stabilized or constitutive
enzymes mediates this response” [14].

A further extension of the model was made by Folse III and Allison [122] to study the
correlation between depolymerization of nutrients, social interactions and diversity of microbial
communities. A multi-genotype, multi-nutrient model of a community of extracellular enzyme-
producing microbes was developed and included C-, N- and P- containing polymers and eight
genotypes of bacteria producing different groups of polymers hydrolyzing enzymes. Possible
associations between complementary types of microbes and their implications for spatial pattern
formation and nutrient depolymerization were mainly considered. The model highlighted that
the increase of diversity from two to eight types of microorganisms led to a decreased nutrient
depolymerization rate because of the competitive interactions rising between the different
groups of microorganisms which ultimately caused a minor overall enzyme production. The
conclusive remark of this study was that social interactions among microbes competing for
resources may strongly affect nutrient dynamics, microbial diversity, and microbial spatial
distributions.

Conclusions and Future Perspectives

Although papers so far commented have examined only a reduced fraction of all variables
and factors affecting the activities of soil enzymes, overall the results seem to indicate and
emphasize that in soil potential enzyme activities, microbial size activity and nutrient demand
are affected by abiotic and biotic factors and understanding their relationships is mandatory
to better modeling and describing soil biogeochemical cycles at a global level.

Reliable, accurate and universal methodologies are, however, still needed to have a real
picture of soil EE dynamics and involvement in environmental processes. Improvements of
new technological approaches like in situ zymography or near infrared spectroscopy methods
for in situ measurements of soil enzyme activities as well as emerging, innovative approaches
based on molecular biology could overcome many of obstacles still impeding satisfactory and
reasonable resolution to not yet resolved and long-standing questions about several aspects
regarding EEs and their role in the mechanisms of biogeochemical processes and the controls
on microbial diversity.

As concluded by Simon and Daniel [SO] and Nannipieri et al. [7] the combination of DNA-
based, mRNA-based, and protein-based analyses of soil microbial communities along with
the assay of the respective soil enzyme activities may elucidate “the adaptive mechanisms of
enzyme synthesis, the recovery and identification of the synthesized enzymes, their relative
contribution to the specific soil activity and the presence of the active microbial species” [7].
Moreover, “the compositions, functions, and interactions of microbial communities and their
link to environmental processes” [50] can be clarified by metagenomic studies. Improvements
in metabolomic studies will allow measurement of substrate availability and product release
as well as the use of isotopic labeled substrates with consequent formation of labeled products
will assist in clarifying in situ enzyme activities and their control.

Additional assistance will derive from stoichiometry studies that may contribute to shade
light on relations existing among plant community composition and below-ground soil
microbial, nutrient and enzymatic characteristics.

It appears mandatory, however, to rely on data and results that could be considered valid
at general level. This means that enzyme activities assays should be carried out on many soil
samples and with many substrates to obtain a major repeatability between different laboratories
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and with soils differing for chemical and physical properties. All that is much truer, enzyme
activities should behave as indicators of soil quality. As recommended by Creamer et al. [101]
“Prescription of biological indicators in soil quality monitoring schemes must take due account
of three potential sources of variation, viz. (1) intrinsic variation within a laboratory technique;
(2) inter-laboratory repeatability and (3) discrimination between samples from different land-
uses/ provenances” [101].

It is also important to take into account all factors influencing the behavior of EEs in
response to the addition of fertilizers or to changes in natural situations. For instance,
referring to the use of biochar as fertilizer it is of paramount importance to properly consider
some aspects of this material to have a unambiguous understanding of biochar influence on
soil enzyme activities and in general on soil biological activity and to contribute to implement
effective soil management with biochar. Firstly, clear information on the properties and types
of biochar as influenced by the originating source and temperature treatments is needed.
Secondly, simple, effective methods, now not yet available, for analyzing biochar in soil should
be developed as well as enzyme substrates and products sorption studies should be improved
to properly describe the fate and role of biochar in soil and to estimate the true activity of
enzymes in biochar-amended soils. Finally, as many of literature findings refer to short-term
biochar applications, long-term soil amendment with biochar and analysis of its effect on
many soil properties should be performed to exclude those small and potentially transient
changes do occur [123]. Limited understanding of enzyme activities under field conditions may
also reduce the capability to predict and model current and future processes of ecosystems.
Pitfalls in the use of models may derive from different contradictory situations existing between
modeling and experimental tests [124]. Very often, biogeochemical models are founded on
a small number of inadequate data sets. Indeed, empirical data are usually assembled by
experiments carried out in just one or few sites and time points whereas modeling requires to
integrated data across spatial and temporal scales. Moreover, no correspondence usually exist
between data determined experimentally and those needed to parameterize biogeochemical
models like potential enzyme activities measured under saturating substrate conditions while
limiting conditions are usually considered in models.

In conclusion, soil enzyme activities are of paramount importance to evaluate functions
of microorganisms, cycling of nutrients and carbon-sources decomposition. Combination
of emerging technologies with information gained by current techniques will allow the
development of new, more microbially explicit biogeochemical models that will be better able
to predict the impacts of enzyme-mediated soil processes. Moreover, to achieve an enhanced
comprehension of carbon cycling and its availability dynamics among ecosystems, major
attention has to be devoted to EE activities operating not only in terrestrial environment but
also in freshwater and marine environments, where they are alike the main actors of nutrient
cycling [125]. Several features are common to these different environmental enzyme groups.
As underlined by Arnosti et al. [125] “While the relative importance of specific structuring
factors (e.g. pH, presence of surfaces, etc.) varies dramatically among terrestrial, freshwater,
and marine environments, the underlying process is the same: microorganisms produce EEs
in order to gain a selective advantage; those enzymes subsequently catalyze biogeochemical
cycles”. Therefore, integrated enzymatic studies across these different environments may
greatly assist researchers to achieve a thorough comprehension “of the ultimate controls and
biogeochemical consequences of EEs across environments” [125].
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Abstract

Soil is a fundamental resource in the agricultural production system and monitoring its
fertility is an important objective in the sustainable development of agro-ecosystems. In order
to evaluate soil fertility, changes in its physical, chemical and biological properties must be
taken into account. Among the biological features, soil enzymes are often used as index of soil
fertility since they are very sensitive and respond to changes in soil management more quickly
than other soil variables. Thus, the objective of this work was to review some of the aspects
that are connected with using soil enzymes as indicators of agricultural practices impact
(e.g., soil fertilization, crop rotation, tillage) and soil fertility. The results that are discussed
in the works listed in the bibliography showed no consistent trends in enzymatic activity as
being dependent on farming management practices that have stimulated, decreased or not
affected this activity. The influence of inorganic fertilization and organic amendments on the
soil enzyme activities depended on the dose of this amendment, the time of its application,
the content of harmful substances (e.g., heavy metals), the soil type and climatic conditions.
Soil fertility indicators including soil enzymes as well as some advantages and shortcomings
concerning the use of these indices are also discussed. Single enzyme activities are often used
as indicators of soil fertility, which is considered to be a conceptual mistake, since they usually
take part in only one specific process and therefore they cannot reflect the rate of all of the
metabolic processes in soil. Complex expressions, in which different properties are combined,
are thought to be more suitable for estimating soil fertility, although their use is limited to the
area and the conditions in which they have been described.

Introduction

Soil is an important component of all terrestrial ecosystems as well as a main source of
production in agriculture. Proper soil functioning is essential for the maintenance of the global
biochemical cycles for all required nutrients and thus, the processes in soils affect many other
biotic and abiotic components of ecosystems [1]. To understand the functioning of soils and
to prevent soil damage due to both natural and anthropogenic factors, it is important to have
suitable tools for predicting and assessing soil changes that are caused by environmental factors
and management practices. Strategies based on biological indicators would be a suitable tool
to evaluate the sustainability of the soil ecosystem. Studies of soil enzymes are important since

Enzymes in Agricultural Sciences 44
Edited by: Liliana Gianfreda and Maria A Rao



\4 ISBN:
DMICSCES

they indicate the potential of the soil to support the biochemical processes that are essential
for the maintenance of soil fertility [2]. Soil enzymes regulate the functioning of the ecosystem
and play key biochemical functions in the overall process of organic matter transformation and
nutrient cycling in the soil system [3-6]. The overall enzyme activity in soil consists of various
intracellular and extracellular enzymes that originate from microorganisms (e.g., bacteria,
fungi) or from plants and animals (e.g., plant rots or residues, digestive tracts of small animals)
[6]. The same enzyme can originates from different sources and the exact origin as well as the
temporal and spatial variability of the activity is difficult to identify [7]. Intracellular enzymes
exist in different parts of living and proliferating cells, while extracellular enzymes are produced
and secreted by living cells and act outside the parent cells as free enzymes in a soil solution or
as enzymes that are still associated with the external surface of the root epidermal or microbial
cell wall (so-called ectoenzymes). When secreted outside the cell, enzymes can be free in a
soil solution or they can be adsorbed by soil mineral constituents or complexed with humic
substances or both. The amount of free extracellular enzymes in soil is very low compared with
that in the adsorbed state due to their short life span in an inhospitable environment such
as [8]. Adsorbed enzymes are resistant to proteolysis, thermal and chemical denaturation [9],
but immobilization usually protects enzymes against degradation at the cost of some loss of
activity. Although bounded enzymes reveal less activity than free enzymes, the most important
part of their activity is being responsible for the transformation of organic matter and the
availability of nutrients.

Numerous factors can influence enzyme activity in soil. Natural parameters (e.g., seasonal
changes, geographic location, in situ distribution, physical-chemical properties, content
of organic matter and clay) usually affect the enzyme activity level by influencing both the
production of enzymes by plants and microorganisms and their persistence under natural
conditions. The physical and chemical properties of a soil are involved in the immobilization
and stabilization processes of most extracellular enzymes. A high content of clay or humus
colloids is usually associated with stable but less active enzymes. Agricultural activities and
environmental pollution (e.g., fertilizers, pesticides, tillage, heavy metals, PAHs) may affect the
chemical composition and structural characteristics of soil, which in turn will influence the
species composition and abundance of soil microorganisms and/or their metabolic activity,
the enhancement or suppression of enzyme production and the overall activity of an enzyme
in soil [6].

Soil enzymes are important in soil functioning because of the following features: 1) they play a
critical role in the decomposition of organic materials and the transformation of organic matter,
2) they release available nutrients to plants, 3) they participate in N2 fixation, nitrification and
denitrification processes, and 4) they take part in the detoxification of xenobiotics, such as
pesticides, industrial wastes, etc. [10].

Soil enzyme activities have been suggested as sensitive indicators of soil fertility since
they catalyze the principal biochemical reaction that involves nutrient cycles in soil, are very
sensitive and respond to changes caused by natural and anthropogenic factors easily and can
be easily measured since large number of samples can be analyzed within a few days using a
small amount of soil [3,4,11,12].

Soil Fertility — Definitions and Evaluation of Concepts

The quality and fertility of soils play an important role in the sustainable development
of the terrestrial ecosystem. Soil quality has been defined as ‘the continued capacity of soil
to function as a vital living system, within ecosystem and land use boundaries, to sustain
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biological productivity, promote the quality of air and water environments and maintain plant,
animal and human health’ [13]). Soil fertility is an integral part of soil quality that focuses
more on the productivity of the soil, which is a measure of the soil’s ability to produce a
particular crop under a specific management system. All productive soils are fertile for the
plant being grown, but many fertile soils are unproductive because they are subjected to same
unbeneficial natural factors (e.g., drought) or management practices [14].

A variety of definitions and approaches have been proposed for the term ‘soil fertility’ [15,16].
In 1931 Waksman [17] wrote that ‘the measure of soil fertility is the crop itself’ but he did not
succeed in distinguishing between the concept of soil fertility and that of soil productivity.
The biological concept of the term ‘soil fertility’ was, however, presented in his consideration
about the nature of this phenomenon ‘soil fertility and the rate of oxidation were found to be
influenced by the same factors and to the same extent so that it was suggested that the later
could be used as a measure of the former’. The importance of humus in the assessment of
soil fertility was emphasized in the definition given by Howard in 1940 [18] ‘soil fertility is
the condition of the soil rich in humus in which the growth processes are getting on fast and
efficiently’ Nearly 50 years later, a definition of soil fertility connected with plant nutrition was
proposed by Foth and Ellis [14], who stated that soil fertility is ‘the status of a soil with respect
to its ability to supply elements essential for plants growth without a toxic concentration of
any element’. Thus, soil fertility focuses on an adequate and balanced supply of elements or
nutrients to satisfy the needs of plants under different climatic and soil conditions. A few years
later, Stefanic’s [19] definition again dealt with the most fundamental biological feature of soil
fertility: fertility is the fundamental feature of the soil, that results from the vital activity of
micro population, of plant roots, of accumulated enzymes and chemical processes, generators
of biomass, humus, mineral salts and active biological substances. The fertility level is related
with the potential level of bioaccumulation and mineralization processes, these depending
on the programme and conditions of the ecological subsystem evolution and on anthropic
influences’. This complex definition was often replaced by the one proposed by Persson and
Otabbong [20], who simply wrote that soil fertility is ‘the long-term capacity of a soil to produce
good yields of high quality on the basis of chemical, physical and biological quality factors’.
Furthermore, they discussed the concept of soil fertility thoroughly and specified three main
components of soil fertility — physical, chemical and biological. These components continuously
interact with each other under the influence of climatic factors, soil type and management
practices [21]. The fertility of soil can be improved, maintained or decreased, depending on
the cultivation practices that are used. For example, soil potassium or magnesium content
can be increased or decreased. However, some fertility factors cannot be modified because
of cultivation managements, e.g., soil type and topography. For instance, soil pH and the
susceptibility of the soil to compaction are dependent on the constituents of the original
parent rock. Subsequent events, including the growth of plants and the addition of fertilizers,
modify the soil’s characteristics and alter its fertility. For instance, the original soil pH can
be modified by legumes, which increase soil acidity (i.e. decrease soil pH). In relation to the
statements above, actual and potential soil fertility can be distinguished. Potential fertility is
when all variable fertility factors are optimized. In this situation, the unchangeable factors
alone manage soil fertility. Persson and Otabbong [20] themselves concluded that yield level is
an imprecise definition of soil fertility because of the complexity of the soil and soil processes.

Soil fertility cannot be assessed directly; it must be determined on the basis of changes
in soil properties. Soil fertility is significantly affected by physical, chemical, microbiological
and biochemical properties, which are sensitive to changes in the environment and land
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management. When soil fertility is considered in terms of the highest level of productivity, the
emphasis is mainly on the physical and chemical properties of the soil. Among the chemical
properties, total carbon and nitrogen content, soil reaction and the content of available nutrients
are the most important in evaluating soil fertility, while as regards to the physical properties,
the most important are bulk density, porosity, water retention, soil temperature,, etc. Recently,
concern regarding the long-term productivity and sustainability of agro-ecosystems has been
concentrated on various bio-indicators and the application of biological methods, particularly
in the development and protection of soil resources [22]. Biological indicators are used to
assess soil quality or fertility because of their central role in nutrient transformations and their
rapid response to changes in management practices. The biological properties of soil such as
microbial biomass (C) [13], ecophysiological quotients [23], specific biochemical properties such
as the activity of hydrolytic soil enzymes related to C, N and P cycles [10] and the composition
of the microbial community [24] have been proposed as indicators of soil fertility.

Potential Role of Soil Enzymes in Maintaining Soil Fertility

Among the many biological properties that have potential as sensitive indicators of soil
quality and fertility, enzyme activities often provide a unique integrative biological assessment
of soil function, especially those that catalyze a wide range of soil biological processes, such as
dehydrogenase, urease and phosphatase [11]. Soil enzymes play key biochemical functions in
the overall process of the transformation of organic matter and soil nutrient cycling in the soil
system [4,5]. The agricultural significance of soil enzymes has been progressively expanded
since the first report on soil enzymes was written about a century ago [25]. Soil enzymes, which
were once used as descriptive parameters, are now appreciated for their multiple functions
in microbial activities, soil processes and ecosystem responses to management and global
environmental change [26]. Selected enzymes that are of great agricultural significance are
presented below and in Table 1.

Class/EC| Recommended Soil function and agriculture significance Reaction References
number* name
Oxidoreductases
1.11.1.6 | Catalase Release oxygen from hydrogen peroxide; has a 2H,0, — 2H,0+0, [27,28]
1.11.1.7 | Peroxidase detoxification function in cells S+H,0, — oxidized S+H,0 [[29,30]
1.18.6.1 |Nitrogenase N fixation, catalyses the conversion of atmospheric, |N,+3H, —2NH, [31]
gaseous dinitrogen (N,) and dihydrogen (H,) into NH,
1.10 Phenol oxidases Oxidize phenolic compounds and are involved in e.g. laccase: 2 p-diphe- [29,30]
113 humification of organic matter nol+O, — p-quinone+2H,0
1.14
Transferases
2.8.1.1. Rhodanese Performs intermediate step in oxidation of elemental |S,03,~+CN — SCN— [32,33]
S which is found in small amounts in soil or is added +SO,*-
as a S fertilizer
Hydrolases
3.1.4.1 Phosphodiesterase |Indicator for P cycle, revealed to be a good index of |R,NaPO,+H,O — ROH+R- [34,35]
the soil P availability to the plant NaHPO,
3.6.1.1 Pyrophosphatase | Indicator for P cycle, interest in this enzyme activity | Pyrophosphate+H,0 — [36]
derives from the fact that ammonium polyphos- 2P0, *-
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3.5.1.1 L-Asparaginase Act on C-N bonds (other than peptide bonds) on Asparagine — aspartic [37,38]
3.5.1.2. L-Glutaminase respective amino acids releasing NH,, important in N | acid+NH,
mineralization to provide plant available N Glutamine — glutamic
acid+NH,

3.5.1.13 |Aryl acylamidase  Hydrolyses propanil, which is use as a component of |Anilide+H,O — carboxyl-  [39]

herbicide ate+aniline

3514 Amidase Hydrolysis of C-N bonds other than peptide bond in  Monocarboxylacid am- [37]
linear amides releasing NH,, important for N mineral- ide+H,O — monocarboksy!
ization to provide plant available N form acid+NH,

3.4.11.2 | Arylamidase Indicator of N cycle, hydrolysis of a N-terminal amino [40,41]

acid from peptides, amides and arylamides, an index
of N mineralization in soils

3.2.1.26 |Invertase Indicator for C cycle, catalyzes the hydrolysis of su- | C,,H,,0,+H,0 — [42,43]
crose to glucose and fructose; its substrate, sucrose, CH,,0,+CH,,0O,
is one of the most abundant soluble sugar in plants,

partially responsible for the breakdown of plant litter

in soil
3.2.1.8 Xylanase Responsible for decomposition of xylan, a polysac-  Hydrolysis of 3-1,4-xylan  |[43,44]
charide found with cellulose in soil bonds
Broad Fluorescein diace- Provides general indicators of soil hydrolytic activity, [45,46]
spectrum | tate hydrolysis which is carried out by proteases, lipases, and
enzymes esterases; energy and nutrients for microorganisms,
assay the measure of microbial biomass, organic matter

decomposition and nutrient cycling
Table 1: Agronomically important soil enzymes and their functions. Parts adopted from Gianfreda and Bollag [6], Gianfreda and
Ruggiero [7] and Dick [10].
*The enzymes are classified according to the Nomenclature Committee of the International
Union of Biochemistry and Molecular Biology (NC-IUBMB); ROH: Hydroxylated compound; R:
either alcohol or phenol group; S: reduced organic substrate.

Dehydrogenases activity (DHA) (EC 1.1): Soil dehydrogenases are the major representatives
of the oxidoreductase enzymes class. Lenhard [47] was first to introduce the concept of
determining the metabolic activity of soil microorganisms by measuring the activity of
dehydrogenases because of its simplicity as compared to other quantitative methods. The
activity of the DHA reflects the total range of the oxidative activity of soil microorganisms
and may be considered a good indicator of the oxidative metabolism in soils, and thus, of
microbiological activity [48]. Dehydrogenases oxidize soil organic matter by transferring
protons and electrons from organic substrates to inorganic acceptors [49]. Many specific
dehydrogenases transfer hydrogen on either the nicotinamide adenine dinucleotide or the
nicotinamide adenine dinucleotide phosphate. Throughout mentioned co-enzymes hydrogen
atoms are involved in the reductive processes of biosynthesis. These processes are part of the
respiration pathways of soil microorganisms and are closely related to the type of soil and air-
water conditions [SO].

Nitrate reductase activity (NR) (EC 1.7.99.4): Nitrate reductase is an important enzyme in
the process of denitrification, which catalyzes the reduction of NO,~ to N,O under anaerobic
conditions. The nitrogen that is present in the structure of this enzyme acts as a terminal
electron acceptor by bacteria rather than molecular O, and this is irreversible once NO is formed
[51]. The systematic name for nitrate reductase is reduced NADP - nitrate oxidoreductase.
Flavoprotein (FAD), which contains molybdenum, creates a prosthetic group for this enzyme
[52]. Nitrate reductase is an adaptive enzyme and is synthesized only in the presence of NO -
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ions, while in a soil solution it is repressed not by NH,+ per se, which was suggested earlier
[53] but by L-glutamine, which is formed by the microbial assimilation of NH,+ [54].

The Urease (UR) enzyme is responsible for the hydrolysis of urea fertilizer into NH, and CO,
with the concomitant rise in soil pH and N loss to the atmosphere through NH3 volatilization
[55]. Urease can be produced by bacteria, yeasts, fungi and algae, as well as plants [56]. Urease
may be synthesized constitutively in some organisms, but most often urease expression is
under N regulation [57]. The enzyme synthesis is inhibited when cells grow in the presence
of a preferred N source such as NH, + [58]. In contrast, urease production is activated in the
presence of urea or alternative N sources [57]. Due to its role in the regulation of N supply to
plants after urea fertilization, soil urease activity has received a great deal of attention since it
was first reported [59]. Urease has been widely used to evaluate changes in soil fertility since
its activity increases with organic fertilization and decreases with soil tillage [60].

Cellulases (EC 3.2.1.4): Cellulose is the most abundant organic compound in the biosphere
comprising almost 50% of the biomass that is synthesized by the photosynthetic fixation of
CO, [61]. The growth and activity of soil microorganisms depends on the carbon source that
is contained mainly as plant residues that occur in the soil [62]. However, for carbon to be
released as an energy source for use by the microorganisms, cellulose in plant debris has to
be degraded into high molecular weight oligosaccharides, cellobiose and glucose by cellulase
enzymes [63]. Cellulases is a group of hydrolytic enzymes that catalyze the breakdown of b-1,4
linked bonds in cellulose. Complete degradation of cellulose requires at least three enzymes:
endo-b-1,4-glucanase, which attacks the cellulose chains at random, exo-b-1,4-glucanase,
which removes glucose or cellobiose from the non-reducing end of the cellulose chains and
b-D-glucosidase, which hydrolyzes cellobiose and other water soluble cellodextrins to glucose
[62]. Since cellulase enzymes play an important role in the global recycling of the most
abundant polymer in nature, more research should be done to understand the nature of this
enzyme better, so that it may be used more regularly as a predictive tool in the assessment of
soil fertility.

Glucosidases (EC 3.2.1.20/21) are the group of C-cycling enzymes that should be
investigated as a function of the application of an organic amendment as they play a key role
in the breakdown of low molecular weight carbohydrates. The most common and predominant
among soil glucosidases is b-glucosidase [64]. This enzyme plays an important role in soils
because it is involved in catalyzing the hydrolysis and biodegradation of various b-glucosides
that are present in plant debris and which are decomposed in the ecosystem [65]. Glucose, the
final product of b-glucosidase activity, is an important carbon source for the growth and activity
of soil microorganisms [64,66]. The activity of b-glucosidase is particularly stable and has a
low seasonal variability [67] and is very sensitive to soil pH and soil management practices
[68,69]; therefore, it can be used as a good biochemical indicator for measuring ecological
changes that result from soil acidification and various agricultural practices. Additionally,
changes in its activity could be indications of the fungi/bacteria ratio in soil [70].

Phosphatases are a group of enzymes that are of great agronomic value because they catalyze
the hydrolysis of organic phosphorus compounds and transform them into an inorganic form
of P, which is then assimilated by plants and microorganisms [71]. Agricultural soils contain
phosphatases in varying amount depending on the microbial count, the amount of organic
materials, mineral and organic fertilizers, tillage and other agricultural practices [72]. The
relationship between the available P content and phosphatase activity in soil is complex. A
positive, negative or no relationship can be observed between these properties. Generally, a
significant and positive relationship between phosphatase activity and P availability [6,73] is
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obtained in soils that are not fertilized and/or those that have small amounts of nutrients in
which a P deficiency occurs. An inverse relationship between these two parameters is usually
observed in soils that are fertilized with P and/or those with a sufficient content of available
P. There are studies that show that phosphatase activity is inversely proportional to the plant
available P content [71,73,74], which confirms the thesis that the production and activity of soil
phosphatases is connected with the demand of microorganisms and plants for P. Phosphatases
are typical adaptive enzymes and their activity increases when the plant available P content
decreases [75]. Kinetics studies indicate that orthophosphate ions, which are the product of
the reaction that is conducted by the phosphatases, are competitive inhibitors of their activity
in soil [76]. When no relationship is seen, P may not limit the study system and some other
factors may influence the enzyme production and activity [77].

Arylsulphatase (EC 3.1.6.1) plays an important role in the mineralization of organic S in
soils. This enzyme is involved in the hydrolysis of aromatic sulphate esters (R-O-SO,-) into
phenols (R-OH) and sulfate sulfur (SO,-?) by splitting the oxygen-sulphur (O-S) linkage and that
is why it is involved in the mineralization of ester sulfate in soil [64]. In most aerobic soils ester
sulfates account for up to 70% of the organic S, and therefore are the most important organic S
reserve in soil [78]. Additionally, that enzyme can be an indicator of the presence of fungi since
only fungi contain ester sulfates, a substrate of arylsulfatase activity [69,79]. Arylsulfatase has
been detected in plants, animals, microorganisms and soils [64] and is only one of the many
types of sulfatases involved in the mineralization of ester S compounds. Arylsulfatase is a
mostly adaptive enzyme and its synthesis by microorganisms may be controlled by the C and
S content in the soil environment [10,64].

Proteases: The application of organic nitrogen (N) to soil may be an important economic
alternative to the application of fertilizer N due to the reduced cost of the production of
inorganic N fertilizers. It has been estimated that about 40% of the total soil N, including
proteins, glycoproteins, peptides and amino acids, is proteinaceous material [80]. Organic
amendments that are applied in agriculture, such as farmyard manure, municipal solid waste
or sewage sludge are characterized by the presence of a high load of organic N forms, such as
proteins, nucleic acids and amino-polysaccharides [e.g. 81]. Thus, protein transformation in
soil has a considerable influence on soil ecology and agriculture [82].

Protein that is added to soil is readily decomposed by proteases and peptidases into smaller,
membrane-permeable peptides and amino acids. The latter are further metabolized with the
release of NH,+ [83]. Proteases are ubiquitous and originate from a number of different sources
in soil, including microorganisms (bacteria, actinomycetes, and fungi), plants and animal
excrements [84]. Many of these enzymes are extracellular, as a large number of native proteins
are too large to be absorbed by living cells [83]. Proteolysis is an important process in many
ecosystems with regard to N-cycling because it is considered to be a rate-limiting step during
N mineralization in soils due to the much slower primary phase of protease activities during N
mineralization compared with amino acids mineralization [85].

Amylases (EC 3.2.11/2): Amylases together with cellulases and invertase form the group
of enzymes that are responsible for the rate and course of the decomposition of plant material
in soil [86]. Amylase is the name of a group of starch hydrolyzing enzymes in which the most
important is a-amylase, which converts starch into glucose and/or oligosaccharides and
b-amylase, which converts starch into maltose [87]. The a-amylases are synthesized by plants,
animals and microorganisms, while b-amylase is produced mainly by plants [87]. Studies
have indicated that the activities of soil amylases may be influenced by different agricultural
practices, the type of soil and vegetation [42,86]. Plants may influence soil amylase activity
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by supplying enzymes directly from their residues or excreted compounds, or by indirectly
providing substrates for the synthesis enzymes by microorganisms [86].

Soil Enzymes as Indicators of Agricultural Practice

Enzymes play an important role in the cycling of nutrient in nature and because their
activity is sensitive to agricultural practices they can be used as an index of soil microbial
activity and fertility [88]. Earlier, the emphasis had been placed on the conventional physical
and chemical properties as indicators of soil fertility rate, but often these properties responded
slowly to management practices and were found to be not sensitive enough to detect changes
in soil properties that are caused by agricultural management practices, especially in the
short-term [89]. Therefore, there is a need to find suitable tools that reflect the influence of
management practices in order to observe possible changes [90]. Biological indicators, such
as soil microbiological biomass and enzymatic activity, seem to be better indicators since
they respond much more quickly to both natural and anthropogenic factors in comparison
with other variables [91]. Thus, they may be useful as early indicators of biological changes
in soil [69,92]. Soil enzyme activities are strongly affected by the agricultural management
practices and have been used as indicators of irrigation [93], the application of inorganic
fertilizers and organic amendments [e.g., 94-98], different management and farming systems
[e.g., 37,99,100] and soil tillage [e.g., 40,101-103]. Enzymatic activity was found to be the most
strongly influenced soil property under intensive agricultural practices as compared with other
biochemical parameters [60].

Inorganic fertilization, positive and negative feedback mechanisms

Among the different farming practices, the management of mineral fertilizers and organic
amendments could have a major impact on soil fertility, thus influencing the quantity and
quality of organic residues and nutrient inputs that enter the soil and the rate at which the
residues and organic matter are decomposed [104]. The influence of inorganic fertilization on
the soil enzyme activity depends on the dose of the fertilizer and the time of its application,
the soil type, climatic conditions and the enzyme itself [6]. Studies on the effect of inorganic N
fertilization on enzyme activities have led to contradictory results [7]. Some previous studies
have shown that N fertilization can accelerate the activity of some C, N and P cycling enzymes,
like cellulases [94], urease [105] and phosphatases [98,105] or decrease the activity of urease
[106], cellulases [94], peroxidase [107], proteases [108], while some other enzymes are not
affected with increasing N fertilizer application [99,109]. More often, however, enzyme activities
increased when organic and inorganic N fertilizers were added together [e.g., 110]. Mineral N
can directly affect the microbial production of soil enzymes but the effect varies with the type
of soil and the enzyme as well as with the kind of enzymatic reaction [97], which is possibly
due to changes in the composition of the soil microbial community and, therefore, the enzyme
production [4,97]. On the other hand, N fertilization, especially in mineral forms, may have
an indirect effect on the activities of soil enzymes via changes in soil properties, such as soil
reaction [7].

Most often soil enzyme activities significantly depend on the dose and the frequency
Repeated application of inorganic N fertilizers over a period of 305 days showed no significant
effect on the activities of b-glucosidase and proteases [111]. However, the enzyme activities
(b-glucosidase, urease, arginine deaminase, acid and alkaline phosphatases) were 10-26%
lower at a rate of 160 kg N ha! year! compared to the highest activity, which was noted in
the case of a rate of 40 and/or 80 kg N ha'! year! [90]. Siwik-Ziomek et al. [112] stated that
the optimal rate of ammonium nitrate that coincided with the highest activity of arylsulfatase
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was 100 kg N ha'!, while higher doses (150 and 200 kg N ha!) decreased this activity. In the
study of Slimek et al. [113], dehydrogenase activity decreased with an increase in the dose of
NPK fertilizer and was further decreased in the absence of lime. In the study of Giacometti
et al. [108], a significant reduction of dehydrogenase activity was observed at 200 kg ha! of
mineral N compared to control (NO) plots. This suggested that dehydrogenase activity was
highly sensitive to the inhibitory effects that are associated with large additions of mineral
fertilizers. According to Iyyemperumal and Shi [97], the activities of cellulase, cellobiohydrolase
and acid phosphatase increased with an increasing rate of ammonium nitrate (0-600 kg
PAN ha' year!) and were inversely related to the soil microbial biomass. The activities of
peroxidase, phenolooxidase, cellobiohydrolase and protease activities were similar at the
highest fertilization rate and in the unfertilized control. The above data was similar to that
obtained by Sinsabaugh et al. [94], where increasing the available soil N generally stimulated
soil cellulase activity but inhibited the activity of oxidative enzymes, such as phenol oxidase
and peroxidase. Dick at al. [114] showed that amidase and urease activities decreased with the
increased application of ammonia-based N fertilizer. They stated that the addition of the end
product of the enzymatic reaction (NH,+) suppressed enzyme synthesis.

In fact, a feedback mechanism such as suppressing the production of enzymes whose
reaction product was continually supplemented with inorganic fertilizers is generally known
for some enzymes, such as urease or phosphatases [76]. Perhaps extracellular enzymes are
produced by microorganisms only when the enzymes can help to better use the resource and
therefore lead to optimal microbial growth and metabolism. This cost-efficient strategy predicts
that the production of microbial enzymes can be low when the end products of enzymatic
reactions, e.g., nutrients, are abundant or when the end products of enzymatic reactions,
e.g., complex organic substances, are limited [115]. End product suppression on enzymes
has been mentioned by many authors and the activity of a nutrient-mineralization enzyme
is inversely related to the availability of nutrients [25]. It was shown that negative feedback
was indeed the cause of a reduction in phosphatase and chitinase activities after long-term
phosphorus and nitrogen fertilization [77]. In the case of high nutrient availability, enzyme
activities can be low and thus fertilization will not cause additional suppressive effects [77].
When nutrient availability is low, the nutrient may limit microbial growth and metabolism and
then fertilization may stimulate microbial biomass and in turn microbial enzyme production.

Phosphorus fertilization under field conditions has been shown to depress phosphatase
activity in agricultural systems [116], although the influence of fertilization on the enzyme
was dependent on the content of soil organic matter. A low organic matter content increased
phosphatase activity with P fertilization, but soil with a high organic matter content that was
amended with P fertilizer showed no changes in the enzyme activity. In the study of Mijangos et
al. [89], acid phosphatase did not decrease when P was added as a mineral fertilizer, probably
due to the relatively low P dose that was applied (i.e. the highest values of Olsen P were around
30 mg kg'). According to Chunderova and Zuberts [117], phosphatase activity appears to be
inhibited at 100 mg Olsen P kg! soil. Similarly, in the study of Criquet and Braud [118], the
application of both Na and K phosphate salts at a rate to provide 0.22 g kg! of P total quantity
(equivalent to 0.5 g P,0,) (supplied as NaH,PO, and KH,PO,, respectively) did not show any
significant effect on acid and alkaline phosphatases and phosphodiesterase activities, although
it resulted in a significant increase in the available P content up to 112.2 ug P g! soil.

The application of lime to soil most often causes a significant increase in pH and thus
significantly affects other physical, chemical and biological soil properties such as microbial
biomass and diversity, and therefore, enzyme activities [e.g. 40,66]. According to Haynes and
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Swift [119] additions of lime generally increased protease and sulfatase activity, but decreased
phosphatase activity. In the study of Ekenler and Tabatabai [120], acid phosphatase decreased
with increasing pH because of liming and also found that liming increased the activities of
alkaline phosphatase and phosphodiesterase. The different responses of acid and alkaline
phosphatases to liming supported the previous finding that phosphatases are inducible
enzymes and that the intensity of their release by microorganisms and plants is determined by
their requirement for orthophosphate, which is strongly affected by soil pH [3]. The optimum
soil pH for crop production and the amount of lime required to achieve this optimum can be
investigated by using alkaline (Pal) and acid phosphatase (Pac) activities [121]. The ratio of
both of these enzyme activities (Pal/Pac) responded immediately to changes in pH that was
caused by the addition of CaCO, and the ratio of approximately 0:5 divided soils into those
with a proper pH and those that still needed an additional lime treatment (Figure 1). In the
study of Lemanowicz [122] with long-term nitrogen fertilization (ammonium nitrate at the
following rates: 0, 50, 100, 150, 200 and 250 kg N ha’l), the Pal/Pac ratio decreased from
0.44 to 0.21 with increasing doses of the nitrogen ap-plication. Dick et al. [121] concluded
that measuring the Pal/Pac ratio may be preferable to chemical approaches for evaluating the
effective soil pH and liming needs.
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Figure 1: Changes in alkaline phosphatase/acid phosphatase (AlkP/AcdP) activity ratios in soils amended with (A)
chicken manure and (B) alfalfa residue after adjusting pH with C,CO, according to the lime requirement of each soil.
LSD, ., values used for mean comparisons for Soils 1, 3, 4 and 5 are 0.277, 0.236, 0.215 and 0.341, respectively.
Adopted from Dick et al. [121].

Organic amendments
The application of organic amendments (straw, farmyard manure, green manure, sewage
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sludge, olive mill waste and other waste and by-products) to soil as a nutrient source is a
management practice that can increase the soil organic matter content, improve soil biological
activity and consequently increase the soil nutrient status with a simultaneous reduction in
the dependence on mineral fertilization [e.g. 123-126]. Among the organic amendments that
can be used as potential fertilizers, special attention has been paid to urban residues such as
municipal solid waste and sewage sludge, the generation of which has been growing rapidly in
recent decades and its management has become one of the key tasks in environmental policy
of many countries [127,128].

Contradictory results have often been observed when the short- and long-term effects
of organic amendments on soil enzyme activities were compared [129,130]. The short-
term increase in soil enzyme activities after the application of organic amendments can be
attributed to a greater microbial biomass due either to the addition of microorganisms and
enzymes in the amendment or indirectly to the addition of available organic substrates that
promote the growth of indigenous microorganisms [e.g., 88,95]. The long-term effect of organic
amendments on enzyme activities is probably the combined effect of a higher degree of the
stabilization of enzyme to humic substances and an increase in the microbial biomass with
an increased soil C concentration [131] as well as the inhibitory effect of heavy metals and
other toxic substances. The increase of enzymatic activity shortly after the addition of organic
amendments, probably caused by exhausting the easily degradable substrates, has been
noted in many studies [e.g. 70,96,132,133], Perucci [70] found significantly higher values of
the activities of eight different groups of soil enzymes within 30 days after the application of
compost from municipal residues as well as during the following three years. In the study of
Kizilkaya and Bayrakh [96], a sudden and significant increase in enzymatic activity (urease,
alkaline phosphatases, arylsulfatase and b-glucosidase) was observed after the addition of
sewage sludge in sludge-amended soils followed by a progressive decrease in this activity.
Positive influence of manure and vermicompost application on enzyme activity was found by
Marinari et al. [126] (Table 2).

Treatments Dehydrogenase (u.g INTF g-1 h-1) Protease BAA (ug NH3 g-1 h-1) | Acid phosphatase (ung pNP g-1 h-1)

Control 4.12 75.12 2662
NH,NO, 6.1° 87.8% 457°
Manure 20.7¢ 73.5% 727¢
Vermicompost 1.7° 91.8° 613¢

Table 2: Enzyme activities in soil fertilized and unfertilized, three months after fertilization Adopted from: Marinari et al. [126]. The
values with the same letter are not significantly different (P < 0.05)

Because olive mill waste water contains a high level of organic matter and nutrient content,
its recycling as fertilizer may be an alternative to its disposal that also improves soil fertility
and productivity [134]. All nine enzymes that were tested in a ten-year field study in semi-arid
Mediterranean areas increased even with the application of the higher de-oiled two-phase olive
mill waste (DW) (54 Mg ha!). Compared to the control, the addition of crude OMW (olive mill
wastewater) and dephenolized OMW to the soil increased dehydrogenase activity suddenly and
sharply, which was 8 and 4 times higher as compared to the control soil [133]. In the same
study [133] diphenol oxidase activity, another enzyme that is involved in redox soil reactions
was inhibited by dephenolized OMW as compared with crude OMW. This was probably due
to the presence of available diphenol substrates in crude OMW, which could enhance the
synthesis of the enzymes by the microorganisms [95].

The rapid development of biogas production is resulting in the increased use of biogas
residues as an organic fertilizer. In the study of Chen et al. [135], the extracellular enzyme
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activities in agricultural soil amended with biogas residues (BGR) versus maize straw (MST)
were assessed. The influence of given treatments on enzymatic activity is presented on Figure
2. Conversely, MST significantly increased the activity of these three enzymes. The contrasting
effect of treatments of BGR and MST on these enzymes may be attributed to the lower availability
of Cin biogas residue compared with maize straw. The high lignin content in BGR indicated a low
C availability due to the formation of lingo-cellulose or lignin-polysaccharide complexes, which
may resist the attack of enzymes [125]. Biogas residue significantly promoted the activities
of chitinase and leucine amino peptidase, two enzymes that are related to the N-cycle. These
enzymes were promoted by an N-enriching organic component, e.g., peptidoglucan, which was
accumulated as microbial residue during the fermentation of the biogas [136].
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Figure 2: Extracellular enzyme activity as influenced by the addition of biogas residue, maize straw+mineral N. C-cycle
related enzymes $3-glucosidase, cellobiohydrolase and xylanase are at the top and N-cycle related enzymes chitinase and
leucine amino peptidase (LAP) are at the bottom. The values of 3-glucosidase activity were divided by ten in order to fit the
scale. Data are means of 3 replicates + standard errors. Different letters show significant differences between the treatments
(P<0.05). Adopted from Chen et al. [135].

A decrease of some enzyme activities after the application of organic amendments was
also shown [e.g., 133,137] because they may also contain pollutants (e.g., heavy metals and
toxic organic compounds) which, if present in an inhibitory concentration, may decrease soil
enzymatic activity [6,96]. Sewage sludge may especially inhibit soil enzyme activities drastically
due to a higher content of heavy metals [e.g. 138,139]. The inhibitory effect of heavy metals can
overcome the stimulatory effects of the addition of municipal solid waste compost to soil [75]
and the effect is dependent on the individual sensitivity of enzymes to heavy metals [70,129].
In the study of Moreno et al. [140] no microbial activity, which was indicated by the total lack
of dehydrogenase activity, was found with sewage sludge that contained a high Cd content
(815 mg kg') or when the toxic olive-mill solid waste was applied to the soil. Olive waste
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shows a high toxicity to microorganisms, directly related to the presence of different types of
polyphenols [95]. In fact, in the study of Piotrowska et al. [133], some enzymes (fluorescein
diacetate hydrolase: FDAH, nitrate reductase, urease), decreased significantly after the addition
of crude olive mill waste water (OMW) compared with dephenolized OMW.

In agricultural practice, the importance of farmyard manure as an organic fertilizer that
has great value has gradually decreased in recent years due to new techniques in animal
production. On the other hand, green manure or straw residues are still an important source
of organic matter and nutrient input into arable soils [124,125,141,142]. According to Perucci
and Scarponi [137], the majority of crop residues (wheat straw, maize, sunflower, tobacco,
capsicum, sorghum, and tomato) generally caused the activation of phosphodiesterase in
untreated soil, while it inhibited acid phosphatase activity. Only the incorporation of tobacco
residues caused a significant increase in all of the phosphatases that were tested (neutral, acid
and alkaline). In Turkey, it is possible to use tobacco waste as a soil amendment due to its
high organic matter and low content of toxic elements [143]. In the study of Okur et al. [143],
the highest enzyme activities were observed in soil with 25% of farmyard manure and 75% of
tobacco waste compost. Detailed results of enzyme activities are presented in Table 3.

Treatments DH Pal UR
(hg TPF g*' 16 h") (g pPNP g h7) (g Sg'3h)
Control 143.4 (9.1)¢ 625.3 (78.2)° 50.9 (2.9
25% FYM+75% TWC 230.3 (13.8) 824.2 (82.4) 71.3 (6.2
50% FYM+50% TWC 176.1 (13.8)* 716.4 (64.4)*® 51.1 (11.6)°
75% FYM+25% TWC 180.1 (14.5) 767.0 (62.6) 58.9 (4.0)®
100 % FYM 166.2 (19.5)° 701.2 (79.8) 49.5 (7.9)°
100% TWC 208 (8.3)* 762.2 (73.9)» 68.2 (10.3)2

Table 3: Dehydrogenase (DH), alkaline phosphatase (Pal) and urease (UR) activity in the soil samples (0-20 cm). Adopted from
Okur et al. [143].

Number in parentheses are standard deviation (n=3). Mean value followed by the same
letter are not significantly different between different treatments, according to Tukey’s test
(P<0.05); FYM: farmyard manure; TWC: tobacco waste compost; TPF: triphenyl formazan; pNP:
p-nitrophenol; S: saligenian.

The increase in enzymatic activities that is observed because of the application of green
manure has been mentioned in many studies [69,141,142,144]. Debosz et al. [145] reported
that the activities of b-glucosidase, cellobiohydrolase and endo-cellulase in a fertilization
system with green manure were significantly higher than in a system with exclusive mineral
nitrogen fertilization. Tejada et al. [142] studied the effect of incorporating three green manures
originating from the residues of Trifolium pratense L (TP), Brasicca napus L (BN) and a mixture
of them (TP+BN). All of the green manures had a positive effect on the biological properties
including enzymatic activities. The activities of dehydrogenase, urease, b-glucosidase,
phosphatase and arylsulfatase increased more significantly in the TP amended soils (from
79 to 96%), followed by the TP+BN and BN amended sites, thus suggesting the more easily
decomposable components of TP, and hence an improvement in their microbial activity. In the
study of Kautz et al. [141], the highest dehydrogenase and cellulases activities were observed
in treatments with straw and green manure as compared to the control, farmyard manure and
mineral N fertilization. It was stated that the higher the dose of the organic amendment the
greater the enzymatic activity due to the higher microbial biomass produced in response [123].
As was stated Geisseler et al. [146], plant residue is composed of many polymeric molecules
that must be broken down into available units by extracellular enzymes. Therefore, it was no
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surprise that protease, b-glucosidase and exocellulase activities were significantly increased
with the addition of the oats-legume plant residue. According to Pancholy and Rice [86],
dehydrogenase activity was influenced by the quality rather than by the quantity of organic
matter that was incorporated into the soil. Thus, the stronger effects of green manures on
dehydrogenase activity might be due to the more easily decomposable components of crop
residues on the soil microorganisms. Under field conditions, however, the decomposition of
green manures is complex and is controlled by many factors, such as carbon and nitrogen
content and the C/N ratio, the biochemical nature of the plant residues, soil climatic factors,
etc. [142]. The C/N ratio of the organic amendments will largely determine the balance between
the mineralization and humification processes [123]. The C/N ratio is considered to be the
best parameter for predicting the potential amount of N that can be mineralized from a plant
material [147].

Straw incorporation into the soil is considered to be an important strategy to improve
soil fertility and to reduce the dependence on mineral fertilization [148]. Although the use
of plant residues has long-term positive effects on soil properties, in the short term (several
weeks following straw incorporation), this residue may cramp root penetration and cause
an N deficiency. The reason for an N deficiency is that more soil N is being immobilized by
microorganisms due to the incorporation of the straw [149]. Therefore, it is important to find
a way to enhance the decomposition of straw shortly after its incorporation. One promising
method is accelerating straw decomposition through the application of exogenous cellulose to
soil [148]. In the study of Han and He [148], 70 U g! was considered to be the optimal cellulase
concentration for plant growth, while 50 U g'! was acknowledged as being economically beneficial.
Earlier, Fontaine et al. [150] found that exogenous cellulase accelerated the decomposition of
cellulose in soil significantly. Similarly, the short-term effects of the application of exogenous
protease on soil fertility with the incorporation of rice straw were studied by the same authors
[151]. After 120 days of incubation with rice straw, soil protease activity, available N, available
P and electrical conductivity of treatments with at least 0.5% added protease were significantly
(P<0.05) greater than the no-protease control. Protease activities potentially increase the
soil available N because they promote the release of amino acids from straw protein through
hydrolysis. Protease application increased the available P content because microbial activity
can increase as a result of the increase in the available N content. The soil organic matter and
pH of treatments with added protease were lower than the non-protease control. Without the
incorporation of straw, protease amendments only affected the soil protease activity itself, but
not other soil properties. The authors concluded that the addition of exogenous protease can
reduce an N deficiency and may be used in fields when straw is applied [151]. Therefore, the
application of exogenous cellulase and protease during the incorporation of straw may be a
new strategy that will help farmers manage plant residues in the field and increase soil fertility
[148,151].

Bio-fertilizers

Although bio-fertilizers have been known for many years, relatively little research has
been done to document the effects (or non-effects) of many bio-fertilizers on crop production,
or to provide evidence of their potential effects on soil processes [e.g. 152-214|. Moreover,
only a few studies exist on the effects of bio-fertilizers on enzymatic activities [152,155,156].
Valarini et al. [155] concluded that the incorporation of “Effective Microorganisms” (EM)
together with animal manure and fresh plant debris significantly improved the soil biological
activity measured as alkaline phosphatase, esterases and polysaccharidases activities, due to
the quick humification of fresh organic matter. The four-year application of two preparations
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based on EM in an arable organic farming crop rotation in the temperate climate of Central
Europe caused no effects on soil dehydrogenase activity [152]. No clear tendency in changes
in dehydrogenase activity was noted in a three-year study with UGmax biofertilizer [156].
The results of the study of Piotrowska et al. [156] showed that the microbiological fertilizer
UGmax accelerated the initial phase of the decomposition of post-harvest residues, which
was confirmed by a significant decrease in cellulase activity in the soil that had been taken
from a field where UGmax was applied as compared with the control field. One of the possible
explanations is that the cellulase activity increased directly after UGmax treatment and
therefore the post-harvest residues decomposed faster than in the control field. As the result
of this fact, five months after the second UGmax application (soil samples were always taken
shortly before the autumn UGmax treatment), the post-harvest residue content was lower
than in the control soil and simultaneously the cellulase activity had decreased (Figure 3).
This suggests that UGmax is probably a medium that determines the decomposition rate of
post-harvest residues and that the activity of cellulase was a distinct indicator of soil changes
after the application of UGmax. Results presented by Chen et al. [154] suggested that the
two agricultural biostimulants used (Z93 which is marketed in USA under the trade name
GroZyme® and W91, which is not yet marketed) significantly augmented cellulase activity,
which was measured as the rate of filter paper weight loss that systematically increased up to
the end of the incubation (56 days).
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Figure 3: Cellulase activity (CEL) as influenced by UGmax treatment; — mean value for treatment (UGmax vs.
control); mean values for both UGmax and control in succeeding years. Adopted from Piotrowska et al. [156].

Tillage
Tillage may change soil fertility due to altering the physico-chemical [157] as well as
microbiological and biochemical properties, and thus the soil enzymes [40]. Tillage influences
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the soil nutrient level and its availability the distribution of organic matter in the soil profile
[158] and the soil water and oxygen content [159]. Tillage causes the acceleration of soil organic
matter mineralization and consequently leads to a rapid loss of its content. This in turn,
causes a decrease in the soil biological and enzymatic activity [101]. In fact, some authors
have reported a decrease in enzyme activities due to the decrease in organic matter content as
a result of the mixing of horizons by plowing [e.g. 160].

In some studies, no-tillage system increased soil enzymatic activity as compared to
conventional tillage practice [75,161]. Deng and Tabatabai [162] showed that the activity of
L-asparaginase, L-glutaminase and urease were generally greater under a zero-till system
than under a conventional tillage practice. Mina et al. [102] observed the same trend for soil
dehydrogenase, alkaline phosphates and protease activities. The activity of dehydrogenase,
urease, protease, phosphatase and b-glucosidase was significantly higher in a no-tillage system
with varying percentages of surface residue coverage (0, 3, 66, 100%) and a no-tillage system
with 33% residue coverage together with cover crops of Vicia sp. or Phaseolus vulgaris L. as
compared with conventional tillage [161]. Usually, the enzymatic activity of the surface layer
of a zero-tilled soil are greater than those of the same layer of tilled soils, while the opposite
occurs for the deepest soil horizons [e.g. 69,163], which is due to the fact that microbiological
activity of surface no-tilled soils is higher than in conventional tillage [6], which is caused
by the fact that organic matter is more thoroughly distributed in soil under conventional
cultivation compared with that in soils under reduced tillage in which crop residues, which are
substrates for soil microorganisms, are concentrated on the soil surface [120].

Some other authors have indicated that plowing causes an increase in enzymatic activity
in agricultural soils due to the exposure of new surfaces as soil aggregates are broken [e.g.
164]. In fact in the study of Ulrich et al. [103], the arginine ammonification showed high
activity down to a depth of 30 cm of soil profile due to the high aeration in the plow treatment.
Similarly, Seifert et al. [165] stated that conventional tillage accelerates the microbial oxidation
of organic matter thus stimulating a greater microbial activity. For example, microbial activity,
estimated by dehydrogenase activity and by FDA hydrolysis, was higher under conventional
tillage than by incorporating plant residues onto surface soil, due to more labile C substrates,
which support microbial activity.

In turn, tillage practice (none vs. conventional) had no effect on the enzyme activities in
a multi-location field study carried out in Colorado, Kansas and Kentucky (USA) in a loam
soil [66]. Similarly, no significant effects of tillage practice on the activities of dehydrogenase,
phosphatase and urease activities were noted in soil over four years of spring barley cultivation
[166].

The effect of tillage on enzymatic activity in soil depends on the enzyme itself and that is
why phosphatase activity was more sensitive to negative changes that were caused by the
tillage system [167] than was the urease activity. According to Ekenler and Tabatabai [168],
L-glutaminase was the most sensitive N-cycle enzyme followed by amidase, L-asparaginase,
L-aspartase, urease, arylamidase for discriminating the effect of tillage (no-till, ridge-
till, chise-till). Earlier, the same authors [120] indicated the activity of b-glucosidase and
B-glucosaminidase as the most sensitive enzymes that are affected by liming and tillage
systems. Moreover, the response of enzyme activity to different tillage can be annually and
seasonally dependent [159,163].

Vegetation cover and cropping system
Soil enzyme activity can be affected by the presence and nature of plant cover [6]. Although
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most of the soil enzyme activities originate from microorganisms, plant roots are an important
source of extracellular enzymes in soil. Juma and Tabatabai [169] showed that sterile corn and
soybean roots contain acid phosphatase, but not alkaline phosphatase activity. Although there
was no clear relationship between arylsulfatase activity and root distance; enzyme activity
tended to be higher close to the root surface (distance 0.25 mm) as compared with the distance
of 0.75 mm in all of the crop species (Barssica napus, Sinapus album, Triticum aestivum,
Lolium perenne) [170]. Plants actively respond to an insufficient S supply by producing and
excreting sulfatases, which may help them to exploit the organic soil S, compounds [170].
The arylsulfatase activity that is found in the root protein extracts cannot originate from soil
bacteria, since the seeds and seedlings had no contact with the soil. This could be explained
by the fact that higher plants possess their own arylsulfatases that are inducible under an S
deficiency or that seed-borne bacteria that colonize the intercellular sites within the root such
as endophytes are responsible for the enzyme activity [170].

Plant roots stimulate enzyme activity by creating advantageous conditions for microbial
activity [e.g. [171]. Highest higher enzymatic activity in the plant rhizosphere than in bulk
soils was found in many researches, which may be explained by the development of a large
population of soil microorganisms in the vicinity of roots that metabolize amino acids, sugars,
organic acids and other compounds that are exuded by roots [e.g 170,172]. Leguminous plants
have the potential for biological N, fixation and this could stimulate the activity of the enzymes
that are involved in the N cycle (urease and protease-BBA) [161]. In crop systems that involve
both leguminous and non-leguminous plants, the leguminous rhizosphere showed a higher
activity of acid, neutral and alkaline phosphatase as compared with the non-leguminous plant
rhizosphere [172]. The highest catalase activity was recorded in soil under wheat, soybean and
winter legume crops, while the lowest activities were found in soil bearing corn and cotton and
during the winter fallow period in the rotation system at the Agronomy farm of the Alabama
Agricultural Experimental Station (USA) [27]. The highest activity of arylsulfatase among
different crop species was with Cruciferae due to their high S demand [170]. Soil that was
under permanent grassland had 1.5 times higher dehydrogenase activity and almost a two
times higher acid phosphatase activity than no-till and conventionally tilled soils [173]. Higher
arylsulfatase activity was noted in soils from a permanent pasture and an alfalfa field than
from cultivated wheat fields [174]. Both long-term leguminous cover cropping and the direct
incorporation of green manure increase the soil protease activity due to the enhancement of
soil organic matter and the stimulation of soil microbial activity [175].

Much research is devoted to the influence of cropping system on enzymatic activities
[33,37,100,109]. The type of cropping system may also influence soil enzyme activities. Crop
rotation systems, which over time provide greater plant diversity than monoculture systems,
generally have a positive effect on soil enzyme activities [176]. This effect may be due to the
stimulation of microorganisms in the rhizosphere and improved physical conditions of soils
in crop rotation, due to the high input and diversity of organic materials entering the soil,
particularly when the rotations contain legume species, whereas, a monoculture causes
the physical degradation of soil, which in turn has a negative effect on soil microbial and
enzymatic activities [7,37,109]. Gajda and Martyniuk [100] found higher dehydrogenase and
phosphatases activities in organic and conventional systems than in monocultures. In the
study of Klose et al. [99], the total intracellular and extracellular arylsulfatase activities in
the soils of lowa (USA) were significantly affected by crop rotation and plant cover. Generally,
the highest arylsulfatase activities were obtained in soil under cereal-meadow rotations (corn-
soybean, corn-corn-oat-meadow) and the lowest under continuous cropping systems (corn,
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soybean). As stated by the authors, the results could be due to the positive effects of diversified
crop rotations, improved soil structure, a nearly year-round rhizosphere and plant cover, a
stabilized microclimate and higher root density. Other studies from long-term field experiments
have shown that crop rotations with higher C inputs contribute to higher microbial activities
in soils [e.g. 177]. Each rotation produced a different amount of residues, which have different
decomposition rates and various contributions to the easily decomposable soil organic matter
fraction. Decomposition rates vary among plant materials depending on their content of N, S,
soluble C, lignin and carbohydrates [178].

With the development of transgenic crops, there is an increasing concern about the possible
adverse effects of their vegetation and residues on the quality of the soil environment. The
dehydrogenase and phosphatase activities of soil transgenic alfalfa were significantly lower
than those of soil sampled from the parental alfalfa [179]. In the study of Fang et al. [180],
the possible effects of the vegetation of transgenic Bt rice lines Huachi B6 (HC) and TT51 (TT)
were studied followed by the effect of the return of their straw to the soil on soil enzymes,
such as catalase, urease, neutral phosphatase and invertase under field conditions. The
results obtained in this study indicated that the vegetation of the two transgenic rice lines and
their subsequent straw amendment had few adverse effects on soil enzymes when compared
with non-transgenic plants. No different pattern of impact due to plant species was found
between the HC and TT rice [180]. The results were in agreement with previous studies in
which some significant differences were found in the activity of some enzymes (arylsulfatases,
phosphatases, dehydrogenases, urease, invertase and protease) between the soils with Bt
and their near-isogenic non-Bt plants [181]. Some studies have reported that there were no
significant differences in the activities of phosphatases and catalase between soil cultivated
with Bt and non-Bt maize [182]. Similarly, salinity-tolerant MCM®6 transgenic tobacco revealed
no significant (or only minor) alterations on soil dehydrogenase and acid phosphates as
compared with non-transgenic tobacco [183].

Soil Enzyme Activities as Possible Indicators of Nutrient Dynamics
and Soil Fertility — Advantages and Shortcomings

Single enzymes

The increasing amount of research on soil enzymes in the 1950s delivered numerous
empirical observations of soil enzyme activities with respect to amendments, cultivation
practices and responses to environmental and climatic factors. It was hoped that information
on extracellular enzymes would provide a suitable tool for determining the total biological
activity in soil and consequently a fertility index’ of soils that would be useful for practical
purposes in agriculture [3]. Since it was stated that the determination of soil enzyme activity
was more important to soil fertility assessment than its microbiological properties, in the
1950s and 1960s the use of single enzyme activities such as invertase, protease, asparaginase,
urease, phosphatase and catalase was a common approach that was used in determining soil
fertility [3].

As more information on enzyme activities in soils becomes available, it became more
difficult to support the correlation with soil fertility and the generalization was more difficult
to make [3]. Soil enzymes were investigated because of the more widely differentiated natural
and anthropogenic factors and these observations produced many conflicting and confusing
data indicating that the use of soil enzymatic activity as a soil fertility index was limited. More
and Russel [184] criticized dehydrogenase activity as a general index of soil fertility because
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they did not find any useful correlation between that activity and either the soil properties that
were known to influence plant growth or plant yield and also because of the poor response
of dehydrogenase to the addition of nutrients to soil that was known to be of a low nutrient
status.

The data on the relationship between enzymatic activity and plant productivity, which is
closely related to soil fertility, has led to contradictory results as well. Some studies have shown
no close relationship between soil enzyme activity and crop yields [e.g. 185], but in many other
studies soil enzyme activities were often considered to be the index of soil fertility since they
correlated significantly with plant yield [e.g. 186-188]|. However, in managed systems this
kind of correlation is questionable because other factors may disturb the relationship between
enzyme activity and plant productivity. This is likely to be true for agro-ecosystems in which
the external input of nutrients and water can greatly increase plant growth and development
without a corresponding response in soil microbial and enzymatic activity [10]. The study
of Yaroschevich [189] showed that manure-amended soil increased soil enzymatic activity
while inorganic fertilization decreased this activity. Crop yields, however, were the same when
adequate nutrients were supplied from either inorganic or organic sources. This indicated
that the activity of some enzymes is more closely related to plant production under native
conditions and highly disturbed landscapes [86,190] than in managed agricultural systems
[189]. In the study of de Castro Lopes et al. [188], the enzymatic activities were, among other
microbial properties, interpreted as a function of the relative cumulative yields (RCYs) of
corn and soybean using linear regression models. Adequacy classes for each enzyme as a
function of the RCY were established based on the following criteria — a value of an enzyme
that was higher than the relative cumulative yield (RCY) of 80% corresponds to the production
of maximum economic efficiency. The values of the enzymes that corresponded to an RCY
between 41% and 80% were classified as moderate and values that corresponded to an RCY of
< 40% were classified as low. The interpretative classes for enzymatic activities in a clayey Red
Latosol of the Cerrado region as a function of the RCY are presented in Table 4.

Enzyme indicator Classes as a function of RCY
Low Moderate Adequate
Cellulase activity (mg glucose kg soil d') <70 71-105 >105
B-glucosidase (mg glucose kg™ soil d') <65 66-115 >115
Acid phosphatas (mg glucose kg™’ soil d) <680 681-1160 >1160
Arylsulfatase (mg glucose kg soil d') <40 41-90 >90

Table 4: Interpretative classes for enzymatic indicators in a clayey red Latosol of the Cerrado region (Brazil) as function of the relative
cumulative yield (RCY). Adopted from de Castro-Lopes et al. [188].

Despite its many drawbacks, the use of soil enzymes as a soil fertility index still remains an
elusive goal and it has not been abandoned [e.g. 191-194]. There has been growing interest in
the application of soil enzymes as early indicators of changes in soil fertility under contrasting
agricultural management practices [195, Chapter 1 of this book]. According to Gil-Sotres et al.
[193], dehydrogenase, FDA hydrolyzing capacity, urease and phosphatase were the enzymes
that are most often used as soil fertility indicators. Masciandaro et al. [196] proposed an index
expressed as the ratio between dehydrogenase activity and the water-soluble C content. This
ratio was initially used to get quantitative information about soil degradation that is caused
by intensive soil use [196]. Later, this index was used by several authors to assess the effects
of different crops or management practices on soil fertility [60,197]. Perucci [70] proposed
the Hydrolyzing Coefficient as the quantity of fluorescein diacetate that is hydrolyzed after
incubation divided by the total quantity before the hydrolysis. This index was mainly used to
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test the activity of a soil that was amended with compost, although the author did not establish
the minimal level for this ratio [194]. Two hydrolases, namely, urease and phosphates, have
been widely used in the evaluation of changes in soil fertility due to soil management. Their
activity increased due to organic fertilization [198,199] and after the addition of cattle slurry to
the soil and decreased as a consequence of plowing [60]. Because both practices are normally
carried out at the same time in agricultural soils, it is clear that the use of urease as the fertility
index is limited [193]. Soil phosphatase activity is widely used as an indicator of inorganic P
availability for plants and microorganisms [71] and is also considered to be a good index of
the quality and quantity of organic matter in soils and can be very high in arable soil as long
as the content of organic matter is maintained [200] Among the enzymes that are involved in
the carbon cycle, b-glucosidase has been the most widely used in the evaluation of soil quality
and fertility indicators in soil that has been subjected to different management practices.
b-glucosidase activity was significantly lower in arable soils than in woodland and meadow
soils [60,69]. Some agricultural practices, such as organic fertilization can increase the activity
of this enzyme [69,198].

As was mentioned earlier, the use of individual properties such as soil fertility indicators
has led to conflicting and confusing data and conclusions, not only because the adopted
methodologies were sometimes questionable, but also because it is conceptually incorrect
to use a single enzyme activity to determine plant productivity or soil fertility, what has
been widely criticized [e.g. 3,132], and summarized by Nannipieri [75] and more recently by
Nannipieri et al. [12]:

1. Soil enzyme activities catalyze a specific reaction and therefore, they cannot be related
to the overall soil microbiological activity, which includes a broad range of different enzymatic
reactions. The synthesis of a particular enzyme can be repressed by a specific compound,
while the overall microbiological activity of soil or crop productivity is not affected.

2. Since a given enzyme is substrate specific, it cannot reflect the total nutrient status of the
soil. However, an individual soil enzyme may answer questions regarding a specific decomposition
process in the soil or questions about specific nutrient cycles. For example, cellulase complexes
and other carbohydrates might indicate the decomposition rate of plant materials, whereas
urease is important agriculturally as an enzyme that might limit the content of nitrogen that is
available to plants from fertilizers or natural sources [3]. The urease activity is often considered
to be an indicator of organic N mineralization although the enzyme is involved in urea hydrolysis
and urea is not an important component of soil organic nitrogen, particularly when urea is not
used as a fertilizer. An enzyme activity that is frequently used as indicator of C mineralization
is b-glucosidase. Also in this case, as was stated by Nannipieri et al. [12], the assumption is
conceptually incorrect because the mineralization of plant residues involves the mineralization
of cellulose and lignin, which are the main components of plant residues. b-glucosidase is only
one of the enzyme complexes that are responsible for cellulose degradation.

3. Soil enzyme activities show a high degree of spatio-temporal variability that is due to
climate, season, geographical location and pedogenetic factors. Usually, enzyme activities
fluctuate with the seasons, decreasing in summer and winter with moisture and temperature,
respectively, being the limiting factors for their activities.

4. It is difficult to compare the data obtained in one experiment with those from
another because they are usually obtained using different protocols, either because there
are no standardized methods or because the soil samples have been subjected to different
pretreatments (sample collection and storage) prior to the analysis [193].
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5. Some chemical compounds in soil can inhibit or activate the synthesis and the activity of
an individual enzyme without having any influence on total microbial activity.

6. The overall activity of any single enzyme in soil depends on enzymes in different locations
including extracellular enzymes that are immobilized by soil colloids. The activity of immobilized
enzymes may not be as sensitive to environmental factors as are those directly associated with
microbial activity. On the other hand, this could be an advantage since bound enzymes are
less variable, for example in the vegetation period.

These methodological problems along with the inherent complexity of soil systems indicate
that no estimation of soil fertility using simple indicators can be considered to be reliable.
Efforts to use soil biochemical properties as indicators of soil fertility should be focused on
the search for complex expressions that are capable of describing the complexity of soil much
more accurately [193].

Simple and complex indicators

Due to the complexity of soil structure and function, a good soil quality and fertility
indicator must be the integrative combination of a number of measurements into an easily
understood and quantitative measure [195]. Moreover, since soil enzymes differ in origin,
function and location in soil and respond differently to environmental factors, it would be
useful to condense the information they give into one single numerical value. That is why,
complex indicators, which are calculated with algebraic operations of different soil biochemical
properties [11,193] or multivariate analysis such as Principal Component Analysis (PCA)
and factorial analysis [201,202] are frequently used. This approach might better reflect both
the release of nutrients during organic matter decomposition and the relative availability of
inorganic nutrients compared to the activity of a single enzyme.

A few attempts have been made to integrate different enzyme activities in single and complex
indexes that can be used in the assessment of agricultural soils. The biological index of soil
fertility (BIF) [203] and Enzyme Activity Number [204] was proposed and widely discussed
earlier. Both indexes have been tested by other authors to show the effect of soil management
on quality [60,70,75,197]. A serious limitation to the use of EAN as an index of microbiological
activity is that the alkaline phosphate assay can be used only in neutral or alkaline soils
[75]. In the study of Perucci [70] using municipal refuse in loamy soil, the EAN index was
correlated with amylase, arylsulphatase, deaminase, dehydrogenase, alkaline phosphatase
and protease activity but not with catalase and phosphodiesterase activity. The BIF was only
correlated with catalase activity. Thus, it appears that EAN can give a more realistic indication
of the microbial activities of soil than BIF. Saviozzi et al. [60] observed lower values of these
indexes for cultivated soils than for other soils (Table 5). Similarly, Riffaldi et al. [197] observed
an increase in EAN and BIF in untilled management systems compared to tilled systems in
southeastern Sicily (Italy). According to Nannipieri [75] the indexes used by Stefanic et al. [203]
and Beck [204] was not as sensitive as those that are currently used to determine enzyme
activities in soil.

Type of management BIF EAN
C 1.2 (0.08) 1.1 (0.10)
G 10.2 (1.00) 4.1(0.33)
F 8.8 (0.97) 3.3(0.27)

Table 5: Empirical indexes for comparing quality of cultivated (C) and adjacent native grassland (G) and forest (F) soils. Confidence
limits (P=0.05) are reported in brackets. Adopted from Saviozzi et al. [60].

BIF: biological index of soil fertility, EAN: enzyme activity number
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A more accurate and focused selection of enzyme activities was carried out by Sinsabaugh
et al. [205] who measured six enzyme activities that work in a cascade in the degradation of
lignocelluloses material, which is quantitatively the most important component of plant debris.
Using principal component analysis (PCA), Sinsabaugh et al. [205] obtained the lignocelluloses
factor (LF), which was calculated using the following enzyme activities: 3-1,4-glucosidase,
B-1,4-endoglucanase or endocellulase, B-1,4-exoglucanase, [-xylosidase, phenolxidase
and peroxidase activities. The LF factor was significantly correlated with the percentage of
weight-loss of the plant remains over time. The cascade of enzyme activities approach (i.e.
the LF factor) has been considered by some authors to be one of the best among those using
biochemical properties as indicators of soil quality due to its accurate and focused selection
of enzyme activities [11]. The only criticism that could be made about this approach is that
it only considers the enzymes that are involved in the C cycle, and not those of the N, P or S
transformation. That is why the factor can be a good indicator of a soil’s capacity to degrade
lignocellulosic material, but not as an indicator of the global capacity of the soil to degrade
organic compounds.

A similar approach was that of Monreal and Bergstrom [206], who obtained a decomposition
factor that was able to explain that 96% of the variation in soil enzymatic activity was due
to the cropping system and tillage using PCA and that it was mainly caused by changes
in b-glucosidase, dehydrogenase and L-glutaminase activities. Fioretto et al. [207], who
studied decomposition factors, preferred to consider only the determination of b-amylase and
b-amylase among all of the enzymes that are implicated in the latter decomposition process.

Other indicators that consist exclusively of enzyme activities were those proposed by Puglisi
et al. [191]. The authors proposed three indexes of soil alteration using different enzymatic
activities to establish an index of soil degradation that was the result agricultural practices,
including crop density and the application of organic fertilizers in different parts of Italy. These
indexes were developed using a data reduction technique (canonical discriminant analysis,
CDA). The first index (Al 1) was developed by considering seven enzyme activities (arylsulfatase,
B-glucosidase, phosphatase, urease, invertase, dehydrogenase and phenoloxidase). The second
index (Al 2) was constructed with B-glucosidase, phosphatase, urease and invertase activities
that had been automatically selected by CDA as the most capable of discriminating between
altered and non-altered soils. Finally, the third index (Al 3) was developed by considering the
enzyme activities that were most studied (B-glucosidase, phosphatase and urease) according
to the bibliography and it was tested on several published data sets. The Al 3 index was
able to discriminate soils that had been subjected to irrigation with brackish waste, intensive
agriculture, contamination by a tannery, landfill effluents and heavy metals [191].

The above-presented indexes, which are based exclusively on enzymatic activities, do not
take into account the content of the main nutrients in soil, and thus its nutrient-supplying
capacity, which is important for plant growth. That is why Kang et al. [192] proposed a
trigonometric approach that is based on three sub-indexes (a nutrient index, a microbial index
of the soil and a crop-related index) to establish a Sustainability Index in soil under wheat
that had been amended with manures in Punjab (India), and noted that the quality increased
with the amendment. The microbial index (MI) was based on the microbial biomass C and N,
potentially mineralizable N, soil respiration, bacterial population, mycorrhizal infection of corn
roots and finally dehydrogenase and phosphatase activities. In one of the experiments that
were carried out by authors, the treatment with farmyard manure (100% NPK+FYM), which
had been added to the soil for 29 years, was the most sustainable for the corn-wheat system.
Conversely, the 100% NPK treatment was unsustainable for the same cropping system. The
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lack of sustainability of the inorganic fertilizer-treated plots was due to the low microbial
(0.91) and crop (0.71) indexes. In contrast, the application of FYM gave higher nutrient (1.25),
microbial (1.22) and crop (1.66) indexes than the application of inorganic fertilizers, thus
making the system more sustainable (sustainability index of 2.43).

The following equation, which was developed by Paz-Ferreiro et al. [208] for native grassland
soils in Galicia, was used to assess the biochemical equilibrium of different grassland soils
under contrasting management systems [organic slurry (25 kg N ha! and 8 kg P ha'!) and
inorganic fertilizer (80 kg N ha! and 20 kg P ha™')] [209]:

Total carbon (%)=0.764+(2.304 x 10 microbial biomass C - expressed as mg kg!)+(0.936
catalase activity — expressed as mM H,0, g' h'')+(0.017 urease activity — expressed as mM
N-NH,+ g' h"')+(0.206 phosphomonoesterase activity — expressed as mM pNP g h').

The biochemical equilibrium of the soil was estimated by comparing the total C content,
which was measured using the dichromate oxidation method (Cr), with the total C content as
determined from the equation (Ct). Theoretically, the value of the Ct/Cr ratio in soils in the
biochemical equilibrium should be 100. In the study of Paz-Fereiro et al. [209], the Ct/C index
varied widely between 40 and 180 and the values mainly depended on the soil management
system and revealed that the unmanaged grassland was in biochemical equilibrium throughout
the study period, while no such balance was observed in the managed grassland.

The geometric mean of the assayed enzyme activities (GMea) was used as an index of soil
quality in order to compare 18 pairs of organic and neighboring conventional olive orchards in
southern Spain [195]. The GMea was calculated as the geometric mean of the enzymes tested
as:

GMea=¢/AcPxAIPxGluxAryxDEhyxPN

Where, AcP, AIP, Glu, Ary, Dehy and PN are acid phosphatase, alkaline phosphatase,
b-glucosidase, arylsulphatase and dehydrogenase activities and potential nitrification rate,
respectively. The results of Garcia-Ruiz et al. [195] showed that the soil GMea index was
able to discriminate between organic and conventional management practices at eight of the
18 sites (Figure 4). Relationship between the increase of the GMea in relation to years since
accreditation of organic farms and tillage intensity was shown on Figure 5. The calculation
of this index was based on soil enzymes except for the potential nitrification rate and specific
physical and chemical properties of the soil were not included.
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Figure 4: Box-plot representation of the geometric mean of the assayed enzyme (GMea) activities in the soils of the
organic and conventional olive oil farms. Boundaries of the boxes closest to, and furthest from zero indicate the 25%
and 75" percentiles, respectively. The thin and thick lines within the box mark the median and average, respectively.
Bars above and below the box indicate the 90th and 10th percentiles, respectively. Outliers are represented as black
dots. Average values with the same letter in each figure indicate no significantly differences between management types
(P<0.05). Probability of the effect of interaction “management practices x site” on GMea is indicated and was lower than
0.01 (**). Adopted from Garcia-Ruiz et al. [195].
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Figure 5: Relationship between the increase in the GMea in the organic relative to the comparable conventional
farms and (a) years since organic accreditation of the organic farms, and (b) tillage intensity. Farms within the
circle in (a) were excluded or the calculation of the coefficient of correlation because of the high tillage intensity.
The coefficient of correlation was significant at P<0.01. Adopted from Garcia-Ruiz et al. [195].
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In conclusion, the use of complex expressions in which biochemical (enzymatic) along with
various chemical properties seems to be a promising direction in developing a universal fertility
index. The inclusion of different properties makes it possible to better reflect the complexity
of a soil system, at least for the condition in which they have been designed [193]. The main
problem with the currently available indicators is that they usually have not been tested in
locations or under conditions other than those for which they were developed. As a result,
they can be applied only on a regional but not on a global scale [194]. According to Burns et
al. [210], the development of a soil enzyme index that can be used as a reliable measure of soil
fertility is one of the key research priorities in soil enzymology today. One absolute indicator
for the evaluation of soil fertility under different soil management systems and under various
climatic conditions and geographic regions is difficult to develop due to the intrinsic variability
of biological properties and several site-specific factors that affect soil enzyme activity. The
attempt to develop a global indicator of soil fertility should be undertaken at the international
level, taking into account some important site-specific factors for the study area, such as
climatic parameters, different soil types and vegetation cover.

Conclusions and Future Challenges

The sustainability of agricultural systems has recently become an important issue all
over the world. Many issues of sustainability are related to soil fertility and its changes over
time. The activities of soil biological properties have been proposed as one of the important
indicators of soil fertility. Among these biological properties, soil enzymes have been suggested
as potential indicators of soil fertility due to the fact that they are involved in the cycling of the
most important nutrients and that they correlate well with nutrient availability. Extracellular
enzymes, especially, often catalyze the rate-limiting step of decomposition and nutrient cycling,
thus making their expression and kinetics potential useful parameters for nutrient turnover
models. Moreover, soil enzymes quickly respond to changes in soil management when compared
with other biological and physicochemical properties and are simple to measure. Therefore,
in most of the papers cited here, it was stated that soil enzymes have a great value as early
and sensitive indicators of soil fertility that are induced by different agricultural management
systems. Due to their sensitivity and capacity to provide information that integrates many
environmental factors, enzymes are useful tools to assess the effect of farming practices on the
capacity of the land to remain productive and on soil fertility. In fact, enzymes provide early
warnings of a system’s collapse and allow us to react before irreversible damage is done to the
integrity and functioning of the soil ecosystem.

The bibliography cited in this review, especially those that date from last ten years, has
indicated that the interest in enzyme measurements due to their possible use as soil fertility
indicators is still high. Many studies have analyzed soil fertility in agricultural soils using
individual enzyme activities, which was highly criticized because single enzyme activities
cannot represent the rate of all of the metabolic processes unless they usually catalyze one
specific reaction. That is why it has been proposed that several enzyme activities be measured,
sometimes along with other biological or chemical properties and that they are integrated in
an index [191,192,195,205,206,208] that better reflects all of the soil metabolic processes. In
addition, the currently available indexes have not been widely used on a large scale, even in
similar types of soils and under similar climatic condition and management strategies. The
shortcomings of the use of soil fertility indicators in order to compare the results obtained
in different researches are due to the lack of a standard methodology that is used in all
laboratories, which is as a fundamental problem when interpreting the results; differences in
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sample collection, storage and the pre-treatment of soil samples and finally, the high degree
of variability in the data because it is affected by seasonal and edaphic factors. Additionally,
there is the lack of reference values or a broad database for high-quality soils that could be
used to make comparisons [193]. The advantages and disadvantages of the existing indicators
suggest that a good soil fertility index should be sensitive enough to the presence of the greatest
possible number of management practices, but that it should not be too sensitive to seasonal
and among-sites variation, since this could mask any changes that are caused by different
management strategies. Secondly, a good indicator should display consistency in the direction
of the change that has been undergone in response to a given factor and should clearly reflect
the gradual increase or decrease in the level of a given factor. Apart from this, it should be
easily interpretable and easy and inexpensive to obtain [193].

Soil enzymes are not only used as indicators of soil status that is due to diverse agricultural
practices. One of the key research priorities in soil enzymology is to develop methods of
manipulating soil extracellular enzymes for ecosystem services, e.g., in agriculture to enhance
the plant nutrient content or to control pathogens and pests [210]. Another option is the
application of exogenous enzymes directly into soil in order to regulate the rate and direction
of certain soil processes. For example, the application of exogenous cellulase and protease
was used effectively to accelerate straw decomposition in soil (reference). Immobilized carbonic
anhydrases are being tested for their feasibility for sequestering CO, into bicarbonate [211],
whereas purified phytase improved maize seedling growth when P was supplied in the form
of phytase [212]. The problem is the loss of enzyme activity over time, which may occur when
enzymes are immobilized by or entrapped within clays, organic matter or organo-mineral
complexes [213] or degraded by soil proteases. This is an economic issue due to the high
costs of producing the exogenous enzymes for the applications may be unprofitable unless the
enzyme has a prolonged activity.

Although molecular properties have not been included in soil quality and fertility indicators,
the development of genomic, transcriptomic or proteomic methodologies could be important
in the evaluation of such indicators. These methods could provide information about what the
role of specific microorganisms and their enzymes are in the key processes that are related to
soil functionality [194]. Since the soil is complex and dynamic biological system, it is difficult
to determine which microbial genotypes are responsible for the production of certain enzymes.
It is necessary to understand the relationship between genetic diversity and community
structure and function [214] and because all extracellular enzymes have corresponding genes,
they represent an ideal model system for linking microbial identity to specific and critical
ecosystem processes. That is why, advances in proteomics, metabolomics and transcriptomics
are of great potential [210]. The metagenomic approach can reveal potential gene coding for
an enzyme catalyzing targeted reaction, while only transcriptomics and proteomics can assess
the actual levels of enzyme expression and indicate which enzyme can be used as an ecological
soil indicator [12].
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Abstract

Living organisms, including plants, rely on metabolic processes for growth and development;
enzymes play a pivotal role in growth, as they are biological catalysts of metabolic reactions. As
autotroph organisms, plants absorb mainly inorganic elements from the external environment.
Furthermore, converting light energy into chemical bonds, they can energize fixation of carbon
dioxide into carbohydrates; these will be, in turn, used for the synthesis of all the organic
molecules needed, including proteins.

In this context, mechanisms of ions uptake, carbon fixation and nitrogen assimilation,
are crucial for ensuring plants with essential nutrients and building blocks for biomolecules.
To accomplish these tasks plants have evolved specific enzymes with distinctive structural
and operational (including regulatory) features. Among these some master enzymes can be
indicated, whose function is crucial for the overall process.

In this chapter the role of plasma membrane proton pumps (PM H*-ATPase), ATP synthase,
photosynthetic carbon fixing enzymes (Rubisco) and nitrogen assimilation enzymes (Glutamine
synthase) will be described, considering aspects of their function, structure and regulation.

Introduction

Plants are sessile organisms that became adapted to different environments by developing
appropriate mechanisms for the use of natural resources in order to sustain growth and
reproduction. Cultivated crops have been developed considering an unlimited supply of
nutrients and water; nowadays limitation in nutrient availability, environmental concerns and
climate change ask for the adoption of sustainable agricultural managements of cultivated
land.

As autotroph organisms, plants acquire water and mineral nutrients (generally in ionic
forms) from the soil, while oxygen and carbon dioxide come from the atmosphere. Generally
essential elements need to be accumulated in plant tissues at concentrations higher than
those found in the external media (e.g. due to soil constraints) or the concentration in the
environment may be not suitable for optimal use efficiency by internal mechanisms (CO, vs.
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O, concentration in the air). These factors can limit plant growth and crop yield; furthermore,
this situation might become even worse due to intensive agriculture and global warming.
This implies a profound knowledge of mechanisms that plants evolved to acquire water and
nutrients and to build up their structural and functional biomolecules; understanding how
these mechanisms are regulated by internal and exogenous (environmental) factors is also
crucial for the development of new efficient crops genotypes.

Nutrients’ uptake from the soil solution, translocation and transport of solutes to different
organs and cells within the plant are processes that need specific protein structures located at
the cell plasma membranes allowing the passage of uncharged solutes and ions and, especially,
capable to generate an electric potential favorable for trans membrane transport. The plasma
membrane (PM) H*-pumping ATPase has a unique role in solute transport in plant cells [1].
On the other hand, ATP used in metabolic processes needs to be previously synthesized by
photophosphorylation in the chloroplast or oxidative phosphorylation in the mitochondrion via
the ATP synthase proteins.

Fixation of CO, is the key step in the photosynthetic biomass accumulation in higher plants.
This task is accomplished by Rubisco (Ribulose-1,5-bisphosphate carboxylase/oxygenase),
a chloroplast-located enzyme that maintained highly conserved function during evolution;
although partly inefficient due to the double catalytic function (carboxylase/oxygenase); this
enzyme play a central role in carbon fixation even in plants that developed variants to this
mechanism [2]. Ammonia assimilation into glutamine allows the formation of glutamate and
further synthesis of plant amino acids. This reaction is catalyzed by glutamine synthase,
an enzyme with different isoforms localized in plastids/chloroplasts and in the cytosol [3].
Structural and functional features of these enzymes will be described and discussed in relation
to their role in plant growth and response to environmental conditions.

Plasma Membrane H'-ATPase: A Master Enzyme for Plant
Nutrition

Movement of uncharged solutes and ions across biological membrane is essential to ensure
metabolic reactions. This movement can be a passive as well an active process and involves the
operation of channels and carriers. Both passive and active transport of ions across biological
membranes need that a transmembrane electric potential is generated and maintained.
In plants, this task is accomplished by the plasma membrane (PM) H*-ATPase that is an
electrogenic enzyme coupling the hydrolysis of ATP to the transport of H* from the cytosol into
the apoplast. This activity creates a transmembrane gradient of electric potential (negative
inside) and pH (more acidic outside), which can be exploited in a variety of physiological
processes such as the transport of nutrients and metabolites, preservation of intra- and extra-
cellular p¥, cell turgor and related processes [1]. In roots, that are exposed to changing external
conditions, such as p'!, concentration of nutrients and toxic elements and rhizosphere signals,
the PM H*-ATPase plays a pivotal role for mineral nutrition and the response to abiotic stress.

The plasma membrane H*-ATPase belongs to the family of P-type ATPases, which use
ATP and form a phosphorylated aspartyl intermediate during the reaction cycle. It is a single
subunit protein with molecular mass of about 100 KDa containing ten trans membrane helices
and four cytoplasmic domains (Figure 1): the nucleotide binding domain (N-domain), the
phosphorylation domain (P-domain), the phosphatase domain (A-domain) and the regulatory
domain (R-domain, consisting of the C-terminal of the protein). The N-terminal end is directly
involved in controlling the pump activity state interacting with the C-terminal end [4]. The
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C-terminal region exerts a self-inhibiting function on the enzyme activity by binding to the
large cytoplasmic domain. This inhibition is removed by binding of 14-3-3 proteins, that is
dependent on the phosphorylation of the penultimate Thr residue [5-7]. The fungal phytotoxin,
fusicoccin stimulates H* pumping by blocking the complex of 14-3-3 proteins and the PM H*-
ATPase.

ouT

plasma
membrane

A-domain
(N-terminal)

Figure 1: Structure of PM H*-ATPase.

In several plant species, it has been found that the PM H*-ATPase is encoded by a multigene
family (about 10 genes) belonging to 5 sub-families [8]. It has been suggested that the
heterogeneity of isoforms can be linked to the multicellular nature of plants and the need for a
fine regulation of the enzymatic activity [9]. Analysis of expression patterns based on available
micro array data shows that most of the H*-ATPase isoforms are expressed at a relative constant
level and expression level does not change when a related isoform is deleted or reduced [10].
Regulatory events involving modifications of activity, amount and gene expression have been
reported in response to change in the concentration of ionic nutrients in the root external
solution.

A close relationship between the activity of the PM proton pump of the root cells and
transmembrane transport of anionic nutrients has been demonstrated in the case of NO,-.
Nitrate uptake is an energy-dependent proton-coupled process. Exposure of maize roots to
nitrate can cause the induction of the high-affinity transport system; this behavior is paralleled
by a concomitant increase in activity and amount of the PM H*-ATPase and by the preferential
expression of the genes MHA3 and MH4, belonging to sub-family II of the PM H*-ATPase in
maize [11]. Spatial and temporal expression patterns of the two genes were also observed along
primary maize roots that paralleled changes in enzyme activity and anion transport rates [12].
Other isoforms of the proton pump (MHA1, belonging to sub-family I) have been suggested to
be involved in nitrate transport in maize [13].

Another example of regulation of the PM H*-ATPase has been described in response to
limited amounts of phosphate. When grown at low available phosphate white lupin (Lupinus
albus, L.) release substantial amounts of carboxylates from specialized root structure, called
cluster roots, and concomitantly acidify the rhizosphere. The burst of citrate exudation is
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accompanied by a strong acidification of the external medium and alkalization of the cytosol.
The increase in proton secretion is due to both an increased transcription level of one of the
two PM H*-ATPase genes found in white lupin (LHA1 and LHA2) and a post-translational
modification of H*-ATPase protein involving binding of activating 14-3-3 protein [14]. More
recently, an RNA-Seq study showed that six H'-ATPase transcripts exhibited Pi -dependent
expression changes in white lupin roots [15].

Rhizosphere acidification mediated by the activity of PM H*-ATPase has been reported to be
also part of the response to limited iron availability in roots of dicots and non-graminaceous
plants. It has been shown that under conditions of Fe deficiency, the activity and the quantity
of the PM H*-ATPase increase [16], with the enzyme, which appears to be, concentrated
particularly in the rhizodermal and root hair cells of the sub-apical root area [17]. It has also
been found that in cucumber plants the expression of the PM H*-ATPase CsHA2 gene, found
both in roots and leaves, was not influenced by the Fe nutritional status of the plant, while
the CsHA1 gene, expressed exclusively in the roots, was up-regulated by Fe deprivation [18].

Increases in PM H*-ATPase enzyme activity have also been observed in the roots of plants
adapted to acidic soils [19] and, particularly in response to Al toxicity, a condition which often
occurs in that kind of soils. It has been shown that resistant plants release a high amount of
organic acid anions from the sub-apical regions of the roots and that the PM H*-ATPase could
be involved in this process [20]. The observed activation of the enzyme due to the presence
of Al, has been ascribed to an increased phosphorylation of a threonine residue localized in
the auto inhibitory (C-terminal) domain of the PM H'-ATPase, suggesting an involvement of
14-3-3 proteins. However, it is worth to note that citrate exudation in P-deficient white lupin
plants exposed to Al was suggested to be uncoupled from PM H*-ATPase activity and linked to
K* rather than to H* extrusion; furthermore, a poor relationship between Al-induced oxalate
exudation and PM H*-ATPase activity was reported in tomato roots [21].

Thereis anumber of reports indicating that PM H*-ATPase could be involved in cell elongation;
this function would imply a direct action of auxin on activity and, possibly, synthesis of the
proton pump or an indirect one through induced changes in cytoplasmic pH or altered ion
fluxes across plasma membrane [22]. Whatever the mechanism, other signal compounds, like
those present in the soil solution (e.g. humic molecules or hormone-like compounds released
by rhizosphere micro-organisms) have been shown to affect enzyme activity with different
mechanisms and, in some cases, acting on the amount of the protein and of gene transcripts
[13,23,24]; these effects have been related to root growth [24], apoplast acidification [25] and
nutrient uptake [23,26,27].

ATP Synthase: An Extraordinary Nano-Engine

To directly sustain the energy necessary for growth and metabolism, living organisms
use mainly that trapped in the phosphoranhydride bound contained in ATP molecules. The
majority of ATP is regenerated from ADP and inorganic phosphate (Pi) by the ATP synthase
complex. In plants, ATP is mainly produced via two mechanisms: the photophosphorylation
in chloroplasts and oxidative phosphorylation in mitochondria. In chloroplasts, plants use
the photosynthetic reaction centers to transport protons from the stroma into the lumen and
create an electrochemical potential through the membrane of the thylakoids. In mitochondria,
a series of complexes present in the respiration chain pumps protons and charge the inner
mitochondrial membrane. Nevertheless in both organelles, the final step is catalyzed by the
same type of enzyme, the ATP synthase, which transforms the energy of the electrochemical
gradient across the membrane of the thylakoid or across the internal membrane of the
mitochondrion into the chemical bound contained in the ATP molecule.
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The structure of the ATP synthase is a complex of two main subunits, F, and F,. The
complex (F,, F)) forms a rotary engine that is able to convert the transport of protons, or
sodium ions in bacteria, into chemical energy and this complex can also work in reverse
mode as an H*(or Na*)-ATPase. FO is embedded in the membrane and consists of at least 1
a, 1 b, and 10-15 c subunits; the ¢ subunits form a ring in the membrane which spins with
the passage of protons. The F| part is a water-soluble complex of proteins, which binds ADP
and Pi, catalyze the synthesis of ATP and by conformational changes induced by the rotation
of the F counterpart release ATP [28,29]. Many animations illustrating the structure and the
rotational mechanism of the ATP synthase can be seen on this website (Mitochondrial Biology
Unit).

Due to the dual activity of the ATP synthase a complex regulation mechanism controls its
activity. In mitochondria, when the availability of oxygen drops, the electrochemical gradient
of protons across the inner mitochondrial membrane decreases and the ATP synthase starts
to consume ATP to reestablish the gradient. Under these conditions, the ATP production is
sustain by the glycolysis and the factor regulating the ATP synthase, natural inhibitor protein
IF1, binds to the ATP synthase due to the drop of pH in the mitochondria matrix [30].

In chloroplast, where no IF1 protein has been identified, the ATPase activity of the ATP
synthase is repressed in the dark to prevent wasteful consumption of ATP. Under these
conditions, accumulation of Mg?*-ADP and different modifications on the F, subunits, including
a disulfide bound, inhibit the ATPasic activity [31-33]. Reversely when plants are exposed back
to light, photosynthesis centers acidify the stroma, which induce the removal of the inhibiting
ADP and the disulfide bound is reduced. Moreover the C-terminal domain of the Epsilon
subunit, within the F, part, seems to act similarly to the auto inhibitory (C-terminal) domain
of the PM H*-ATPase (see above), inhibiting the ATP hydrolyzing activity the chloroplastic ATP
synthase [33]. To sum up, the ATP synthase regulation is just starting to be revealed, but still
needs further research.

Another interesting aspect about the functionality of the ATP synthase is the relative
importance of the pH gradient and of the electrical potential across the membrane. It is a
common believe that it is the pH gradient, which is the main driven force for the synthesis of ATP;
however, it depends on the organelles considered. For example, in chloroplast, the electrical
potential across the membrane is small but the pH gradient is high. In these conditions,
chloroplastic ATP synthase has a large c ring (14 units) [34], as each ¢ unit transport one
proton, this enzyme needs many protons for each ATP synthetize but less electrical potential
per protons. On the other hand, mitochondrial one has a smaller c ring (10) [35], thus a better
proton per ATP ratio, due to the high electrical potential maintained by the respiratory chain
for a similar, in comparison to chloroplast, pH gradient across the membrane. Therefore in
mitochondria, the electrical potential is the main driving force and in chloroplast is the pH
gradient [36].

Rubisco: An Old Enzyme for Future Challenges

Biomass accumulation and crop yield is strictly related to photosynthetic rate and
efficiency. Plants have been grouped depending on the first compound that is generated upon
incorporation of CO, in a pre-existing carbon skeleton.

C3 plants fix carbon of CO, into ribulose 1,5-bisphosphate (RuBP) generating primarily two
molecules of 3-phosphoglycerate (PGA, a 3-carbon compound). Other variants of photosynthetic
carbon assimilation are represented by C4 (the first compounds has 4 C atoms) and
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Crassulacean acid metabolism (CAM) plants, which rely on CO,-concentrating mechanisms.
Notwithstanding these differences Rubisco (ribulose-1,5 bisphosphate carboxylase/oxygenase)
plays a central role in CO, fixation.

Rubisco of higher plants belongs to the form I of the enzyme, found also in algae and in most
photosynthetic bacteria. It is a complex protein, with eight large subunits (four large subunit
mass of about 50-52 kDa) and eight small subunits (mass of about 14-15 kDa) arranged
in a LS, structure (four large subunit dimers along with eight non-catalytic small subunits
capping the large ones).

The large subunits have the catalytic sites. Each subunit comprise an N-terminal domain
and a larger C-terminal domain that forms a a /B -barrel; L2 dimers, formed by head-tail
arrangement, have two active sites located at the L-L interface. The small subunits consist
of four stranded antiparallel f-sheets with two a-helices; they are not essential for catalysis
but provide structural stability to the Rubisco complex [37]. L-subunits are synthesized from
the single rbcL gene of the plastid genome; nucleus-encoded factors [38], chaperones [39] and
post-translational modification of N-terminal domain [40] would help avoiding misfolding and
protect the newly forming protein from proteolytic degradation.

Multiple copies of the rbcS gene, coding for the S-subunit, are located in the nucleus. An
N-terminal transit peptide allows transfer of the S-subunits synthesized in the cytosol through
the chloroplast envelope translocon complexes into the plastid [41]. Within the stroma, the
S-subunits undergo further posttranslational modification (transit peptide cleavage, Met-1
aN- methylation) prior to assembly into L,S, complexes [42].

The activity of Rubisco is highly regulated. The enzyme is inactive in the dark and is
converted to an active form upon illumination. Activation is mediated by several environmental
and systemic factors, including temperature, pH, light, heavy metal concentrations, natural
inhibitors, and by the activity of an ancillary protein: Rubisco activase [43].

Prior to catalysis, Rubisco needs to be preactivated; activation is the result of the binding of
CO, to the 201-lysine residue near the catalytic site (position may slightly change depending
on the species). The carbamate that is formed is then stabilized by Mg?" binding [37].
Carbamylation changes the conformation of the large subunit activating the enzyme that can
bind RuBP and catalyzes a complex five-step reaction involving a CO, and a water molecule
before the release of two 3-phosphoglycerate (3PGA) molecules. Carbamylation is essential for
Rubisco activation, as the non-carbamylated Rubisco binds RuBP too tightly to allow catalysis.
The first, rate-limiting, step in carboxylation is the enolization of RuBP via the carbamate side
chain; pH values lower than 8.0 may lead to the generation of Xylulose-1,5-bisphosphate that
inhibit the enzyme activity (see below).

Another protein, Rubisco activase, is also involved in mediating the light activation of
Rubisco. This nucleus-encoded protein uses the energy of ATP to remove active-site bound
sugar-phosphate inhibitors, such as 2 carboxyarabinitol 1-phosphate (CA1P) or xyulose-1,5-
bisphosphate (XuBP), d-glycero-2,3-pentodiulose-1,5-bisphosphate (PDBP) and, under some
conditions, RuBPitself [44]. While XuBP and PDBP can be by-products of reaction intermediates,
CAI1P occurs naturally in the leaves of several plants and is a strong inhibitor of Rubisco. The
affinity of Rubisco for CA1P is much stronger than that for RuBP, the substrate. As a result,
CA1P, which accumulates in leaves during the night, inactivates Rubisco by blocking the
binding sites. During the day (or on illumination), the bound CA1P is released from Rubisco by
the concerted action of Rubisco activase and CA1P phosphatase.

The action of Rubisco activase may be crucial for maintaining Rubisco activity under low
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CO, supply and the sensitivity of Rubisco activase to high temperature might explain the
decrease in Rubisco efficiency under these environmental conditions [45,46] (Figure 2).
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Figure 2: Assembly of large (L) and small (S) subunits of Rubisco.
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Besides the carboxylation reaction, Rubisco reacts with oxygen to form one molecule of
2-phosphoglycolate and one of PGA; this reaction is the first step of the photorespiration pathway
that leads to the release of previously fixed CO,, NH, and energy. Due to photorespiration,
C-fixing reaction has a reduced efficiency and a large amount of protein is needed to support
adequate photosynthetic rates (Rubisco accounts for an average of 50% of leaf protein).
Photorespiration if favoured by prolonged drought stress conditions and high temperature.

C4 plants have evolved biochemical mechanisms to elevate levels of CO, that rely on spatial
separation of the initial fixation of atmospheric CO, from the Calvin cycle. Phosphoenolpyruvate
carboxylase (PEPC) catalyzes CO, fixation to PEP in mesophyll cells producing oxaloacetate.
Four-C acids (malate and aspartate) are then transported to bundle sheath cells, where they
provide CO, to Rubisco, after undergoing decarboxylation. A pyruvate, phosphate dikinase
(PPDK) catalyses the regeneration of PEP from pyruvate in mesophyll cells [47,48].

As compared to C3 plants, in C4 plants Rubisco shows lower affinity for CO, but higher
carboxylation rates with minimal photorespiration; this would in turn lead to a higher biomass
accumulation for a given amount of energy derived from sunlight. C4 plants can sustain high
photosynthetic rates with a lower level of Rubisco; this implies that a lower amount of nitrogen
is needed (higher nitrogen use efficiency). C4 plants can operate efficiently under low CO,
levels, alleviating the need for wide stomata apertures, thereby reducing water loss [49].

Increasing CO, concentration associated with global warming might render C3 plants more
efficient with respect to their Rubisco activity, although this might require increasing nitrogen
supplies. Due to the low efficiency of Rubisco in C3 plants and the huge demand of Nitrogen
to sustain the enzyme, strategies to improve Rubisco activity have received much attention in
the last years.
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Indeed it has been demonstrated that a high variability exists among vascular plant with
respect to the catalytic properties of Rubisco; for example plants adapted to dryer environments
showed a higher selectivity between CO, and O2 [50]. On the other hand, it has also been
noted that an increased specificity for the substrate may be accompanied by a decrease in the
catalytic rate. Indeed, Rubisco of C4 plants show lower affinity than in C3 plants, as they are
adapted to a relative high CO, concentration.

The possibility to introduce new Rubiscos in crops by conventional breeding has been
exploited [2]; furthermore biotechnological approaches have been tempted to modify Rubisco
content and performance [51]. Plastome transformation has evidenced that changes in
L-subunit determine changes in photosynthetic rate; although not directly involved in catalysis,
transformation of the nucleus-encoded S-subunits are also attractive. Another possible way to
increase Rubisco efficiency is through introduction of CO,-concentrating mechanisms (or C4-
like features) in C3 plants. Bioengineering plants for improved thermal tolerance of Rubisco
activase [52], and a limited abundance of naturally occurring Rubisco inhibitors [53] may
represent indirect targets for improving Rubisco performance.

Glutamine Synthetase: The Eye of the Needle in Nitrogen
Assimilation

Plant nitrogenous compounds, including proteins, are all virtually built up starting
from glutamine that is the product of the ATP-dependent ammonia addition to a glutamate
molecule. This reaction is catalyzed by glutamine synthetase (GS), the first enzyme of nitrogen
assimilation (and re-assimilation), which plays a key role in plant growth and productivity as
well as in nitrogen use efficiency (NUE) [54,55].

In higher plants, with the exception of conifers, the enzyme is present as plastidial (GS1)
and cytolsolic (GS2) isoforms encoded by a multigene family. The presence of isoenzymes in
different plant organs has been referred to specific functions [56]. Due to its abundance, this
protein can be also used as nitrogen storage in plants [57].

Ammonia for GS activity derives from a wide variety of primary and secondary metabolic
processes, including nitrate and ammonium uptake, N2 fixation, photorespiration, protein
and amino acid catabolism and phenylpropanoid biosynthetic pathway [58]. This implies that
different isoenzymes are involved in production of organic nitrogen in source tissues and the
subsequent N assimilation in sink tissues.

Plant GS has been categorized as the type II commonly occurring in prokaryotes. Using
X-ray crystallography it has demonstrated that the enzyme has a decameric structure
composed of two face-to-face pentameric rings and possesses 10 active sites, each localized at
the interface between the N-terminal and C-terminal domains of two neighbouring subunits
[59]. The subunit of cytosolic GS1 has a molecular mass of 38-40 kDa, while the plastid
GS2 form range from 42 to 45 kDa. Glutamine synthesis is a two-step reaction involving the
production of the activated intermediate y-glutamyl phosphate from ATP and glutamate and
the deprotonation of a bound ammonium ion to form ammonia, which attacks the carbonyl C
to form glutamine (Figure 3).
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Figure 3: Reaction of Glutamine Synthetase (GS) and fate of glutamine.

Due to its role as a cornerstone in nitrogen metabolism, it is not surprising that GS is a highly
regulated enzyme, with regulation occurring at transcriptional and post-translational level.

Using different plant species, a number of 3 to 5 genes encoding for the cytosolic GS1 has
been generally identified; on the other hand, a single gene encodes the chloroplastic GS2.
Each of the GS genes appears to participate in different metabolic processes, based on where
and how they are expressed [60]. The expression of GS1 genes and the presence of the enzyme
differ considerably at the tissue and cellular levels [54]. The GS2 gene is of nuclear origin
and is targeted to the plastid; it is highly expressed in the mesophyll of leaves and other
photosynthetic tissues [61]. Expression is influenced by developmental and environmental
cues, such as soil N availability, plant N status, external and internal C status, as well as
changes in plant hormones [62,63].

A cytosolic gene has been shown to be highly expressed in infected cells of leguminous root
nodules where ammonium produced by N, fixation has to be assimilated [64]. The localization
of a specific cytosolic GS isoenzyme in the vascular tissues has been reported for several
species and related to N transport function [65]. The plastidic GS2, besides its major role in
ammonia assimilation for amino acid synthesis, is involved in re-assimilation of ammonium
released by photorespiration in photosynthetic tissues [66].

GS1 has been implicated in assimilation of nitrogen in sink tissues. Increasing importance
of GS1 relative to GS2 in senescing leaves suggests a role for the former in the mobilization of
N to be delivered to different sinks (e.g. developing seeds) [67]. QTL analyses have shown that
cytosolic GS is necessary for grain filling [68]. It has also been shown that cytosolic GS protein
can accumulate in mesophyll cells of plants in response to stress, such as pathogen attack
[69], suggesting a role for this isoform in the re-assimilation of the nitrogen released during the
disassembly of the photosynthetic apparatus.

Conifers do not possess GS2 gene, but rather they show two GS1 genes (GSla and
GS1b); based on light stimulation and parallelism between GSla expression and chloroplast
development it has been proposed that this gene might act similarly to GS2 in angiosperms
[70]. Interestingly the overexpression of cytosolic GSla resulted in improved chemical
characteristics of field grown hybrid poplars [71].
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Understanding the role for the cytosolic GS1 and plastidic GS2 isoforms are being
elucidated, mainly using mutant plants. This task is particularly difficult for GS1, due to
the variable number of genes found in different plant species. Experiments using model and
cultivated plants point to a non-redundancy of the different proteins, rather to a specific role
for each of them [58]. These aspects still deserve further research efforts.

Different kinds of post-translational modifications have been reported, involving Ca?'-
dependent kinases and phosphorylation [72] or binding of 14-3-3 proteins [73]; furthermore
selective phosphorylation of Ser®” residue and subsequent binding to 14-3-3 proteins, which
causes proteolytic breakdown to an inactive product has been reported for plastidic GS2
[74]. Recently, ubiquitination of GS polypeptides has also been proposed as a reversible post-
translational regulatory mechanism [75].

The possibility to alter the expression of either GS1 or GS2 and the enzyme activity has
attracted attention of researcher due to the possible effects on N metabolism and NUE [76].
Several transgenic approaches have been used, mainly based on overexpression or knockdown
mutants [55].

Several studies have reported increased biomass and yield when GS genes are over-
expressed in greenhouse and hydroponics experiments (e.g. [77]). Although the outcomes
of these studies have been variable, they have clearly indicated that cytosolic GS1 can be
important for efficient nitrogen assimilation, plant growth and biomass accumulation [78]. As
compared to GS2, GS1 might be a key component of plant NUE [78].

However it has also been evidenced that post-translational modification of GS might
significantly affects the over-expression of this enzyme, thereby influencing its ability to
increase NUE in the field. Further research is needed on these aspects; moreover, it has been
proposed that gene stacking experiments utilizing GS along with other genes of interest for N
metabolism might be a suitable strategy to get a clear effect on NUE. The variable effects of
environmental conditions, especially N supply, observed in gene expression experiments [60]
should be taken also into account when designing for transgenic approaches to evaluating
NUE.

Concluding Remarks

Adaptation of plants to different environments and an efficient use of natural resources to
sustain adequate crop productivity are strictly related to the coordinated action of metabolic
processes within the plant. Several enzymes play crucial roles in this framework guaranteeing
the basis for autotrophic behavior of higher plants. The enzymes analyzed in this chapter
amply demonstrate this feature, as they catalyze key reactions in nutrient acquisition, energy
production, carbon and nitrogen assimilation. Advances in protein structure definition,
genomic approaches and identification of regulatory routes have made it possible to better
understand the function of these enzymes, paving the way for designing plants adapted to
changing environment and able to respond to new challenges of modern agriculture. Further
improvement of our knowledge could conceivably derive from exploiting natural variation and
by using transgenic approaches.
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Abstract

The plant-soil interface is called rhizosphere; it is defined as the volume of soil around
living roots and influenced by root activities. The spatial patterns of microbial activity in the
rhizosphere have attracted significant scientific interest. Due to inputs of easily degradable
organic compounds from the roots, microbial biomass and activity are high in the rhizosphere,
making this plant-root interface an important hotspot of nutrient cycling. Plant rhizodeposition
may promote microbial biomass and activity, which could elevate overall enzyme production.
However, the enzyme activity in the rhizosphere depends not only on the stimulation
of microbial activity by rhizodeposition but also on the release of enzymes by plant roots.
Therefore, the enzyme activity profile is a footprint of plant-microorganisms interactions.
Information deriving from different enzyme activities may be combined in diversity indexes
to calculate microbial functional diversity and obtain an overall picture of microbial activity
and metabolic capabilities. Functional diversity may be a more relevant component of total
biodiversity providing information on actual microbial processes performed in the rhizosphere.
The enzyme activities at plant-soil interface may reflect improvement of the highly integrated
microorganisms-plant associations (symbiotic and plant growth promoting rhizobacteria)
and control of plant pathogens and pests. Moreover, soil enzymes have an important role on
regeneration of degraded and polluted soils using the genetically plants modified in a way that
influences the composition and activity of the rhizosphere community. For this reason, the
biotechnology aimed to improve enzyme activities profile in the rhizosphere represents a new
challenge for future research on soil remediation and environmental protection.

Introduction

The rhizosphere is known to be a hot spot of plant-microbial interactions and a driving force
of soil processes. Plant species could affect carbon resources in the rhizosphere, which would
influence the amount and activity of microbial biomass in these environments. Different plant
species can promote proliferation of different microbial communities by releasing different
amount and types of root exudates. The exudation of carbon by tree roots stimulates microbial
activity and the production of extracellular enzymes in the rhizosphere. Labile C inputs to soils
by roots are thought to increase microbial exo-enzyme production, which increases organic
matter decomposition [1]. The feedback to microbial enzyme production and nutrient supply
is often inferred; it remains unclear exactly how the belowground flux of C affects the activity
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of microorganisms, exo-enzyme production and the depolymerization of N [2]. More than one-
third of the photosynthates reaching healthy roots are lost into the soil [3] as sloughed cap
cells, mucilages, soluble exudates and lysates, and decaying root hairs and outer cortical
cells. When plant rhizodeposition increases, microbial biomass often increases, which could
elevate overall enzyme production. However, the higher enzyme activity of the rhizosphere
than bulk soil depends not only on the stimulation of microbial activity by rhizodeposition
but also on the release of enzymes by roots or by lysis of root cells. Microbial activities are
affected by the many plant responses to environmental changes. For example, elevated CO,,
which induces qualitative variations of plant C efflux into the rhizosphere, could induce an
acceleration of metabolic (respiration) and co-metabolic (enzymes) activity defined as priming
effect [4]. Moscatelli et al. [5] reported an increased nutrient acquisition activity (e.g. enzymes)
induced by elevated atmospheric CO, in the rhizosphere of a poplar plantation growing under
limited N availability (Figure 1).

Elevated
atmospheric
co,
Decrease of \ Increase of C
inorganic inputs in the
nitrogen rhizosphere

N

Decrease of litter and rhizodeposition quality (i.e. high C:N ratio) |

| Increased nutrient demand |

| Increased extracellular enzyme activities |

Figure 1: The effects of elevated atmospheric CO2 on enzyme activities at plant-soil interface.

Moreover, expression and repression of extracellular enzyme activity in the rhizosphere may
be important to understand the relationship between enzyme activity and intensity/direction
of priming effect due to exudates. Marinari et al. [6] supposed that the input of a substance
inducing priming effect can activate the microbial synthesis of intracellular and extracellular
enzymes; while Schimel and Weintraub [7] suggest that the fresh available substrate inducing
priming effect can serve as an energy source for the production of extracellular enzymes with
the subsequent increase in the decomposition of native soil organic matter (priming effect).
It is known that agricultural practices (fertilization, crop rotation, irrigation) may promote
enzyme activities as a result of improved crops growth (Chapter 2 of this book). Usually, crops
with higher root developments than other can stimulate enzyme activities by the rhizosphere
effect [8]. For instance the continuous presence of vegetation and the extensive root system of
grasses may increase the rhizosphere effect [9]; therefore this effect and lack of tillage probably
contribute to consistently higher enzyme activities measured in grasslands over comparable
cultivated soils [10]. Moreover, soil-plant-microorganisms interactions have been widely
studied as strategies to improve the efficiency of agriculture [11]. One of the main evidence
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on those nutritional strategies is given by the mineralization of organic P through the activity
of phosphatase enzymes. Substantial increases in phosphatase activity have been shown to
occur in the rhizosphere of plants often associated with a depletion of soil organic P [12-14]
(Figure 2).

Some authors reported that, although microbial biomass supported by rhizodeposition
increased the production of peptidases to hydrolyze enzymes and other proteins, C-degrading
enzymes did not increase [15-17]. Overall, these findings suggest that cellulases are not driving
increased mineralization of soil organic carbon in response to increased rhizodeposition [18].
An increased degradation of xenobiotic compounds in plant rhizospheres is ascribed to the
root-associated microflora and/or root-exuded enzymes. In fact, it is known that roots of
certain members of Fabaceae, Gramineae, and Solanaceae release enough oxido-reductases
to take part in the oxidative degradation of certain soil constituents [19]. Rhizomediation is
a technology that uses growing plant roots to distribute exudates throughout the soil that
stimulate growth and activity of contaminant degraders [20]. In this context, the plants
genetically modified in a way that influences the composition and activity of the rhizosphere
community, may represent engineering for rhizomediation as ecosystem services [18,21].
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Figure 2: Gradient of acid phosphatase activity in the plant soil-interface associated. with a

depletion of soil organic phosphorus [Modified from 15].

Soil Enzyme and Functional Diversity in the Rhizosphere

Functional diversity is a component of overall soil biodiversity that possibly provides a
more practical and ecologically relevant measure of microbial diversity [22]. According to the
conceptual model of Zak et al. [22], total biodiversity relates to genetic, taxonomic and functional
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diversity. The functional diversity results from genetic variability within a taxon, environmental
effects on gene expression and ecological interactions among taxa. Zak et al. [22] point out
that there is a general lack of information relating taxonomic diversity to ecosystem functions.
Microbial functional diversity represents “the sum of the ecological processes developed by
the organisms of a community and it can be expressed through species or important groups
to maintain several functions in the soil, while the genetic one represents gene and genotype
variations” [23]. Distinct from the genetic diversity of the soil microbial biomass [24,25] which
assess potential diversity, functional diversity is thus related to the actual activities resulting
from that potential so that “functional rather than taxonomic diversity may provide greater
insight to microbial roles in ecosystems” [22].

In terrestrial environments, in situ enzyme activities are dynamic [26] and responsive to
changes in microbial biomass and community structure (i.e. production) [27]. Soil enzyme
assays are useful for assessing microbial community function to answer questions related
to soil decomposition [i.e. C-cycling) and nutrient cycling [i.e. N and/or P-cycling). Microbes
produce specific enzymes [i.e. C-, N-, or P-degrading enzymes) to meet nutrient demands within
their soil environments [28]. In addition, the study of different hydrolases is important since
they indicate the soil potential to carry out specific biochemical reactions and also maintain
soil fertility; for that reason they have been widely used in the evaluation of soil quality changes
due to soil management and in response to different agricultural practices [29].

The relationship between soil enzymes and microbial functional diversity was first proposed
by Kandeler et al. [30] who introduced a novel approach aimed to characterize functional
diversity of microbial communities in soil. According to these authors the actual rate of enzyme
production and the fate of produced enzymes are modified by environmental effects as well as
by ecological interactions. Thus, they related the functional diversity approach to the enzymes
synthesized by the soil microflora, including endocellular as well as exocellular enzymes.

Soil enzymes are produced by plants and microbes; enzymes location and activity rate are
thus strictly related to the presence of these organisms, mutual interactions and their specific
needs in terms of basal metabolism, nutrient acquisition activity, protection mechanisms etc.

Plant communities directly affect soil microbial community composition and activity
through alteration of the physical environment during root growth and substrate availability
through root exudation [31]. These effects are evidently strongest in the rhizosphere [32], the
soil zone directly impacted by roots, and used by plants to exploit soil organic nutrient pools.

The rhizosphere is that particular environment that provides a source of labile carbon
input and is thought to prime microbial decomposition of more recalcitrant organic matter
[33]. As a result, root carbon inputs to the soil are the driver of microbial nutrient acquisition
and enzyme production [34].In the rhizosphere, the main driving factors for changes in
bacterial community composition and activity are likely to be root exudate amount, type and
composition. Consequently, each plant species may modify the conditions in the rhizosphere
in order to maximize nutrient acquisition from organic matter by promoting particular
functional groups of microorganisms. For example, the composition and functions of the
microbial community plays a significant role in controlling C cycling in the rhizosphere and in
organic detritus (litter or dead roots). In the rhizosphere, microbial community composition is
regulated by the specific substrates and chemical signals released by the plant root, and by the
specific physical and biotic environment created by the plant root in terms of O,, p¥, and other
chemical variables [35]. These select for a distinct group of microbes, some of which act as
plant growth-promoting rhizobacteria or as pathogens and so have powerful feedbacks to plant
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growth and C cycling [36].In the rhizosphere environment, while the microbial community
composition will determine the potential for enzyme synthesis, the release of root exudates will
modify the actual rate of enzyme production and the fate of produced enzymes [37]. Higher
activity of several enzymes can be interpreted as a greater functional diversity of the microbial
community [30] in the rhizosphere.

To assess the functional diversity of soil microbial communities enzyme activities have
been recently widely used in diverse soil conditions in relation to land use [38], agricultural
management [39], and forest ecosystems [40].

Kandeler et al. [30] suggested the estimations of soil enzyme activities involved in the C-,
N-, P-, and S-cycle for the calculation of functional diversity of soil microbial communities.
Multiple assays like this allow for the use of composite indices or multivariate statistics for
the comparison of samples. Thus measuring soil enzymes combined in diversity indexes or
microbial indexes may constitute a valid approach to study microbial functional diversity.

Microbial functional diversity measured by means of enzyme activities can be expressed
using popular diversity indexes such as the Shannon index [H’= -} pilog2 pi; 41] or the Simpson-
Yule, [CE = 1/ pi2; 42] where pi is the ratio of the single enzyme activity to the sum of all
enzyme activities. The combined use of microplates and of fluorimetric techniques, proposed
by Marx et al. [43], found a wide consensus throughout the scientific literature due to the
rapid assays, high sensitivity and possibility to assess eight enzyme activities at the same time.
Multiple enzyme fluorimetric approach can inform on several ecological processes within a
single assay. An increasingly wide range of fluorescently labeled substrates are available which
enable sensitive measurements to be made on small samples, permitting high-throughput
assay systems [43]. The most common fluorogenic methylumbelliferyl (MUF)-substrates are4-
MUF-B-D-cellobioside, 4-MUF- N-acetyl-B-glucosaminide, 4-MUF-B-Dglucoside, 4-MUF-a-D-
glucoside, 4-MUF-phosphate, 4-MUF-sulphate, 4-MUF-7-B-D-xyloside and 4-MUF-butyrate/
acetate to test, respectively, -cellobiohydrolase, N-acetyl-B-glucosaminidase, B-glucosidase,
a-glucosidase, acid phosphatase, arylsulfatase, xylosidase and butyrate/acetate esterase.
Acetate and/or butyrate esterase are included in the set as proxy of intracellular enzymatic
activities.

Many studies assessed functional diversity in rhizosphere soils to study the effect of different
plant species, land use, agricultural practices, heavy metals [44-48]. Gardner et al. [46]
demonstrated that organic farming system under different rhizospheres can have implications
in soil health and metabolic functioning, and the yield and nutritional value of each crop. The
different rhizospheres showed in fact differences in the group of enzyme activities evaluated,
which revealed variations in C, N, P, and S biogeochemical cycling.

Kandeler et al. [37] showed significant different enzymatic patterns under maize rhizosphere.
Principal component analysis showed increased acid phosphatase and invertase activities
being responsible for a clear rhizosphere effect whereas differences in protease and alkaline
phosphatase activities mainly caused the separation of planted and unplanted microcosms.

Marschner et al. [47] found changes in community composition associated with an increase
in activities of enzymes involved in N and C cycling (B-glucosidase and protease) in the
rhizosphere of Banksia trees. Upland and irrigated rice production systems showed important
differences in rhizospheric enzymatic patterns due to the different redox conditions in rice
paddies [44].

Montes Borrego et al. [49] study, on olive orchards under organic management, showed
higher microbial diversity (measured by catabolic capability and functional indexes of the
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BiologEcoPlate and enzymatic assays) compared to conventionally managed orchards.

Moreno et al. [48] found that microbial functional diversity (measured by 6 enzyme activities)
was more sensitive than other microbiological properties in evidencing differences between
organic and conventional olive orchards in Spain.

In conclusion, the complexity of rhizosphere chemistry and biology continues to present a
multitude of “black boxes” to be opened. Many aspects concerning microbial biomass content
and diversity in the soil still need to be clarified; thus the link between the structure of soil
microbes and their function still makes difficult to predict and manipulate rhizosphere ecology
[20].

Burns et al. [18] conclude that as knowledge on extracellular enzymes (EE) function,
regulation and expression increases, and manipulation of EE for ecosystem services becomes
possible. The likely strategies range from manipulating ‘natural’ microorganisms and their
enzymes to genetically modified organisms. As far as the rhizospheric processes, they range
from improving the already highly specialized symbiotic associations to controlling plant
pathogens and pests and reclamation of degraded and contaminated soils.

Enzyme Activity in the Rhizosphere and Plant Growth Promotion

Microorganisms that colonize the rhizosphere can be classified according to their effects on
plants and the way they interact with roots, some being pathogens whereas other triggering
beneficial effects. Rhizobacteria inhabit plant roots and exert a positive effect ranging from
direct influence mechanisms to an indirect effect. So, the bacteria inhabiting the rhizosphere
and beneficial to plants are termed PGPR. Plant growth promoting rhizobacteria (PGPR) are a
heterogeneous group of bacteria that can be found in the rhizosphere, at root surfaces and in
association with roots, which can improve the extent or quality of plant growth directly and/
or indirectly.

PGPR can affect plant growth by different direct and indirect mechanisms [50]. Some
examples of these mechanisms, which can probably be active simultaneously or sequentially
at different stages of plant growth, are i) increased mineral nutrient solubilization and nitrogen
fixation, making nutrients available for the plant; ii) repression of soil borne pathogens (by the
production of hydrogen cyanide, siderophores, antibiotics, and/or competition for nutrients);
iii) improving plant stress tolerance to drought, salinity, and metal toxicity; iv) production of
phytohormones such as indole-3-acetic acid (IAA); and v) modulating the content of ethylene
[50].

The increased level of resistance using external agents, without modifying the genome of the
plant, is known as induced or acquired resistance. Induction of resistance promoted by PGPR
is active and signaling in the route of salicylic acid with induction of PR-proteins (proteins
related to the pathogenesis) or route of the jasmonic acid and ethylene [S1]. In addition to
the PR-proteins, the plants produce other enzymes of the defense, including peroxidases,
phenylalanine ammonia-lyase (PAL), and polyphenoloxidase (PPO). Peroxidase and PPO are
catalysts in the formation of lignin [52]. PAL and other enzymes are involved in the formation
of phytoalexins. In several studies, the quantification of activity of enzymes involved in the
induction of resistance has been used as a parameter to assess the induction mechanism
(biotic or abiotic) involved [51]. Thus, the application of PGPR in agriculture via soil or seed
inoculation can be characterized as clear rhizosphere effect creating a beneficial component in
the integrated management of diseases.

A number of bacterial species belonging to genera Azospirillum, Alcaligenes, Arthrobacter,
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Acinetobacter, Bacillus, Burkholderia, Enterobacter, Erwinia, Flavobacterium, Pseudomonas,
Rhizobium and Serratiaare associated with the plant rhizosphere and are able to exert a
beneficial effect on plant growth interacting at rhizosphere level. Similarly, mycorrhiza
formation may promote plant growth. However, the interaction of mycorrhiza with other
specific microorganisms may cause the attenuation of the positive effect on plant growth
[53]. Free-living microbial inoculants could stimulate mycorrhizal colonization [54], but
also mycorrhiza formation can affect the microbial population in the rhizosphere through
changes in root exudation patterns, or through fungal exudates. In this context, changes of the
microbial patterns in the rhizosphere, due to the formation of arbuscular mycorrhizal, have
been assesses through measurements of different soil enzyme activities [55].

The important role is played by plants in selecting and enriching the types of microorganisms
by the constituents of their root exudates. Thus, the microbial community in the rhizosphere
develops depending on the nature and concentrations of organic constituents of exudates, and
the corresponding ability of the microbes to utilize these as sources of energy [56].

Several microorganisms help to derive maximum benefit from root exudates by their
ability to attach to the root surfaces (rhizoplane). Since associative interactions of plants and
microorganisms must have come into existence as a result of co-evolution, the use of latter
group as bio inoculants must be pre-adapted, so that it fits into a long-term sustainable
agricultural system.

PGPR are commonly used as inoculants for improving the growth and yield of agricultural
crops and offer an attractive way to replace chemical fertilizers, pesticides, and supplements
depending on the nature and concentrations of organic constituents of exudates, and the
corresponding ability of the bacteria to utilize these as sources of energy synthesizing the
appropriate enzyme pattern. There is a continuum of bacterial presence in soil rhizosphere,
rhizoplane and internal of the plant tissues [56].

The biological nitrogen fixation by PGPR is very important in enhancing the soil fertility.
In addition to biological nitrogen fixation, mineral and organic phosphate solubilization is
equally important. Phosphorus (P) is a major essential macronutrient for biological growth
and development. Microorganisms offer a biological rescue system capable of solubilizing
the inorganic or organic P of soil and make it available to the plants. The ability of some
microorganisms to convert insoluble phosphorus (P) to an accessible form, like orthophosphate,
is an important trait in a PGPB for increasing plant yields [57,58].

Induced Systemic Resistance (ISR) of plants against pathogens is a widespread phenomenon
that has been intensively investigated with respect to the underlying signaling pathways as
well as to its potential use in plant protection. Elicited by a local infection, plants respond
with a salicylic-dependent signaling cascade that leads to the systemic expression of a broad
spectrum and long-lasting disease resistance that is efficient against fungi, bacteria and
viruses.

Enzymatic pathways involving hydrolytic, oxidative, reductive, and substitution/transfer
reactions are implicated in detoxification of cyanide by bacteria and fungi. The enzyme rhodanese
from cyanogenic bacterium Pseudomonas aeruginosa involved in transfer reactions causes
cyanide detoxification. The enzymes like chitinase, B-1,3-glucanase and cellulose are involved
in antagonistic action of Pseudomonas against fungal pathogens. The enzyme formamide
hydro-lyase is involved in HCN detoxification in sorghum infected by Gloeocercospora sorghi.
[56].

Other mechanisms of growth promotion involve modulation of plant regulatory mechanisms
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through the production of hormones or other compounds that influence plant development.
Many bacterial species are capable of producing auxin and/or ethylene, and synthesis of
gibberellins and cytokines has also been documented [59].

Ethylene is usually considered an inhibitor of plant growth, but at low levels can actually
promote growth in several plant species. Bacteria possessing ACC deaminase activity reduce
the level of stress ethylene conferring resistance and stimulating growth of plants under
various biotic and abiotic stresses. Some plant-growth-promoting rhizobacteria (PGPR)
promote plant growth by lowering the endogenous ethylene synthesis in the roots through
their 1-aminocyclopropane-1-carboxylate (ACC)-deaminase activity. Ethylene is well thought-
out stress hormone because its synthesis is induced by a variety of stresses. Nodulation and
subsequent nitrogen fixation by lentil plants are inhibited by accelerated ethylene concentration
in the root zone. The isolates also showed compatibility with Rhizobium leguminosarum under
axenic conditions and also promoted root/shoot growth in lentil seedlings. Results reveal
that inoculation with PGPR containing ACC-deaminase and Rhizobium could be utilized as
expeditious bio fertilizers to increase the growth as well as nodulation in legume plants [60].

In the rhizosphere of rice plants grown in coastal saline soils the efficiency of ACC
deaminase producing PGPR strains has been studied to quantify the effect of bacteria on rice
seed germination and seedling growth under salinity stress. Inoculation with selected PGPR
isolates had considerable positive impacts on different growth parameters of rice including
germination percentage, shoot and root growth and chlorophyll content as compared to
uninoculated control. Inoculation with the ACC deaminase producing strains reduced ethylene
production under salinity stress. It is evident the effectiveness of rhizobacteria containing ACC
deaminase for enhancing salt tolerance and consequently improving the growth of rice plants
under salt-stress conditions [61].

Effect of Transgenic Crops on Enzyme Activity in Rhizosphere
and Bulk Soils

Whether genetically modified (GM) plants have any substantial influence on the soil
microbial communities has never been an easy question to answer. Statistically significant
changes might be transient and biologically insignificant. Lottmann et al. [62] suggest that the
impacts of GM plants should focus on functional markers rather than monitoring the structure
and genetic diversity of microbial communities. In their studies on field-grown trees monitored
for two consecutive years they monitored both bacterial and fungal communities including
ectomycorrhizal fungi. Their conclusion was that long-term studies on field-grown GM trees
at different locations are needed to provide the baseline data necessary to relate potential
population shifts to natural variability caused by growth stage, soil type, climate, season, or
tree species. In addition, the long life span of trees makes the evaluation of environmental
risks difficult.

The soil ecosystem is much more complex and the multitude of micro-driven soil properties
forces one to make choices as to what organisms and properties might best be examined.
When attempting to determine the effects of GM crops on soil ecosystems, it makes sense
to start first with an assessment of what is known about the GM crop and the system into
which it is to be introduced [63]. However, it has been demonstrated that field site influences
microbial community composition and interact with plant varieties in their influence on the
microbial community [57]. The effect of plant variety on microbial community at one field site
was sometimes entirely different at another field site, suggesting that the environment will
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play a major role in determining the potential ecological significance of growing genetically
modified plants [64]. On the other hand, rhizosphere-mediated effects may also arise from
root-specific modifications due to altered root exudation patterns. In rice exudates are known
to influence plant-promoting rhizobacteria and the modification of rice plants leads to multiple
effects on plant biochemistry. It is likely that there is a change in the rate or composition of the
exudates, affecting soil organisms and plant-rhizosphere interactions [65]. For the detection
of less predictable effects on microbial groups and processes, more general analyses would
need to be applied, such as activity measurements enzyme activities, soil fungi balance or
decomposition of recalcitrant organic compounds [63].

Early studies have been concentrated to genetically modified microorganisms (GMMs) and
it has been reported by many authors that the introduction of large numbers of GMMs into the
soil could alter microbial populations and disturb microbiological driven soil processes. Effects
of introduced GMMs on soil ecosystems have been studied mainly in microcosm experiments.
Transient perturbations have been observed in indigenous bacterial [66], fungal [67] and
protozoal [68] populations, and in carbon turnover [69]. Naseby and Lynch [70] studied the
effect of genetically modified microorganisms, realized as bio control agents, on soil enzyme
activities and indigenous microbial populations. They suggest that measurements of soil
enzyme activities may be useful to reach a better understanding of the nature of perturbation
caused to ecosystem function. Using a range of methods for assessing the impact of introducing
a genetically modified Pseudomonas into soil Naseby and Lynch [70] showed that the nature
of the genetic modification is important and that some modification of functional genes in
the genome of Pseudomonas strains can have an impact on rhizosphere population and
function [70]. However, these microcosms lack the full biotic and abiotic components of a
field environment. It is known that the functional capacity of the soil microbial community,
as reflected in the activities of enzymes involved in nutrient mineralization processes, varies
among soils dominated by different plant species. Many studies with annual and perennial
plants have shown that plant species differ in exudate amount and composition and also in
rhizosphere community composition [71]. Lynch et al. [2004] focused on the impact of GM
plants and GM microorganisms on soil microflora. Transgenic plants do not always affect
bacterial composition and when these effects have been observed, they have not been related
to natural fluctuations. Indeed, relevant effects of transgenic plants on microbial communities
should cause deeper changes than the commonly accepted changes due to environmental
factors related to season, field site and year. They suggest that the rhizospheres could be
altered in response to plant genetic transformation through HGT from GM plants to the
indigenous soil microbes [72].

Soil microorganisms are the primary producers of soil enzymes and the analysis of the
soil enzymatic activity is one of microbiological indicators of soil quality. Enzymes participate
in numerous biochemical processes occurring in the soil and they are sensitive to all
environmental changes caused by natural and anthropogenic factors. Enzymes are secreted by
floral and faunal organisms, but most often they are produced by microorganisms in soil. The
assessment of microbial populations in combination with their activity provides more sensitive
information than either activity or population analysis alone. The impacts on soil microbial
communities are therefore an important aspect of environmental risk assessment especially to
monitor transgenic plants [73]. Blackwood and Buyer [74] used phospholipid fatty acid (PLFA)
profiles and community-level physiological profiles of microbes to determine whether growing
Bt corn had any effect on soil microbial communities as compared with the growth of non-Bt
corn. They found that the profiles of the microbial communities were heavily affected by soil
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type, but the effect of expression of the Bt gene in corn was small.

In pot experiment in greenhouse the changes in the rhizospheric soil of two different locations
of India and soil microbial communities colonizing the rhizosphere of PDH45 transgenic rice
plant in comparison to its non-transgenic counterpart (WT) in the presence and absence of salt
have been studied [75]. The effects of PDH45-transgene on rhizospheric soil dehydrogenase
activity (DHA), phosphatase, urease and nitrate reductase activities were also evaluated.
Results show that the PDH45 transgenic rice plants had no detectable adverse effects on the
soil microbial community composition, physico-chemical properties and enzymatic activities
of the soil rhizosphere as compared with their WT counterpart. The rhizospheric soil bacterial
populations and enzyme activities revealed minor alterations among transgenic and non-
transgenic rice plants. These studies have shown the possibility that there was no evidence to
indicate any adverse effects of transgenic PDH45 on the native soil microflora. Similar results
were obtained by on transgenic poplars have been developed to enhance the bioremediation of
heavy metals [69]. Due to the important role of fungi for plant growth in natural environments
and they role in ecological equilibrium, they studied the structural changes of indigenous
fungal communities in rhizosphere soils of GM and wild type (WT) poplars at a range of growth
stages, together with unplanted, contaminated soil. The results show that the overall structure
of the rhizosphere fungal community was not significantly influenced by GM poplars. However,
the presence of GM specific taxa, and faster rate of community change during poplar growth,
appeared to be characteristic of the GM plant-induced effects on soil-born fungal communities.
The results of this study provide additional information about the potential effects of GM
poplar trees aged 1.5-3 years, on the soil fungal community [76].

Density and physiological profiles of aerobic bacteria in the rhizosphere were studied in
transgenic alfalfa (Medicago sativa L.) plants, in comparison to their non-transgenic counterpart
[77]. Plants of transgenic alfalfa expressing the AMVcp-s gene coding for Alfalfa Mosaic Virus
coat protein were cultivated in a climatic chamber and different methods were used to determine
the microbial diversity in rhizospheres of transgenic plants, the cultivation-dependent plating
method, based on the determination of the density of colony-forming bacteria, and second,
a biochemical method using the Biolog™ system, based on the utilization of different carbon
sources by soil microorganisms. Results suggest that both, the community metabolic diversity
and the utilization of C-sources increased in all alfalfa lines with culture time and regardless
of transgenic or non-transgenic nature of lines.

Bacterial communities associated with the rhizosphere and rhizoplane regions of tobacco
of wild-type (WT) plants were compared to communities found in transgenic tobacco lines
(CAB1, CAB2 and TRP). The analyses revealed the presence of fairly common rhizosphere
organisms with the main groups: Alpha proteobacteria, Beta proteobacteria, Actinobacteria
and Bacilli. Analysis of the total bacterial communities using PCR-DGGE (denaturing gradient
gel electrophoresis) revealed that shifts in bacterial communities occurred during early plant
development, but the reestablishment of original community structure was observed over
time. The effects were smaller in rhizosphere than in rhizoplane samples, where selection of
specific bacterial groups by the different plant lines was demonstrated. Results revealed that,
although rhizosphere/rhizoplane microbial communities can be affected by the cultivation of
transgenic plants, soil resilience may be able to restore the original bacterial diversity after one
cycle of plant cultivation [78].

The rapid development of agricultural biotechnology and release of new transgenic plants
for agriculture has provided many economic benefits, but has also raised concern over the
potential impact of transgenic plants on the environment. Considerable research has now been
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conducted on the effects of transgenic plants on soil microorganisms. These effects include
unintentional changes in the chemical compositions of root exudates, and the direct effects of
transgenic proteins on non-target species of soil microorganisms. Most studies to date suggest
that transgenic plants that have been released causes minor changes in microbial community
structures that are often transient in duration. However, due to our limited knowledge of the
linkage between microbial community structure and function, more work needs to be done on
a case-by-case basis to further evaluate the effects of transgenic plants on soil microorganisms
and soil ecosystem functions.

Method for Mapping Distribution of Enzyme Activity in Soil:
From Rhizosphere to Bulk Soil

The rhizosphere studies have been challenged by the lack of a satisfying method for
obtaining sufficient soil samples for subsequent laboratorial analysis. Several procedures
based on shaking or washing-off soil particles adhering to roots have been proposed for the
separation of rhizosphere soil from bulk soil [79,80]. However, it is known that soil texture and
moisture strongly influence the amount of soil adhering to the root system, and root induced
changes on some soil variables have been observed [81]. Therefore, rhizosphere studies often
involve sampling procedures that permit assessment of this gradient variation. The spatial
distribution of enzyme activity has been explored in soils at different distances from root
zones [37,82,83]. The common procedure consists of slicing soil in multiple segments, and
determining enzyme activities in each of them. In addition, various types of rhizoboxes were
proposed by several authors as experimental tools to growth plants for studying rhizosperic
and bulk soils [84-86].The basic element of most rhizoboxes designs is a porous membrane
(30-50 um mesh) that separates the roots from a rootless rhizosphere compartment. The
rhizosphere is then divided into several thin sections such that the chemical and biochemical
properties can be analyzed at increasing distances from the root surface.

Besides being very labor intensive, the approach only provides a one-dimensional vision
into enzyme activity with a very irregular spatial resolution [83,87,88].

Recently, there has been growing interest in the spatial distribution of microbial activity
and enzyme activities in soil hotspots such as rhizosphere. An in situ zymography technique
for localization and quantification of enzyme activities in soil has been recently studied [89].
Zymography has mostly been used to localize enzymatic activity in electrophoresis gels and
in tissue sections, but also a zymography technique has been used for analysis of the two-
dimensional distribution of enzyme activities in soil. The technique was applied to map and
quantify protease and amylase activity in the rhizosphere of lupine (Lupinus polyphyllus Lindl.)
grown in rhizoboxes. A specimen, in which a certain enzyme occurs, is incubated attached
to a gel that contains the enzyme’s substrate. Subsequently, the gel is stained in order to
visualize the substrate and to identify the areas in which the substrate has been enzymatically
degraded during the incubation. Since zymography is an in situ method, it likely pictures
enzyme activities more realistically than standard enzyme assays.

Conclusion

The rhizosphere is a soil hot spot where the physiological footprint of plant-microorganisms
interaction might be expressed by the enzyme activities profile. The enzyme activities are
the driving force of degradation processes of natural compounds and xenobiotics. Scientific
articles on soil enzymes in the rhizosphere constitute a very small amount within the total
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body of literature on soil enzymes. A web-search performed on Scopus on March, 6%, 2013,
crossing the keywords “soil enzymes” and “rhizosphere” (title, abstract and keywords search
fields), sorted a No. of articles ranging from 1.7% in 1993 to 8.0% in 2013 of total literature
having “soil enzymes” as keyword.

When analyzed separately, all articles having “soil enzymes” or “rhizosphere” as keywords

show an increasing trend in the last 20 years being much steeper for soil enzymes issues (by
32%) (Figure 3). This suggests a lower interest in rhizosphere issues in the same period. For
this reason, the enzyme activity as an expression of plant-microorganisms interaction is a new
challenge for future research in biotechnology applied to soil remediation and environmental
protection. However, in order to achieve progress in research, a standard tool for mapping
distributions of enzyme activities in soils is desirable to work in widely accessible and cost-
efficient way.
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Figure 3: % of articles with both keywords “soil enzymes” and “rhizosphere” on total articles with only
“soil enzymes” as keyword. The bibliographic search was performed on Scopus on March, 61 2014.
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Abstract

Pesticides are usually applied simultaneously or one after another for crop protection,
and this type of pesticide application often leads to a combined contamination of pesticide
residues in soil environment. Entry of pesticides in soils due to agricultural practices may
disturbs the activities of soil enzymes, such as, arylamidase, dehydrogenase, myrosinase,
phosphatase, protease, urease, amylase, cellulase, invertase, arylsulfatase and fluorescein
diacetate hydrolase; thus affecting recycling of nutrients and soil fertility. Soil enzymes, that
represent the major living organism activities, are involved in catalyzing various biochemical
reactions necessary for organic matter decomposition, nutrient cycling, energy transfer and
productivity. Literature survey reveals that pesticides decrease the activities of enzymes
that are key indicators of soil health, whereas some studies show that pesticides enhance
the enzymatic activities only at particular concentrations (2.5 to 5.0 kg ha) in soils. In this
chapter, we attempt to analyze the effect of pesticides on soil enzyme activities.

Introduction

The overall biochemical reactions of soil results from a series of reactions catalyzed by
enzymes, either as intracellular components of the microbial community or as extracellular
(cell-free) enzymes. Cell-free enzymes exist in soil as a result of their excretion into the soil
by living cells or after lyses of dead plant or microbial cells. Soil enzymes catalyze physico-
chemical and biochemical reactions involved in nutrient cycling [1]. Measurements of several
enzymatic activities have been used to establish indices of soil fertility [2]. Arylamidase activity
of soils has an intensive role in N-mineralization [3]. Activity of myrosinase enzyme in soils is
responsible for hydrolysis of glucosinolates to glucose in microorganisms [4]. Dehydrogenases
oxidize and release inorganic nutrients from organic carbon [5]. Phosphatases are hydrolytic
enzymes that cleave organic P to inorganic forms [6]. The enzyme protease is essential for
mineralization of N [7], whereas, urease enzyme influences the availability of plant utilizable
N in soils fertilized with urea [8]. Amylase enzyme mainly involved in the hydrolysis of
polysaccharides in soil. Invertase catalyzes the hydrolysis of sucrose to glucose and fructose,
and is abundantly available in soil microorganisms and plants. Cellulase is a key enzyme in
the carbon cycle; it acts on the cellulosic material present in soil ecosystem. Arylsulfatase is
responsible for the hydrolysis of sulfate esters in the soil [9]. Enzymes may react to changes
in soil management more quickly than other variables and therefore may be useful as early
indicators of biological changes [10].
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The activities of microorganisms in soil are crucial to the global cycling of carbon, nitrogen,
sulphur, phosphorus and other elements, because of many substances cannot be degraded
by organisms other than microbes [11]. Microorganisms are the foremost producers of enzyme
activities in soil [12]. Accordingly, the biochemical activity of accumulated enzymes for certain
reactions has been estimated to be more important than that of the microbial cells [13]. Soil
enzymes play an important role in catalyzing reactions for the decomposition of organic matter
and nutrient recycling in ecosystems [14] involving a range of plants, microorganisms, animals
and their debris [15].

Rapid raise in population density and advancement in agricultural technology has led
to a greater release of xenobiotic compounds into the environment. The major sources of
xenobiotics applied are pesticides, which are in high demand these days to control pests
and diseases as well as to protect the agricultural products from microbial spoilage during
transition. Pesticides, which include insecticides, fungicides and herbicides, have become an
integral part of modern agricultural systems because their use has benefited modern society
by improving the quantity and quality of the world’s production while keeping the cost of
that food supply reasonable. Because of continuous pest problems, their usage possibly
cannot be discontinued in the near future since the greatest contribution toward the control
of these pests has come from the use of pesticides. Different pesticides used in agriculture
exhibit different time in the environment, with some persisting even indefinitely. Repeated
and extensive application of the pesticides ultimately reaches the soil, which in turn may
interact with soil organisms and their metabolic activities [16]. Microbial processes play an
important role in bringing about the biological transformation of pesticides. Therefore, the
behavior of the total microflora and their biological activity (enzyme activities) under continue
pesticide input is an important aspect in the agricultural ecology [17]. Microorganisms are
the dominant producers of enzyme activities in soil. Due to widespread use of agricultural
chemicals in crop production, considerable attention has been given to soil biochemical and
microbial testing programs to assess possible side effects [11]. Interaction between pesticides
on non-target microflora present in soil, may eventually lead to not only alteration in life
function of individual microflora but also disturbance in equilibrium among the soil enzymes
thereby affecting the primary function (fertility) of the soil.

Impact of Pesticides on Soil Enzyme Activities

Soil enzyme activities have been suggested as suitable indicators of soil quality because;
a) they are a measure of soil microbial activity and therefore they are strictly related to the
nutrient cycles and transformations b) they are easy to measure [18,19]. According to several
authors [20,21] soil enzyme activities may be considered early and sensitive indicators to
measure the degree of soil degradation in both natural and agro-ecosystems. Many studies
have shown that biological parameters have been used to assess soil quality and health as
affected by agricultural practices [22-24]. In this respect, soil enzymes can be used as potential
indicators of soil quality for sustainable management because they are sensitive to ecological
stress and land management practices [25].

Negative impact of pesticides on soil enzymes like hydrolases, oxidoreductases and
dehydrogenase activities has been widely reported in the literature [26-29]. Pesticides reaching
the soil may disturb local metabolism or enzyme activities [30-32]. There is also evidence
that soil enzymatic activities and ATP contents are increased by some pesticides [33,34].
ATP contents are correlated with specific soil enzyme activities and may provide valuable
information on trends in transformation of pesticides in soils [35]. Enzyme activity in soils
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reflects not only enzymes in soil solution and living tissue, but also enzymes bound to soil
colloids and humic substances [36,37]. Enzyme activity is influenced by soil conditions such
as organic matter content [38-40], moisture [41,42]), and temperature [43]. A number of
factors, for example, chemical nature of pesticides, concentration used, microbial community
structure, type of soil, and soil conditions can contribute to divergent research findings.
Malkomes [44] accredited 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 recurrently overlapped. The impact of pesticides on soil enzymes particularly
extracellular enzymes are not clear due to their multidimensional behavior in complex soil
medium and the greater complexity of soil microbial and biochemical interactions. For these
reasons, researchers are faced with difficulties in discriminating the effects of pesticides on
extracellular enzyme activities in soil [45].

Arylamidase enzyme

The enzyme arylamidase [a-aminoacylpeptide hydrolase (microsomal) catalyzes the release
of an N-terminal amino acid from peptides, amides, or arylamides. Arylamidase is widely
distributed in the tissues and body fluids of all animals [46]), plants, and microorganisms [47].
The chemical nature of N in soils is such that a large proportion (15-25%) of organic N is often
released as NH," by 6 M HCI hydrolysis. Several papers have been published on linear amidase
in soils and on the enzyme involved in hydrolysis of amides and aminoacids such as aspargine,
aspartic acid, and glutamine [48], but the possibility of the presence of arylamidase in soils has
not been explored. The activity of this enzyme in soils deserves investigation because present
knowledge indicates that a variety of arylamides are present in soils [49]. Arylamidase may
play an important role as an initial limiting step in mineralization of organic N in soils. Thus
understanding the environmental controls on the activity of this enzyme in soil is important for
better understanding the N-cycling process. This enzyme is capable of hydrolyzing the neutral
amino acid B-naphtylamides or p-nitroanilides according to the following reaction (Using the
amino acid L-leucine as an example).

Arylamidase activity increased in all individual and binary mixtures of pesticide treated
and 10-day incubated soils up to 2.5 or 5.0 kg ha! than the controls. The enzyme activity
continued up to 20 days and then decreased gradually after 30 and 40 days of incubation [50].
Floch et al. [51] reported that arylamidase activity, varied with incubation time, but tended
to return to its initial soil background level after prolonged period (12 months) of incubation
with pesticides at 100 pg g soil (10 kg ha!). Monocrotophos either singly or in combination
improved arylamidase activity significantly in 10-day incubated soils. Monocrotophos at
concentrations ranging from 1.0 to 5.0 kg ha increased the arylamidase activity gradually
and reached maximum at combination improved the arylamidase activity significantly in
10-day incubated soils. Monocrotophos at concentrations ranging from 1.0 to 5.0 kg ha’!
increased the arylamidase activity gradually and reached maximum at the concentration of
5.0 kg ha! in both soils. Application of monocrotophos above 5.0 kg ha! showed negative effect
on arylamidase activity and exhibited minimum activity at 10.0 kg ha!. Chlorpyrifos at the
concentrations of 1.0 and 2.5 kg ha! showed marked increase in arylamidase activity and above
this concentration the activity decreased gradually and reached minimum at 10.0 kg ha-1 in
vertisol and laterite soils. The combination of monocrotophos with mancozeb and chlorpyrifos
with carbendazim increased arylamidase activity at 1.0 and 2.5 kg ha' of each pesticide in
both soils. However, amendment of the soils with higher concentrations of pesticides (7.5-10
kg ha'!) resulted in minimum enzyme activity [50].
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Dehydrogenase enzyme

Soil dehydrogenase activity is considered as a valuable parameter for assessing the side
effects of pesticide treatments on the soil microbial biomass and can also be used as an
indicator of the micrbiological redox system [52]. Dehydrogenases conduct a broad range
of oxidative activities that are responsible for the degradation, i.e. the dehydrogenation, of
organic matter. In a cascade of events involving specific carriers, electrons are transferred
from substrate to oxygen as the final acceptor [11]. Many specific dehydrogenases transfer
the liberated hydrogen atoms to either NAD or NADP, thus taking part in the oxidoreductive
processes of biosynthesis. Dehydrogenase can be regarded as an indicator of the overall
microbial activities of soil [36]. Dehydrogenase activity has been recommended as a useful
indicator for testing the side effects of agrochemicals [53].

Mayanglambam et al. [54] studied the effect of organophosphate insecticide (quinalphos)
on dehydrogenase activity (DHA) in soil and observed 30% (p<0.05) inhibition in DHA after 15
days. DHA was recovered after 90 days of treatment which may be due to adaptation of soil
microbes to counter the effect of chemical stress in hostile conditions. Similar observations
were made with the application of insecticides [26,55] fungicides [27,56], herbicides [30,57],
and fumigants [58,59]. Klose et al. [60] reported that soil fumigation reduced DHA activity to
35% over a period of 90 days. However, there are reports which reveal the stimulatory effects
of pesticides on soil DHA [61,62]. Singh and Kumar [63] revealed that acetamiprid increased
dehydrogenase activity up to 22% after first insecticide application. Other reports show variable
results. Chen et al. [64] studied three fungicides and all three fungicides had different effects
on DHA in the amended soils. Metalaxyl (fungicide) application initially increased and then
decreased the DHA in fungicide-treated soil [65]. He et al. [66] did not observe any inhibiti on
of dehydrogenase enzyme with the application of herbicide. The strong inhibition of DHA was
also found as a microbial response to soil amendment with mefenoxam and metalaxyl [27] as
well as azoxystrobin, tebuconazole and chlorothalonil [67].

Tu [68] reported no inhibition of dehydrogenase activity with treatments of chlorfenvinphos,
chlorpyrifos, diazinon, ethion, ethoprophos, fensulfothion, fonofos, leptophos, malathion,
parathion, phorate, thionazin, triazophos, trichloronate, terbufos and permethrin all at 5
and 10 mg kg! within 7 days in a clay loam soil. When the same pesticides were applied
to an organic soil with 26.8% organic carbon and a pH of 7.2, dehydrogenase activity was
reduced by 60% with terbufos, triazophos and trichloronate after one week, but after 2 weeks
several of the pesticides stimulated dehydrogenase activity [69]. Application of fenamiphos
at rates from O to 5.0 kg ha! soil throughout the 20-day incubation had no inhibitory effect
on dehydrogenase activity whereas soil with higher rate of application at 10 kg ha! showed
slight inhibition only at 10 days [70]. Furthermore, stimulation in the dehydrogenase activity
in soil with lower concentrations at 20 days may probably be due to active metabolism of the
compound by microbes.

However, significant increase in dehydrogenase activity was noticed with the lower
concentrations of 0.5 and 5 pg g! of five pyrethroid insecticides, permethrin (FMC 33297),
FMC 45498, Shell WL41706, Shell WL43467 and Shell WL43775 after 3 weeks of incubation
[71]. The dehydrogenase activity was increased significantly with increasing concentrations
of two organophosphorus insecticides, monocrotophos and quinalphos and two pyrethroids
cypermethrin and fenvalerate up to the concentration of 2.5 kg ha'!, but higher rates were either
innocuous or toxic to the dehydrogenase activity during 7 days of incubation [72]. Likewise,
methyl parathion at 15 kg ha'! stimulated soil dehydrogenase activity [73], but complete
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inhibition of the activity by the same insecticide at 150-300 kg ha! at temperatures of 12-
15°C in soils was noticed [74]. Similarly, insecticide such as tefluthrin and two experimental
phosphorothioates DOWCO 429X and DPX 43898 at the concentration of 10 mg kg! stimulated
dehydrogenase activity in a sandy loam soil during 2 weeks while dehydrogenase activity
was initially reduced by tefluthrin and unaffected by the other pesticides in an organic soil
after 2 weeks [75]. In an alluvial soil, methidathion, methoate and parathion reduced the
dehydrogenase activity after 6 weeks at recommended field rates [76]. Dehydrogenase activity
was decreased by chlorpyrifos at 2-10 kg ha! but recovered after 14 days to levels of control
[77]. Insecticides alone and in combination with fungicides, in cultivation of groundnut, at
field application rates (2.5-5.0 kg ha'!) enhanced the activity of dehydrogenase significantly in
vertisol and laterite soils. However, higher concentrations (7.5 and 10 kg ha™!) of the pesticides
were either innocuous or toxic to the enzyme activities in soils [50].

Myrosinase enzyme

Myrosinase is found in all glucosinolate-containing plants such as Brassica species and
possibly in some bacteria and fungi [78]. Glucosinolates are sugar anionic thioesters containing
B-thioglucoside-type bonds [79]. Myrosinase is normally segregated from glucosinolates in
plant tissues, but when plant cells are damaged or decomposed; myrosinase is released and
catalyzes the hydrolysis of glucosinolates. The products of glucosinolate hydrolysis include
glucose, sulfate, and a number of active allelochemicals such as isothiocyanates, nitriles,
thiocyanates, cyanides, and others depending on substrates and reaction conditions used [80].
These allelochemicals have been found to inhibit weed seed germination and some pathogens
in soil [81,82]. Recently, several studies have proposed the use of glucosinolate-containing
plants a cover crop to reduce the use of synthetic pesticides [83].

Glucosinolates by themselves are not biologically active but must be enzymatically hydrolyzed
by myrosinase to the allelochemicals capable of suppressing weeds and pathogens [84].
Myrosinase is, thus, the key factor for allelochemical expression derived from glucosinolates
and hence its study in soil is of interest. Myrosinase is thought to be released to soils cropped
with Brassica or the related Sinapis via root exudation, disruption and decomposition. Soils
cropped with Brassica, therefore, are expected to have enhanced myrosinase activity. Currently,
no assay has been developed to measure myrosinase activity in soil although Borek et al.
[85] have studied this enzyme in soil extracts. Extraction of enzymes from soil, however, is a
demanding procedure and is often incomplete [86]. Moreover, the conditions used by Borek
et al. [85] to extract myrosinase possibly altered its activity [87]. The procedure to measure
myrosinase activity in soil extracts also involved the use of a gas chromatograph coupled to a
mass spectrometry, which is not commonly available in many laboratories.

Myrosinase activity increased in all individual and binary mixtures of pesticides treated
soils up to 7.5 kg ha'! than the controls in 10-day incubated soil samples. The enzyme activity
continued up to 20 days and then decreased gradually after 30 and 40 days of incubation.
Monocrotophos either singly or in combination improved the myrosinase activity significantly
in 10-day incubated soil samples. Monocrotophos, chlorpyrifos alone and combination with
mancozeb and carbendazim respectively, at concentrations ranging from 1.0 to 5.0 kg ha’!
increased the myrosinase activity gradually and reached maximum at the concentration of
5.0 kg ha'! in both the soil samples. Above 5.0 kg ha! monocrotophos, chlorpyrifos alone
and in combination with mancozeb and carbendazim, respectively, showed minimum enzyme
activity and exhibited negative effect at 10.0 kg hal. All four pesticides exhibited maximum
stimulation in enzyme activities at 2.5 or 5.0 kg ha'! throughout the incubation period
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suggesting synergistic interaction. Chlorpyrifos alone and in combination with carbendazim
at 10 kg ha'! showed 27 and 33% inhibition in arylamidase activity respectively in vertisol,
whereas in laterite soil same pesticides exhibited 29 and 13% inhibition in enzyme activity in
comparison to control indicating antagonistic interaction [S0].

Phosphatase enzyme

Phosphatase is an exocellular enzyme produced by many soil microorganisms and is
responsible for the hydrolysis of organic P compounds to inorganic P [27]. Several researchers
have shown either unchanged, increase or decrease in urease activity following various
pesticide applications [57,64,88,89]. Demanou et al. [56] did not observe significant effect of
ridomil fungicide on phosphatases activities in soil. These enzymes may be protected from
degradation by adsorption to clays or to humic substances in soil [90]. This protection of these
exoenzymes may result their insensitivity toward the fungicide application [56]. Phosphatases
represent a broad range of intracellular as well as soil-accumulated activities that catalyse
the hydrolysis of both the esters and anhydrides of phosphoric acid [91]. Klose et al. [60]
reported that soil fumigation reduced the activity of acid phosphatase to 22% over a period of
90 days. However, decrease in this enzyme may be ascribed to the suppression of a sensitive
fraction of soil biota. The activities of both phosphatases were also inhibited in a sandy loam
soil amended with captan during 94 days of incubation [92]. Other studies showed different
responses of phosphatases to the addition of metalaxyl and mefenoxam into soil, indicating
the significance of chemical nature of fungicides for the results ascertained [27].

Phosphatases find widely in bacteria to mammals, and indicate their importance in
fundamental biochemical processes [93]. The term phosphatase in soil is used to describe a
group of enzymes that are responsible for the hydrolytic cleavage of a variety of ester-phosphate
bonds of organic phosphates and anhydrides of orthophosphoric acid (H,PO,) into inorganic
phosphate. Acid and alkaline phosphatases particularly hydrolyse the ester bonds binding P
to C (C-O-P ester bonds) in organic matter. During the process, inorganic P is released from
organically bound P such as leaf litter, dead root systems, and other organic debris without
concomitant release of carbon [94]. Phosphatase is concentrated in the surface layer and
rhizosphere where most of the fresh and less humified organic matter is prevailing [95,96].
Phosphatases play a crucial role in the phosphorous acquisition of plants and microorganisms,
and thus in the cycling of it within the soil [97].

Chlorpyrifos, terbufos and fonofos increased activities of acid phosphatase in loam soil
sites in the field [98]. Two organophosphorus insecticides, monocrotophos and quinalphos and
two pyrethroids, cypermethrin and fenvalerate all at the lower concentrations of 1-5 kg ha!
was significantly stimulatory to the phosphatase activity but these insecticides were inhibitory
to the activity at higher concentrations i.e. 7.5 kg ha! in four experimental soils [99]. Four
insecticides, tefluthrin, DOWCO 429X and DPX 43898, when applied at 10 mg kg!, induced
a reduction of activity in an organic soil but stimulation in a sandy soil [75]. Chlorpyrifos
inhibited the phosphate-mobilizing bacteria temporarily over a period of 3 months in a clay
soil [100]. Pesticide, fenitrothion [101] had no effect on the activity of phosphatase in soil. Acid
and alkaline phosphatase activities significantly decreased initially at levels of 2-10 kg ha'!
by chlorpyrifos but recovered after 14 days to levels similar to those in control soil without
chlorpyrifos [77].

Phosphatase activity was increased in all individual and binary mixtures of pesticide-
treated soils up to 7.5 kg ha'! than the controls in 10-day-incubated soil samples. The
enzyme activity continued up to 20 days and then gradually decreased after 30 and 40 days
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of incubation [102]. On the contrary, application of mancozeb in potato field soils showed
inhibition on phosphatase activity throughout the incubation periods (15, 30, 45 and 65 days)
[34]. Monocrotophos either singly or in combination significantly improved the phosphatase
activity in 10-day-incubated soil samples. Monocrotophos at concentrations ranging from 1.0
to 5.0 kg ha'! gradually increased the phosphatase activity and reached maximum at the
concentration of 5.0 kg ha'! in both the soil samples. Beyond 5.0 kg ha! monocrotophos
showed negative effect on phosphatase activity and showed minimum activity at 10.0 kg ha-
1. At the end of the 10-day incubation, about 28-90% increase in phosphatase activity was
observed in black soil and 12-95% increase was observed in red soil treated black soil and 54—
126% increase was observed in red soil treated with chlorpyrifos in comparison with control
soil samples. Rangaswamy and Venkateswarlu [99] reported comparable stimulatory effects
of two organophosphate pesticides, monocrotophos and quinolphos, and two pyrethroids,
cypermethrin and fenvalerate, at 1-5 kg ha! on the phosphatase activity. Similar stimulatory
effect by cholorpyrifos on phosphatase activity in the field conditions was noticed [98]. On
the contrary, tefluthrin, DOWCO 429X and DPX 43,898, when applied even at 10 mg kg! in
induced a reduction in phosphatase activity in an organic soil, but stimulation in a sandy soil
was reported [75]. The combination of monocrotophos along with mancozeb and chlorpyrifos
along with carbendazim showed increase in phosphatase activity at 1.0 and 2.5 kg ha! of
each pesticide in both the soils. But higher concentrations of pesticides at the level of 7.5-
10 kg ha'! have inhibitory effect on the phosphatase activity and represents antagonistic
interaction. In black soil, monocrotophos along with mancozeb showed 38-83% increase,
and same combination in red soil showed 58-117% inphosphatase activity at the end of
10-day incubation. Similar stimulation on the activity of phosphatase with mancozeb alone
was demonstrated [103]. The combination of chlorpyrifos and carbendazim showed 24-64%
increase in phosphatase activity in black soil, and in red soil, the activity increased from 46 to
104% over controls.

Protease enzyme

Protease enzymes contribute to the breakdown of proteinaceous substances in soil to
simpler nitrogen compounds that are available for plant nutrition. It has been shown that
proteases in soil can hydrolyse not only added [104] but also native soil proteins and peptides
[105]. Proteases, which are widely distributed among soils, show a wide range of activities [106]
and properties [107]). Discharge of effluents from sugar industry, enhanced the soil protease
activity but it declined with the time. In a study of Rangaswamy et al. [72], insecticides,
monocrotophos and quinalphos of organophosphates and cypermethrin and fenvalerate of
pyrethroid within a range of 2.5 kg ha™' significantly stimulated the protease activity in a soil
but these insecticides at higher concentration were toxic to the protease activity.

Protease activity drastically decreased at higher concentrations (5.0, 7.5, 10.0 kg ha-
) of endosulfan and profenophos treated soils than the untreated controls throughout the
experiment, suggesting that the enzyme is rather sensitive to endosulfan and profenophos.
Interestingly, a stimulatory effect was observed at 10-25 ppm concentrations with individual
increments of two insecticidal treatments, than the control, they are as follows: 13-47%
and 2-15% in black clay soil after10 days of incubation. This trend follows up to 20 days of
incubation, when further prolonged in the period of incubation up to 40 days; a decline in
enzyme activity was observed [108]. The impact of different concentrations (1.0, 2.5, 5.0, 7.5
and 10.0 kg ha'!) of two selective fungicides, propiconazole and chlorothalonil on protease
activity has been studied in two groundnut soils (laterite and vertisol) supplemented with 1%
casein. Interestingly, stimulatory effect was observed with all concentrations tested at 10-
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day incubation period in both soils. The percentages of increasing in protease activity of the
two fungicidal treatments, over control are as follows: 14-47% and 2-15% in laterite soil and
7-65%, 17-48% in vertisol soil respectively at 10-day interval over control (fungicides treated
at 10, 25, 50 ppm level). However, stimulatory effect was more pronounced at 5.0 kg ha! of
propiconazole and chlorothalonil in both soils incubated for 10-days. This trend follows up to
20 days of incubation further prolong in period of incubation up to 40 days decline in enzyme
activity was observed [109].

Urease enzyme

Urease catalyzes the hydrolysis of urea to ammonium and carbon dioxide. In as much
as the ammonium formed represents a bioavailable form of nitrogen for plant uptake, this
ubiquitous activity has a primary role in the cycling of nitrogen. Urease activity in soil originates
predominantly from microorganisms and is correlated with the soil organic matter content
[110]. Urease, in particular, has attracted a good deal of attention due, in part, to the increasing
agricultural importance of its substrate, urea [111]. Urease activity is a useful indicator to
evaluate the soil pollution situation. Decreased urease activity in soil with the application of
pesticides reduces urea hydrolysis which is generally beneficial, because it helps to maintain
N in a form (NH4+) less leachable [88]. Yang et al. [112] showed that chlorimuron ethyl and
furadan activated urease in the four soils. The chlorimuron ethyl and furadan enhanced
urease activity up to 14-18% and 13-21%, respectively. Contrarily, acetamiprid reduced up to
35% urease activity in soil at 43 days after crop sowing [63]. Similar observations have been
reported in case of phosphatase activity in soil [27,56,99,113]. Acid and alkaline phosphatases
are mostly found in microorganisms and animals [114,115].

Urease activity was unchanged by glyphosate, paraquat, trifluralin and atrazine at 5.4,
2.2, 3.4 and 2.2 kg ha'!, respectively in a sandy loam soil during the 8-week experiment
[116]. Similarly, 0.5 and 5 ug g'! levels of pyrethroids, permethrin (FMC 33297), FMC 45498,
Shell WL41706, Shell WL43467 and Shell WL43775 were found to have no effect on urease
activity in a sandy loam soil [71]. No effect was observed on urease activity with four herbicides
including glyphosate and one insecticide malathion at 11.5 and 14.8 mg kg, respectively
[117]. The addition of the phosphorothioates (organophosphorus), fenitrothion, malathion and
phorate at elevated doses between 50 and 1000 mg kg! strongly inhibited the urease activity
by 40-50% especially at the highest doses throughout 60 days in a sandy clay loam sand
and a silt loam soil [118]. Complete metabolism of the parent compound, malathion within
60 days in this study suggested that the inhibition of activity was mediated by one or several
metabolites of malathion rather than by the parent compound. Profenofos at 6.4 and 38.4 ug
g'! accelerated urease activity for 6 weeks after soil treated but inhibited the urease activity
after longer periods [119]. Several pesticides at 5 and 10 mg kg! stimulated the urease activity
but trichloronate at 5 mg kg! reduced the urease activity significantly in a clay loam soil [68].
In a similar study, in an organic soil, urease activity was inhibited by all of these pesticides
at 10 mg kg!. Urease activity was significantly enhanced by monocrotophos, quinalphos,
cypermethrin and fenvalerate all at the concentrations ranging from 1 to 5 kg ha’!, especially
the activity was more pronounced or striking at 2.5 kg ha! but above this level i.e. 7.5 and
10 kg ha'! affected a significant inhibition in four soils under laboratory conditions [120].
Similarly, slightly increased activity occurred in a sandy loam and an organic soil treated with
tefluthrin, DOWCO 429X and DPX 43898 at 10 mg kg! [75]. Glyphosate at 0.3 and 1.5 mM
enhanced the urease activity of soils by 1.1-1.4-fold and soil extracts by 2.59-6.73-fold whereas
no significant effects were detected on the activity of jackbean urease, either free in solution or
absorbed on montmorillonite [121]. Parathion, methidathion and methoate at recommended
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field rates had no effect on urease activity during about 6 weeks [76]. Fenamiphos at 18.6
kg ha! reduced the activity of urease under field conditions, but after 5 months activity was
same as in control while no effect was observed under laboratory conditions [42,122]. Reduced
urease activity was observed with fenamiphos but recovered after one month [123].

Amylase enzyme

Amylase catalyzes the hydrolytic depolymerisation of polysaccharides in soil [124]). Starch-
hydrolysing enzymes are usually extracellular and inducible, but the activity of microorganisms
to form amylolytic enzymes depends on the type of starch [125]. Two amylases a-and 3-amylases
may be concerned in the breakdown of starch and related oligo- and poly-saccharides that
contain D-glucose units [11]. Both enzymes accumulate in soil, with B-amylase activity
prevailing. Amylase enzyme assay is based on the hydrolysis of soluble starch and subsequent
analysis of the reducing sugar [126]. Amylase was not affected by tefluthrin, DOWCO 429X
and DPX 43898 at 10 mg kg' in a sandy loam soil, but the activity was enhanced by the
pesticides when applied to an organic soil [75]. Similarly, fenamiphos at 18.6 kg ha! [122] had
no adverse effects on amylase activity.

Amylase activity was more pronounced by two organophosphorus insecticides,
monocrotophos and quinalphos and two pyrethroids, cypermethrin and fenvalerate all at the
concentrations ranging from 1 to 2.5 kg ha!, but these insecticides at higher concentrations
of 5 and 10 kg ha! were toxic to amylase activity in groundnut soils [127]. Tu [128] reported
that malathion and permethrin at a high level after 3 days were stimulatory in the formation
of glucose from added starch. Stimulation in the activity of amylase was observed with
chlorfenvinphos, chlorpyrifos, diazinon, ethion, ethoprophos, fensulfothion, fonofos, leptophos,
malathion, parathion, phorate, thionazin, triazophos, trichloronate, terbufos, permethrin and
glyphosate all at 5 and 10 mg kg! with maximum stimulation by chlorpyrifos and phorate
[126].

Amylase activity showed a variable pattern in response to different insecticide concentration
after 10 days of incubation. The activity of amylase increased at lower dosage and decreased
at higher concentration of pesticides in comparison to controls in black and red clay soils.
The maximum activity was observed at 2.5 kg ha'! (stimulatory) for flubendiamide, spinosad.
Amylase activity showed an individual increment of 35-61, 29-58, 0-45, 8-50 %, in black
clay soil and 61-133, 31-100, 39-50, 15-85 %, in comparison to control at 24 and for 72
hours received 2.5 and 5.0 kg ha'! respectively in red clay soil. With the increase in incubation
periods, the stimulated enzyme activities were also increased up to 20-days further increase in
the incubation decrease in the enzyme activity was noticed [129]. These results were in contrast
with the several researcher works [68,69,126,128,130,131], triazophos, a phosphorothioate
triazole is stimulated for amylase at 5 and 10 mg/kg incubated for 3 days in an organic soil.
As per the observation made by the Prasad and Mathur [132] the amylase activity increased
during germination in both control, and Cuman treated seeds at 0.25, 0.5, 0.75 and 1%
respectively. Interaction effects on soil enzyme activities, including amylase activity received
least attention. There were only isolated reports on interaction effects between two chemical
compounds in axenic culture studies with algae, cyanobacteria and fungi [133-135]. Kennedy
and Arathan ([136] reported that application of carbofuran at 1 and 1.5 kg ha! significantly
reduced the activity of soil enzymes, viz., alpha -amylase, beta -glucosidase, cellulase,
urease and phosphatase up to 30 days after carbofuran application. However, application of
carbofuran at the recommended level (0.5 kg ha!) had no significant effect upon the activity of
soil enzymes, which are biologically significant as they play an important role not only in the
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soil chemical and biological properties but also affect the nutrient availability to plants. The
activity of amylase enhanced significantly at first and then decreased with increase in period
of incubation [120,137].

Invertase enzyme

Invertase catalyse the hydrolysis of sucrose to D-glucose and D-fructose, and is widely
distributed in microorganisms, animals and plants [138]. Awfully little information is available
regarding interaction of pesticides on soil invertase activity. Tu [126] postulated that application
of ethion, phorate and trichloronate at 5 and 10 mg/kg stimulated invertase activity for 3
days in an organic soil. Similar evidence was noted in sandy clay soils [128]. According to
Srimathi and Karanth [139], hexachlorocyclohexane and its isomers had a steady increase
on soil enzyme activity after 2 weeks at 10 and 100 ppm. Rate of invertase activity followed
same trend of increase to that of amylase activity in two agriculture soils as reported by
Rangaswamy and Venkateswarlu [120] which was further observed by Gianfreda, et al. [121]
with carbaryl at 1 mM in soils. Conversely Endo et al. [140] reported that enzyme activity
was not affected on treatment with cartap HCI at higher concentrations of 10, 100 and 1000
ppm in soils. Similar reports were obtained by Ross et al. [42] and Ross and Speir [122],
at 18.6 kg/ha of fenamiphos. The non-toxic nature was further revealed by Tu [75] in soil
samples receiving experimental insecticides like 2,4-D, dieldrin, permethrin, carbofuran and
chlorfenvinfos. Singh et al. [141] observed similar result with fenamiphos and chlorpyrifos on
invertase activity.

On the contrary, Palaniappan and Balasubramanian [142] observed inhibition at 2, 5 and
10 ppm of carbofuran on invertase activity in lab conditions. Suppressed activity of invertase
for 1 day was noticed by Tu [143] which disappeared after 2 days in sandy loam soil with
captan and chlorothalonil. Similarly, El-Hamady and Sheloa [144] found that the insecticidal
activity of imidacloprid significantly reduced invertase activity in Egyptian soil. On the other
hand, Tu [123] stated initial inhibiton followed by recovery with imidacloprid in sandy soil.

Invertase activity was depressed in flubendiamide and spinosad treated soils throughout
the experiment when compared to the controls in soils incubated for 10 days. The maximum
enzyme activity was observed at 2.5 kg ha! (stimulatory) for flubendiamide and spinosad. The
individual increments of invertase activity ranged from a low increase 2-69, 1-74% and 0-80,
87-100% for black clay soil and for red clay soil, 43-81, 27-40% and 38-43, 65-125% received
2.5 kg ha'! respectively in comparison to control at 24 and 48 hours. The results reveal that
invertase enzyme is quite sensitive to flubendiamide and spinosad. Although enzyme activities
of samples were lower than the control, significant differences were found among the enzyme
activities between treated and untreated soil samples. With the increase in incubation periods,
the enzyme activities were also increased up to 20-day, further increase in the incubation
decrease in the enzyme activity was noticed [129]. These results appeared to be consistent
with previous reports, in which it is demonstrated that pesticides stimulated invertase activity
of soils [130,145].

Cellulase enzyme

Cellulase is an important enzyme in the carbon cycle, it acts on the cellulosic material present
in soil ecosystem [146]. They acts on the B-1,4-glucan bonds in cellulose, the most abundant
carbonaceous polymer in the Nature and, thus, is involved in one of the major processes
of the natural carbon cycle [147]. Assays of activity have been based on the decomposition
of cellophane disks, cellulose powder, and the hydrolysis of carboxymethyl cellulose [148].
The products of cellulose degradation are glucose, cellobiose, and higher molecular weight
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oligosaccharides [147]. However, the rate of cellulose degradation in natural organic litter is
not exclusively related to extra-and intracellular cellulase activity, but is also related to activity
of other hydrolytic as well as oxidative enzymes [149,150].

When formulations of the nematicide fenamiphos at the concentration of 18.6 kg ha! was
applied to a fine silty montmorillonite soil (6.5% organic matter, pH 6.1) under graneclover
pasture in the field, the cellulase activity increased upto 50%, particularly after treatment
with fenamiphos [42]. In a similar experiment under laboratory conditions [122], pesticide,
fenamiphos at the recommended field rates was innocuous but at higher application rates
37 and 930 mg kg! had deleterious effect on cellulase activity with 24 and 48% inhibition,
respectively, even 62 days after treatment. Furthermore, the observed effects were less
masked in the field than under laboratory conditions [122]. The production of cellulase from
Trichoderma harzianum was drastically reduced by the incorporation of 3 insecticides including
phorate at 5, 10, 50, 100 and 500 ppm. In this study, phorate was more inhibitory [151]. No
effect of methamidophos was observed on cellulase activity in clay soil whereas 25% and 38%
reduction in cellulase activity was observed in clay loam and loam sand, respectively, after
6 weeks. It is usually stated that high enzymatic activities are associated with high organic
matter contents but different results have been reported by Gianfreda et al. [152].

Cellulase activity was significantly increased at the level of 0.1 to 2.5 kg ha' whereas
the activity was decreased at higher concentrations (5.0-10.0 kg ha™) of pesticides in black
and red soils. The enzyme activity was significantly enhanced at 2.5 kg ha in both soils for
flubendiamide and spinosad and showed individual increments of cellulase activity ranging
from a low increase 15-29, 11-19 and 2-18, 12-36% in comparison to control. The stimulatory
concentration (2.5 kg ha!) induces the highest cellulase activity after 20, 30 and 40-day of
incubation in black clay soils with flubendiamide and spinosad when compared to control,
whereas in red clay soil a similar trend was followed by flubendiamide, which induces the
highest cellulase activity after 20, 30 and 40 days of incubation but spinosad showed a
variable pattern at 30 and 40-day, cellulase enzyme activity remained same with control [129].
The relatively low activity of cellulase might result from the toxic effect of lubendiamide and
spinosad on soil microorganisms, which in turn produces cellulase. The inhibition of cellulase
activity by flubendiamide and spinosad could be attributed to the properties of flubendiamide
and spinosad. Similal reports were shown by Mohiddin et al. [131] with imidacloprid and
acephate. Identical observations were made by Katayama and Kuwatsuka [153], Madhuri
and Rangaswamy [113] on cellulase activity. Analogous report was obtained by Ismail et al.
[154,155] on application of metolachor to Malaysian soil. Gigliotti et al. [156] also reported
that bensulfurn methyl at 16 and 160 nug/g inhibited cellulase activity in soil samples. In a
diverse study made by Gherbawy and Abdelzaher [157], indicate that alteration in the activity
of cellulase by metalaxyl was marked in pure fungal cultures. Similarly, Arinz and Yubedee
[158], show that kelthane and fenvalerate caused inhibition cellulase activity.

Arylsulfatase enzyme

Arylsulfatases are usually widespread in soils [159,160]. They are responsible for the
hydrolysis of sulfate esters in the soil [9] and are secreted by bacteria into the exterior
environment as a response to sulfur limitation [161]. The same ephemeral effect on arylsulfatase
was observed with the fungicide metalaxyl [65]. The effects of pesticides on arylsulfatase activity
in soil are meagrely documented from the year 2000. Generally, the pesticides do not seem to
affect the activity of this enzyme [25,162,163]. The endosulfan (insecticide) applied at elevated
level (100 ppm) significantly increased arylsulfatase activity. This increase in arylsulfatase
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activity was temporary and declined with the depletion of applied endosulfan. The short-term
effect of endosulfan may be due to its degradation or its gradual adsorption by the soil colloid,
making it unavailable for microbes [164].

Fluorescein diacetate hydrolase enzyme

The fluorescein di-acetate hydrolase activity usually represents soil enzymatic activities
and combined biological effects. Fluorescein di-acetate is a substrate hydrolysed by various
types of enzymes, such as protease, lipase and esterase and its hydrolysis was observed among
a wide range of primary decomposers, bacteria and fungi [165]. There is no clear indication
of fluorescein diacetate hydrolase to pesticides input, but it seems to be more influenced by
insecticides [166,167] than herbicides [10]. Fluorescein diacetate hydrolase activity enhanced
by the supply of pesticides of imidazolines (Imazethapyr) and organochlorines (endosulfan)
families [164,168] which have been less studied than other families of pesticides. The
application of organophosphate pesticides (chlorpyrifos and ethion) at different concentrations
had the similar effect on this enzymatic activity [167,169]. Slight and transitory increases
in fluorescein diacetate hydrolase activity were observed at the highest applied pesticide
rates (tenfold field rate). Fluorescein diacetate hydrolase activity in soil is poorly influenced
by herbicides or insecticides applications, except endosulfan applications, which seems to
stimulate this activity [170].

Conclusions

The investigation by several researchers on the effect of various pesticides on soil enzyme
activities clearly indicates that, pesticides show positive or negative or no effect on the activities
of enzymes in soils. Either positive or negative effect of pesticides on soil enzyme activities is
dose dependent; the behaviour of pesticides in soils is influenced by the physicochemical
properties, presence organic matter and total nitrogen content. The increase or decrease in soil
enzyme activities is also dependent on the period of incubation with pesticides in soils. Few
studies proved that pesticides used in agriculture at filed application rates (at 2.5 or 5.0 kg
ha’!), typically improves the soil enzymatic activities, which are important in nutrient cycling
and soil fertility. Application of mixtures of pesticides became a common trend in modern
agriculture in order to eradicate multiple pests. Very few reports are available on the effect
of agrochemical combinations on biological activities in soils. Hence, understanding on the
effects of combinations of pesticides on soil enzyme activities could be useful for elucidating
the risk assessment of pesticides in soils.
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Abstract

Contamination of soils is a particularly serious problem because of the impact that it has
on soil functioning, and on the whole ecosystem. Although some contamination is due to
natural processes (e.g. volcanic eruptions and weathering of the soil parent material), most is
generated by daily human activity, such as industrial processes, transportation, construction,
uncontrolled discharges, waste generation and agriculture. Agricultural soils, which are
continually exploited to produce food and fodder, are particularly sensitive to contamination as
agricultural practices affect many basic soil properties. The filtering and degradative functions
of agricultural soils are intensely, often irreversibly, modified. Agricultural soils generally
display poor resilience, i.e. they are incapable of recovering from any type of aggression, and
any type of contamination that they suffer is likely to lead to their complete degradation.

As the effects of pesticides and fertilizers on soil enzyme activity are considered in previous
chapters, the aim of this chapter is to reflect the modifications in commonly used contamination
indicators (soil enzymes) in response to the other contaminants most frequently encountered
in the agricultural sector (heavy metals, petroleum derived products and persistent organic
pollutants).

Keywords

Agricultural soils; Chlorophenols; Heavy metals; Persistent organic pollutants (POPs);
Petroleum; Polycyclic aromatic hydrocarbons (PAHs); Soil contamination; Soil enzymes

General Introduction

Contamination of soils is a particularly serious problem because of the impact that it has
on the whole ecosystem, as well as on soil functioning [1]. Although some contamination is
due to natural processes (e.g. volcanic eruptions and weathering of the soil parent material),
most of it is generated by daily human activity, such as industrial processes, transportation,
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construction, uncontrolled discharges, waste generation and agriculture [2].

Of the anthropogenic activities that cause contamination, industrial and agricultural pro-
cesses are particularly important sources of potentially toxic compounds. Contamination via
agricultural activity occurs as a result of the ever more frequent use of fertilizers, pesticides
and other compounds. These types of substances may persist in the soil for years as they are
often highly resistant to natural degradation and their toxic effects may therefore be prolonged
[3]. Industrial processes release immeasurable amounts of substances, most of which are de-
posited on soils. Moreover, the land on which large factories are installed is directly affected
by any waste or by uncontrolled discharges generated and is therefore likely to be contami-
nated. The transportation of industrial products is also a potential source of contamination
due to accidental discharges. Daily urban life is yet another source of soil contamination via
the generation of municipal solid waste, emission of gases to the atmosphere and production
of sewage sludge [2].

Agricultural soils, which are continually exploited to produce food and fodder, are particu-
larly sensitive to contamination as agricultural practices affect many basic soil properties [4].
Removal of natural vegetation interrupts the natural cycling of elements. Moreover, because
plant remains are not returned to the soil, the organic matter becomes depleted and the soil
characteristics are altered by the consequent acceleration of mineralization processes. During
ploughing, the topsoil is turned and homogenized, thus destroying the soil structure and alter-
ing the flow of air and water within the soil. The filtering and degradative functions of agricul-
tural soils are therefore intensely, often irreversibly, modified [5]. Agricultural soils generally
display poor resilience, i.e. they are incapable of recovering from any type of aggression, and
any type of contamination that they suffer is likely to lead to their complete degradation [6].

Contaminants can be classified in many different ways, on the basis of the source or nature
of the compounds or by the routes whereby they reach the soil [7-9]. There are also many ways
of further classifying the contaminants within these groups. The four types of contaminants
that usually affect agricultural soils are heavy metals (often associated with the addition of
fertilizer to the soil), pesticides, oil-based compounds and persistent organic pesticides (POPs).
The effects of fertilizers and pesticides on soil enzyme activity are considered in previous chap-
ters of this book (chapters 2 and 5 respectively). In this chapter, we will consider the effects
of heavy metals, oil derivatives and POPs on soil enzymatic activity. The aim of this chapter is
to consider the modifications in commonly used contamination indicators in response to the
contaminants most frequently encountered in the agricultural sector.

Contamination by Heavy Metals

General concepts and sources of heavy metals in agricultural soils

Heavy metals are sometimes defined, on the basis of the density of the elemental form of the
metal, as those chemical elements of density greater than 6 g cm™ [10]. The most important of
these elements from an environmental viewpoint are Cd (density 8.65 g cm™®), Co (8.90 g cm
%), Hg (13.6 g cm™), Ni (8.90 g cm™®), Zn (7.10 g cm™), Pb and Cu (both 11.30 g cm™). Despite
their lower densities, As (5.72 g cm™) and Se (4.79 g cm™) are also considered as heavy metals.

Some of these elements, such as Co, Cu, Mn and Zn, are essential for living organisms,
while others (Cd, Pb, Hg and As) are not essential and can be highly toxic. Essential elements
are required at very low concentrations and are therefore also known as trace elements or
microelements. Non-essential elements, which can be toxic to both plants (phytotoxic) and
animals, are generally denominated toxic elements [10]. Some of these elements, such as Co,
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Cu, Mn and Zn, are essential for living organisms, while others (Cd, Pb, Hg and As) are not
essential and can be highly toxic.

The two main sources of heavy metals in agricultural and other types of soils are natural
processes and anthropogenic sources. The latter source is the main cause of pollution as
inputs via this route are approximately 100 times higher than inputs generated by natural
contamination [2].

In natural contamination processes, heavy metals accumulate in agricultural soils as a
result of weathering of rocks and their constituent minerals. In general, this source of input is
more important in soils derived from igneous or metamorphic rocks than in those derived from
sedimentary rocks. Thus, soils derived from basic and ultrabasic rocks (e.g. serpentinites)
accumulate metals such as Mn, Co, Ni Cu and Zn, and soils derived from parent materials
containing sulphides can accumulate Pb (galena, PbS) and Hg (cinnabar, HgS).

Heavy metals usually reach agricultural soils as a result of different human activities,
either via the use of common agricultural practices (fertilization) or via atmospheric deposition.

Agricultural practices such as the application of organic fertilizers, inorganic fertilizers,
lime, pesticides and even irrigation waters, lead to the addition of trace metals to soil, often
at concentrations that cause toxicity [2]. Thus, heavy metals such as As, Cu, Mn and Zn
may be added to soil via organic fertilizers, whereas As, Cd, Mn, V and Zn may be added via
inorganic fertilizers, and As and Pb via lime. The main elements added via pesticides would be
Cu, Mn, Zn, As and Pb, and those added via irrigation water, Cd, Pb and Se. These types of
amendments are usually carried out periodically, and the input of heavy metals can therefore
be considerable, even when the agents applied do not contain large amounts of metals.
Compost derived from urban waste is a major source of heavy metals, particularly Zn, Cd and
Pb, and also Cr, Cu and Hg [2]. Pig slurry can be an important source of Cu, as this element
is included in the pig diet to accelerate the growth of pig livestock. The presence of metals in
these fertilizers has led to the appearance of regulations concerning the maximum amounts
of metals that can be added to soil to minimize toxic effects and the risk of the transfer of
such metals from the soil to other parts of the ecosystem via water. Unfortunately, the laws
establishing the maximum amounts of metals that a soil can receive before being considered
as contaminated differ between countries and are often not based on the same parameters.

Inorganic phosphate fertilizers are an important source of Cd and other heavy metals such
as Cr and Pb. These metals occur naturally in phosphate fertilizers, as they are present in
phosphate rock. However, application of this type of fertilizer to agricultural soils that are used
intensively during several consecutive years has generated high levels of Cd (potentially toxic)
in the soil [11]. However, the addition of Cd to soils via fertilizer is not generally considered
problematical as this element is usually present in phosphate rock as the trivalent cation
(Cr3+), which is considered non-toxic [12,13].

Atmospheric deposition of metals to agricultural soils generally occurs in particulate form,
via dry, wet or occult deposition (fog and mist). Transportation of metals via the atmosphere
may involve long distances, and the source may be far from the soil where the metals are
finally deposited. However, atmospheric deposition is usually more important in soils close
to industrial sites, high temperature ovens, open cast mines and roads with heavy traffic.
Although all of the previously mentioned sources are of human origin, metals can also enter
the atmosphere via natural sources, including volcanic activity, which is an important source
of Hg, Pb and Ni. Agricultural soils close to areas where volcanic activity prevails will obviously
be particularly affected by this type of emission.
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Heavy metals and soil enzymes

The effects of heavy metals on soil enzymes have been investigated in numerous studies,
particularly in the past 25 years. However, as the effects are conditioned by methodological
factors, which vary widely between studies, it is difficult to reach any general conclusions. The
methods used in such studies have not been standardized and they generally vary in terms of
the location (laboratory or field), the nature of contamination (artificial or real), the amount of
metal that reaches the soil (sometimes indeterminate, particularly when involving waste dis-
charge), the interval between the contamination event and analysis of the soil, the metal caus-
ing the contamination (often complicated by the simultaneous involvement of several metals),
and the enzyme(s) considered.

More than 30% of recently published studies refer to real situations of contamination in
the field, produced by accidental discharges (Figure 1). This indicates the great variety of in-
formation available as it implies an almost total lack of information about the amounts and
types of metals that reach the soil, and sometimes the timing of the contamination event is
not even known. Although field data are generally considered to reflect real situations better
than laboratory-derived data [14], only some 10% of published studies have been carried out
in experimental plots in which all parameters (both environmental and contamination-related,
i.e. metal, dose, timing) are known (Figure 1). By contrast, more than 50% of the publications
report studies carried out in controlled laboratory conditions (Figure 1). Although all of the
factors that affect the contamination are controlled, these studies do not, however, reflect the
real changes that will take place under natural conditions [14].

STUDY CONDITIONS

Laboratory
Conditions
52%

Non-Experimental Field
36%

Field Conditions
0y

8%

Experimental Field
12%

Figure 1: Percentage distribution of the different types of studies concerning heavy metal contamination
of soils and published in the last decades.

One of the main differences between studies carried out under controlled conditions (either
in the laboratory or in an experimental plot) and under field conditions is the length of time
between the addition of metal to the soil and the analysis of the biochemical properties used as
contamination indicators. Under controlled conditions, the effects of metal are usually studied
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at the initial moment of contamination and also after some days [15-17] or even weeks [18].
Different periods of exposure (contact time between metal and soil) are often used to deter-
mine the temporal changes in enzymatic activity, as done by [15] and [17], who carried out 3
measurements in an incubation period of 28 days. In exceptional cases, the study period may
span several years, although this is not common in laboratory experiments as the properties
of the control soil would be greatly affected by the incubation, thus complicating interpretation
of any effects observed in the contaminated soils. By contrast, in many studies carried out
under field conditions, the kinetics of the reactions are not considered (although with some
exceptions, [19]), and the information is limited to a single observation time that varies greatly
between studies, between 2 days [20] and 33 years [21,22].

Most studies published in the last decades have focused on the effects of only 4 metals, two
of which are toxic (Cd and Pb) and two of which are essential elements or micronutrients (Cu
and Zn), as these metals are often found as soil contaminants. Other metals such as Cr and
Ni have been studied on some occasions, whereas studies involving V, As, Co, Hg, Ag, Mn and
Se are relatively scarce (Figure 2). The studies also vary widely in regard to the enzyme(s) used
as indicators of the effects of the metals (Figure 3). Phosphatase (both acid and alkaline) is the
enzyme most commonly considered in these studies (25 % of studies), followed by dehydroge-
nase (19%). Urease and arylsulphatase activities have been measured in 15% of the studies,
while the activities of R-glucosidase, proteases, cellulases, invertases, lipases and xilanases
are rarely measured. In other words, most authors seem to consider that the metal toxicity
basically affects the P cycle (of which phosphatase is the key enzyme) and microbial activity,
which would be represented by dehydrogenase activity as this oxidoreductase enzyme is only
present in active microorganisms.

HEAVY METALS

Se
1%

Fe
| 1%

/ Mn
A%

cd
18%

Figure 2: Relative importance of the metals investigated in studies concerning heavy metal contamination
of soils and published in the last decades.
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SOIL ENZYMES
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Figure 3: Percentage distribution of different enzymes analyzed in studies evaluating the effect of heavy metal

contamination of soils and published in the last decades.

This type of study is also complicated by the dose of metal used. Different doses of metals
are used in all studies (in some cases the differences are of one or two orders of magnitude),
and very few researchers express their results on the basis of toxicological parameters, such as
e.g. ED,,, which would enable immediate comparison of the data. The ED, has been defined
as the concentration of the compound that causes the value of a particular soil property to
decrease by half of the value observed in control (uncontaminated) soil [23,24]. The fact that
different units are used to express the dose of metal also hinders comparison of the results
of different studies. Moreover, in some studies the metal is only added on a single occasion,
whereas in others the metal is added at several different times. Likewise, although many au-
thors only use a single metal, others add various metals (as mixtures or individually), some-
times each at different concentrations.

Despite the above-mentioned difficulties, some general findings can be highlighted. For
example, oxidoreductase-type enzymes, such as dehydrogenase, are more sensitive to metals
than hydrolytic enzymes [25,26]; this may be because dehydrogenase is an intracellular enzyme
and is thus only found in active cells, and death of the microorganisms will cause an immedi-
ate decrease in the concentrations of the enzyme. The lower sensitivity of hydrolytic enzymes
may be explained by the fact that a fraction of the total enzyme content is usually stabilized on
soil colloids and is thus protected from the action of the metal [25]. However, dehydrogenase is
not always more sensitive than hydrolytic enzymes, particularly in Cu-contaminated soils, as
the presence of this metal affects measurement of the dehydrogenase activity, thus producing
erroneous data [27]. With respect to hydrolytic enzymes, although urease is usually strongly
affected by the presence of metals [15,19,28,29], the effects on phosphatase and f3-glucosidase
are more variable [17,29], and they are often either only slightly affected [22,30-32] or not af-
fected at all [10,33-35]. Nonetheless, the information published so far suggests that general
conclusions cannot be reached about the behaviour of the enzymes, as the results reported by
different authors are somewhat inconsistent. Enzymes do not always behave in the same way
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in response to different metals. Phosphatase has been found to be sensitive to Pb [36], but not
to a mixture of metals [35,37]. Moreover, different enzymes are sometimes affected in different
ways by the same metal, even in the same experimental study. Thus, Moreno et al. [38,39]
report that in soils contaminated with increasing doses of Cd, dehydrogenase is negatively
and directly affected by Cd, whereas protease-BAA and f5-glucosidase are not affected and the
activity of urease increases only very slightly, at least 7 days after the contamination event.
Likewise, Bellas et al. [29] found that urease and phosphomonoesterase were highly sensitive
to contamination with increasing doses of Zn, while f5-glucosidase was less sensitive, as its
activity was only modified by very high doses of Zn.

The concentrations at which a particular metal is toxic and may affect edaphic enzymes
also vary depending on the metal, although some authors consider that any metal can be toxic
if present at high enough concentrations [31,40]. The metals usually considered to be most
toxic to the edaphic microbiota are Cu (+3), Cr (+5) and Ni (+5), and those considered the least
toxic are Zn (+2), Cd (+1) and Pb (+4), although the concentrations at which these metals are
reported to be toxic vary greatly, possibly because of the different methods used in different
studies. Metal concentrations higher than those established as the legal limits often do not
affect the enzymatic activity, suggesting the existence of toxicity buffering mechanisms in soil
[41]. The toxicity of Pb and particularly Cd (which is considered the most hazardous in terms
of environmental effects) differs in soil and in ecosystems. These differences may be associated
with the high mobility of this element, which can easily be transferred to plants and animals
[39,42].

The effects of the metal on an enzyme, and therefore the concentrations at which the metal
is toxic, vary depending on the time that has elapsed since the contamination event. This will
be reflected by decreased toxicity of the metal, as a result of the interaction between the metal
and the soil components, and by the presence in the soil of microorganisms that are resistant
to the metal [43,44], as is clearly reflected in some kinetic-type studies reported in the liter-
ature. Thus, Moreno et al. [15] indicated that in soils contaminated with Cd, the ED_, value
for dehydrogenase increased by between 2.1 and 4.2 times (depending on the soil character-
istics) from 3 hours after the initial contamination up to 25 days later. Other authors, when
investigating different metals and at different concentrations and contact time, also observed
increases of ED_ [18,45]. However, the time of contact between the soil and contaminant does
not always affect the enzymatic activity in the same way. Thus, several authors have observed
that in some cases as the time of contact increases, the negative effect of the metal on the en-
zyme becomes more acute, and the ED, value decreases [17,18,36,45].

Enzyme activities are often studied after the addition of several metals to soil, as occurs in
accidental discharges or when organic fertilizers (e.g. sewage sludge) are applied to land. The
most common combinations of metals considered are Cd and Zn [32,46] and these metals plus
Cu [17] or plus Cu and Pb [21,30]. A synergistic effect between the metals is usually observed
[46]. However, studies carried out under controlled conditions are usually very different from
each other and numerous factors can be considered. It is therefore not possible to reach gen-
eral conclusions about whether the decrease in enzyme activity in the presence of different
metals is due to additive effects or whether the toxic effects of some metals are enhanced by
the presence of other metals. This obviously also applies to studies in which the conditions
are not controlled, in which it is almost impossible to separate the individual effects of each
metal. However, in soils that are heavily contaminated with mixtures of heavy metals, the neg-
ative effects on enzyme activity are usually evident and related to the concentrations of metals
present [21,22,32]; in some cases, the activity of enzymes such as urease, phosphatase and
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dehydrogenase is almost totally inhibited [21].

The great diversity of results regarding the effect of metals of soil enzyme activity can be
at least partly explained by considering the mechanisms involving the metals in the soil and
those involving the enzymes in the presence of metals. As already mentioned the effects of met-
als on enzyme activity are known to be the result of the effects on the edaphic microbiota and
on stabilized enzymes. The toxic effects of metals on soil microorganisms are mainly attributed
to the denaturation of proteins or destruction of the integrity of microbial cells [47], which kills
the microbiota. Some microbial process may also be negatively affected by exposure to heavy
metals, although such effects will not necessarily kill the microorganisms [48]. The metal must
enter the microbial cells to exert any effect, and it must therefore be present in the ionic form.
Metals affect extracellular enzymes directly via modification of the interaction between the
enzyme and its substrate, denaturation of the enzyme, and interaction with the active groups
on the enzyme [48,49]. Indirect effects on the synthesis of enzymes by microbial cells may
also occur as a result of the changes in microbial communities brought about by the presence
of metals. All of these mechanisms also require the presence of ionic forms of the metals. In
soil, the metals react strongly with colloidal soil components (clay, organic matter, extractable
oxides) to form rather insoluble compounds, thus reducing the presence of the ionic forms of
the metal in the soil solution [2,29]. Many authors believe that only the bioavailable fraction of
metals, rather than the total metal content should be considered when evaluating the effects
on enzymes, [50,51, among others]. The size of this fraction relative to the total content is de-
termined by the physical and chemical characteristics of the soil. Thus, for those metals with
different oxidation numbers, the redox state will determine the predominant ionic form at a
particular soil pH. The soil pH will, in turn, influence the solubilization processes and deter-
mine the concentration of the soluble ionic form of the metal. On the other hand, the organic
matter content, the degree of transformation and the particle size distribution of the inorganic
soil fraction will affect the retention of different exchangeable forms of the metal, as well as the
fractions that are stabilized on organic matter, bound to oxides or precipitated. The solubility
of each of these fractions will also differ. The soil texture will also affect the mobility of metals
in the soil, thus determining whether the metal will remain in the surface horizon or move to
deeper horizons. The importance of the soil properties in determining the effects of metals on
enzymes has been confirmed in numerous studies. The effects are greater in acidic soils than
in alkaline soils, as the metals are more soluble at low pH [14,40].

The influence of the type and amount of soil organic matter has been considered in different
studies as one of the main factors regulating the toxicity of heavy metals, because it is one of
the soil properties that determine the concentration of heavy metals in the soil solution and
therefore its bioavailability [29,38,52]. The soil texture also determines the effect of the met-
al on the soil enzymatic activity, and metals have been found to be most toxic in sandy and
sandy-loam soils [18]. These later authors also reported that the ED, values increase (i.e. the
toxicity of the metal decreases) as the organic matter content and CEC increase. Despite this
basic effect of the soil properties on the metal toxicity, analytical data on the soils used in the
experiments are often not provided, which hinders interpretation of the data reported.

The different soil pools in which the metals are retained will be continuously modified by
the soil dynamics during the time of contact, and the solubility of the metals tends to decrease
over time. These changes may explain the increases in ED, that occur as the time of contact
between the soil and metal increases. However, the changes depend on the soil properties and
do not always occur in the same direction, particularly if there are any alterations in the soil
physicochemical conditions. This type of amendment often occurs in agricultural soils as a
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result of management practices such as liming, fertilization and the mixing of soil horizons by
ploughing. The application of organic fertilizers that are rich in metals, such as pig manure
and sewage sludge, is particularly problematical as mineralization of the organic matter in-
creases the bioavailability of metals in soil [38].

Contamination by Petroleum Products

General concepts and sources of petroleum products in agricultural soils

Ever since coal, crude oil (petroleum) and natural gas were first extracted, the production,
storage, refinement and transportation of these fossil fuels have led soils being contaminated
with hydrocarbons [53]. Petroleum products include combustible derivatives (petrol, diesel,
fuel oil, asphalt, etc.) as well as petrochemical derivatives (waxes, oils, benzene, etc.) and nat-
ural gas. These derivatives occur in solid or semisolid states and also in liquid and gaseous
forms. Many of them contain a wide variety of compounds, such as polycyclic aromatic hydro-
carbons (PAHs), benzene and derivatives, cycloalkanes, and aliphatic hydrocarbons [54].

Crude oil is usually released to the soil as a result of breakages in pipelines, whereas the
derivatives usually reach ecosystems via discharges produced during transportation and stor-
age, or as a result of accidents involving agricultural machinery [55]. The physical, chemical
and biological effects of these discharges on soils are diverse as oil-based compounds differ
greatly with respect to their physical state, composition and contents of toxic products. These
discharges are known to affect the health of plants, animals and humans, as well as soil qual-
ity and productivity.

Petroleum products and soil enzymes

Interest in the effects of hydrocarbons on soil enzyme activity first arose in the 1960s [56],
after which there was surge in the number of studies focused on the alterations to soil func-
tioning brought about by crude oil. Of the studies reviewed, some 73% of those published in
the last decades (Figure 4a) analyzed the changes in soil enzyme activity caused by the pres-
ence of crude oil, whereas only 19% involved more refined products such as diesel (Figure 4a).
Studies concerning the impact of lighter products such as petrol, kerosene and motor oil are
much less common (< 5%).

Almost half of the studies reviewed (43%) were carried out under controlled laboratory
conditions e.g. [57,58] (Figure 4b). However, many researchers [59-64] have evaluated the
effects of accidental discharges (mainly caused by leaks from damaged or broken pipelines) of
hydrocarbons, and especially of crude oil, in the field (39%, Figure 4b) [62-64|. However, stud-
ies carried out in experimental plots and in which all parameters related to the contamination
event (dose, time of contact, etc.) are considered are much less common, and only 18% of the
studies reviewed (Figure 4b) were carried out under field conditions in the strictest sense, and
in all of these the contaminant was crude oil e.g. [65-67].

A wide variety of enzymes are used to evaluate the extent of soil degradation caused by the
presence of hydrocarbons. As shown in Figure 4c, most studies carried out in the past few
decades have focused on the effect of hydrocarbons on dehydrogenase activity (22%), followed
by urease (16%) and phosphatase (13%) activity [68-71]. The activity of enzymes such as cata-
lase, invertase and protease has been measured in approximately 10% of studies, to evaluate
the degree of soil contamination caused by different types of hydrocarbons, and the activity
of R-glucosidase, cellulase and peroxidase has been considered in less than 5% of studies
[62,72,73].
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There is a lack of consistency in the behaviour of the different enzymes, and even in that
of the same enzyme, in response to contamination with hydrocarbons. Thus, dehydrogenase
activity can decrease, increase or be unaffected by the presence of hydrocarbons, depending
on the soil characteristics [60,61] or the type of hydrocarbon involved [63,74]. Likewise, the
dose of contaminant [59,75,76] and the time of contact between the contaminant and the soil
[64,70,77] also affect the activity of enzymes such as dehydrogenase, urease, phosphatase and
catalase. In most of the studies reviewed, the dehydrogenase activity in soils contaminated
with the lowest doses of diesel tended to decrease, whereas the activity tended to increase at
the highest doses (Table 1). However, for contamination by crude oil, the percentage of soils in
which the dehydrogenase activity decreased and increased was almost the same, for all doses
used (Table 1). The inhibitory effect of the presence of hydrocarbons on the intracellular en-
zyme activity is usually related to the death of microbial populations that are sensitive to these
contaminants [70,78]. However, stimulation of enzyme activity indicates that, after a certain
amount of time, some adaptation takes place and microbial populations that are resistant to
the presence of hydrocarbons are able to grow and multiply and, therefore, the number of soil
microorganisms and intracellular activity both increase [79,80]. The decrease in soil enzymatic
activity in response to contamination may be caused by non-polar organic compounds cov-
ering both organic-mineral and cell surfaces, thus hindering the interaction between enzyme
active sites and soluble substrates, with adverse effects on the expression of enzyme activity
[55,81].

CRUDE OIL DIESEL
Low doses High doses Low doses High doses
Dehydrogenase

No effect 13% 4% 0% 33%

Reduction 50% 52% 75% 0%
Estimulation 37% 44% 25% 67%

Urease

No effect 13% 0% 0% 0%

Reduction 47% 50% 50% 50%
Estimulation 40% 50% 50% 50%
Phosphatase

No effect 0% 0% 0% 0%

Reduction 57% 58% 50% 60%
Estimulation 43% 42% 50% 40%

Catalase

No effect 33% 7% - 50%

Reduction 34% 60% - 0%
Estimulation 33% 33% - 50%

Invertase

No effect 10% 12% - -

Reduction 60% 47% --- -—-
Estimulation 30% 11% - -

Table 1: Percentage of studies involving the enzyme activity measured in response to the presence of low and high doses of crude
oil and diesel.

The proportion of studies in which the presence of hydrocarbons inhibited the activity of
hydrolytic-type enzymes is almost the same as that in which the activity (especially of urease
and phosphatase) was stimulated (Table 2). Hydrocarbon-derived inhibition of the activity of
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enzymes associated with N, P, S and C cycling [82-86] has been related to the interaction be-
tween the active centre of the enzyme and the petroleum product involved [70,79]. On the oth-
er hand, in soils contaminated with hydrocarbons the resistance or stimulation is attributed
to the stabilized fraction of the enzyme, which is protected from the action of the contaminant
[79]. Stimulation of the activity of hydrolytic-type enzymes has also been related to the ability
of certain microbial populations to degrade peptide and phosphate compounds in contaminat-
ed soils [58], which indicates that the fraction that depends on the edaphic microbiota will be
responsible for the recovery. Another argument used to explain the increase in the hydrolytic
activity of certain enzymes in soils contaminated with petroleum products is the presence of
certain compounds in the hydrocarbons that could be used as enzyme substrates [79].

PAH’s Chlorophenols
Dehydrogenase

No effect 8% 17%

Reduction 62% 83%
Estimulation 30% 0%

Urease

No effect 10% 0%

Reduction 70% 100%
Estimulation 20% 0%

Phosphatase

No effect 20% 29%

Reduction 40% 43%
Estimulation 40% 28%

Table 2: Proportion of studies involving the enzyme activity measured in response to the presence of PAHs or chlorophenols.

When crude oil or oil-based products are released to the environment they are subjected to
a series of processes such as evaporation, dissolution, dispersion, emulsification, adsorption,
microbial degradation and photooxidation [87]. Thus, in kinetic studies concerning the chang-
es in functioning of hydrocarbon-contaminated soils, it was found that although the enzyme
activity (dehydrogenase phosphatase and urease) decreased immediately after the contamina-
tion event, the toxic effect diminished and in some cases the activity reached similar values to
those measured in uncontaminated soils [64,70]. This suggests that the contaminants under-
go some type of transformation that reduces the degree of toxicity to soil.

As already mentioned and indicated in Table 1, the presence of petroleum derivatives has
highly variable effects on the soil. The different effects of hydrocarbons on soil enzyme activity
will depend on the site characteristics, as well as on the composition of the organic compound
and the dose of the product reaching the soil [S5]. The site characteristics include climatic
aspects, such as vegetation and, in particular, the soil characteristics. Climate affects the bi-
ological activity of the soil [88,89], and plants excrete compounds that may interact with the
contaminants (e.g. the root exudates of different legumes) [77].

The influence of the soil is expressed by means of the physical properties, which are deter-
mined by the size of the organic fraction and the inorganic particle size distribution, amongst
others [70,81]. Petroleum derivatives may decrease the exchange of oxygen between the soil
and the atmosphere, thus decreasing the availability of oxygen for microbiota [90]. A lower
content of oxygen in the soil atmosphere would lead to alteration of the redox state [85], yield-
ing more reduced conditions. The immediate effect of these changes would be a decrease in
aerobic populations, particularly nitrifying microorganisms [85,90-92]. Pefia et al. [85] sug-
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gested that at high doses of contaminant, the organic compounds may block soil pores and
also form films around nitrifying bacteria, thus hampering the passage of oxygen to the cells
and the involvement of these bacteria in ammonia nitrification. The possibility that microbiota
become covered by organic compounds has also been suggested by Serrano et al. [70]. Some
authors have reported a large decrease in the presence of cellulose-degrading microorganisms
as a result of the lower availability of oxygen in the soil, with a consequent decrease in cellu-
lase activity [79,92], mainly exocellulase activity [78,93]. Another effect of a lower oxygen con-
tent would be an alteration in microbial communities, leading to changes in the relationships
between diverse groups of microbiota [71,76,78,90,91].

The organic matter content and the particle size distribution of the mineral component
of the soil are also important factors and will determine whether the components of the con-
taminant will be degraded by the soil microbiota or whether they will exert toxic effects on
the microbiota. It is known that small molecular weight (i.e. more soluble) compounds in oil
derivatives can be strongly adsorbed on organic and mineral soil colloids, thus making them
less accessible to microorganisms [54,70,79,86]. Thus, the soils that are richest in organic
matter and clay will be most capable of decreasing the toxic effects of the contaminant by elim-
inating the most toxic compounds from the soil solution [58,79]. Thus, in clayey soils neither
dehydrogenase activity nor respiration is affected by the contamination [94]. However, some
authors consider that the adsorption is not related to the physical composition of the soil [70].
These later authors also suggest that it is difficult to evaluate the real impact of the adsorbed
fraction, as although adsorption of the contaminant decreases its toxicity in the short term, it
also leads to greater persistence of harmful substances in the soil, which will affect the edaphic
microbiota in the long term as these substances are gradually desorbed [79]. Adsorption of
the contaminant on soil colloids will also inhibit the activity of enzymes stabilized on these
colloids [70].

Although the site conditions are important, the effects of petroleum derivatives on the soil
enzyme activity will mainly depend on the composition of the derivatives. This effect is man-
ifested in two ways. On the one hand, the composition will affect the presence of degradable
products, which may stimulate the soil activity. On the other hand, it will affect the amount
of toxic products present, which will obviously decrease or even totally inhibit the activity.
Stimulation of the biological and biochemical activity of the soil has been indicated by authors
such as Aliev and Gadzhiev [72], who described how low doses of contaminants stimulate mi-
crobial growth, thus generating greater enzyme activity and by [95], who suggested that crude
oil is used by the edaphic microbiota at a greater rate than that at which they would degrade
plant remains. Berry and Burton [94] report that concentrations of crude oil lower than 5000
mg kg'! will not have any impact on soil, and Bauer et al. [58] report that the continuous
presence of crude oil will cause an increase in dehydrogenase activity in the soil, related to
stimulation of the microbiota, and in urease, protease-BAA and phosphatase activity. Some
authors have also suggested that degradation of the crude oil components is closely linked to
soil characteristics such as neutral pH and nutrient availability [54,59,79]. Interestingly, not
all authors agree about the timing of the response of soil microbiota to the presence of crude
oil. Mikkonen et al. [77] reported that the stimulation occurs immediately after the contami-
nation event and then decreases gradually over time. By contrast, Labud et al. [79] described
lag-type effects indicative of adaptation by the microbiota, possibly due to the substitution of
microbial populations that are not adapted to crude oil by other resistant types that are also
capable of degrading the oil. Margesin et al. [78] reported that the addition of diesel causes an
increase in all enzyme activities as a result of the development of heterotrophic microorgan-
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isms in contaminated soil.

The greater or lower stimulation of soil biochemical activity as a result of contamination
by hydrocarbons is not only related to the dose of compound that reaches the soil, but also to
the composition of the oil-derived product. Thus, aliphatic compounds tend to be more readily
degraded, and therefore more rapidly degraded, than aromatic compounds [63,96]. Shorter
and straighter aliphatic chains will be more readily degraded those longer, more complex
chains [96]. Compounds between C,  and C , are considered as potentially dangerous when
they reach the soil [97]. Microorganisms are also less able to degrade compounds with a high
boiling point and that are poorly soluble in water, and these compounds will therefore remain
in the soil for longer [96]. The solubility of organic compounds is usually expressed by the K
parameter (coefficient of the distribution of the compound between an organic phase, octanol,
and an aqueous phase): compounds with high K  values are considered to be more persistent,
and indirectly more toxic, than compounds with lower K  values [97].

The toxic effect of discharges of oil derivatives is associated both with the characteristics of
the oil compounds and the presence of minor components that are extraordinarily toxic to the
edaphic microbiota [59,98,99]. These compounds are generally metals and organic compounds
such as PAHs, which are either initially present in the crude oil or are incorporated as addi-
tives during transformation processes [98,100]. Earlier publications indicate the lead added to
increase the octane rating of petrol as the main component responsible for the negative effects
of petrol discharges on soil [82]. However, the addition of lead to petrol is now prohibited, at
least in the EU, and therefore this risk has almost disappeared within the European communi-
ty. Special care must be taken with PAHs, which may be incorporated into petroleum products
during transformation in petrochemical plants. The presence of PAHs will inhibit the activity
of dehydrogenase and most hydrolases. More specifically, the microbial populations involved
in C, N, P and S cycling will be almost totally decimated, i.e. the metabolic capacity of the soil
will be almost totally paralyzed [70]. The presence of organic acids can have a similar effect as
these are also highly toxic to microorganisms [63]. However, some authors suggest that the
presence of certain additives in petrol and diesel may increase the soil biochemical activity,
thus increasing the dehydrogenase activity [98].

Finally, there is no agreement about the effects of the presence of mineral oils in the refined
products. Some researchers suggest that the presence of these oils will lead to development of
lipases in the contaminated soil, which suggests that the mechanism of degradation of these
oils is similar to that of fatty acids [84]. However, others state that the presence of oils in prod-
ucts that reach the soil would have more negative effects on the biochemical activity than the
discharge of diesel products.

Persistent Organic Pollutants (POPS)

General concepts and sources of persistent organic pollutants in agricultural
soils

In addition to the organic compounds used as pesticides (considered in a previous chapter
of this book and therefore not considered here), other persistent organic pollutants (POPs) can
occur in soils (both agricultural and natural soils) in significant amounts; these include phe-
nolic compounds, mainly chlorophenols, and polyaromatic hydrocarbons (PAHs) [101]. Both
of these groups include stable compounds that persist in the environment because of their
structural properties. Many of these compounds are volatile and can circulate widely by a
process known as the “grasshopper effect”. Once released by repeated (seasonal) processes
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of evaporation and deposition, these compounds are transported over long distances via the
atmosphere [101]. Moreover, these compounds are biochemically, chemically and physically
recalcitrant, which enables them to accumulate in live organisms and thus reach humans
through the food chain.

Phenolic compounds are highly toxic and widespread environmental contaminants and are
therefore dangerous for living organisms. Although these compounds occur naturally in soils
and plants, as contaminants they are usually of anthropogenic origin and derived from agri-
cultural or industrial waste [101].

Among the phenolic compounds, chlorophenols (Figure 5) are common contaminants of
soils and water [102]. They are synthetic compounds that are obtained on commercial scale via
the chlorination of phenols or by hydrolysis of chlorobenzenes [103]. They can also be formed
as intermediate products during the bleaching of paper pulp [103]. Chlorophenols can also
reach soils as degradation products of some herbicides and pesticides [103,104].

Chlorophenols are used as fungicides, bacteriocides and insecticides in the preservation of
wood and leather, although they are also used as herbicides and as protective agents or anti-
septics in plant production [103]. Most studies on the effects of these compounds on soil bio-
chemical properties involve pentachlorophenol (PCP) [105-108]. Some studies have also inves-
tigated the effects of some of the tetrachlorophenols [103] and less substituted phenols such
as 2,4-dichlorophenol and/or 2,4,5-trichlorophenol [109-111]. The general use of PCP, the
most highly chlorinated phenolic compound, is possibly due to the capacity of this compound
to decouple oxidative phosphorylation [104], which also makes it highly toxic, persistent and
apparently ubiquitous in the environment [112,113].

OH OH OH
Cl Cl Cl Cl
Cl Cl Cl
Cl Cl C
2,4-dichlorophenol 2,4,5-trichlorophenol pentachlorophenol
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Figure 5: Persistent Organic Pollutants (POPs) most commonly found in the environment and considered
in this review.
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Chlorophenols can reach the environment, particularly the soil, as a result of the use
of chemical products containing these compounds, the uncontrolled discharge of industrial
waste, including the waste generated during the manufacturing of leather, paper and paper
pulp, combustion of municipal, industrial and chemical waste, and also the degradation of
some pesticides used in agriculture [104].

PAHs are a type of POPs that are characterized by containing 2 or more aromatic rings with
shared C atoms [114]. The PAHs most commonly found in the environment are anthracene,
fluoranthene, pyrene, benzoanthracene crysene, benzofluoranthene and naphthalene (Figure
5). These toxic, carcinogenic and hydrophobic compounds tend to bind to soil organic matter,
and thus more than 90% of these compounds that are present in the environment accumulate
in the surface horizon of soils [115]. The high toxicity of these compounds has important con-
sequences for human and environmental health [116]. The physical and chemical characteris-
tics lead to the already-mentioned high biological and chemical persistence of the compounds
and their accumulation in large amounts in the environment where they enter food chains and
potentially affect human health. PAHs are usually therefore considered to be the most danger-
ous soil contaminants [117].

The PAHs found in the environment are derived from both natural and anthropogenic
sources. Natural sources include volcanic eruptions, forest fires and combustion of fossil fuels
[117]. The most common anthropogenic sources are wood combustion, waste incineration,
combustion of petrol and crude oil, pyrolysis of fats and oils, vehicle emissions, industrial
carbon distillation processes and other processes associated with the petrochemical industry
[101,116,118-120], and also biochar production, which has increased greatly in recent years
[121,122]. PAHSs can also reach agricultural soils via the application of sewage sludges [117].

Interactions between POPs and soil enzymes
Chlorophenols and soil enzymes

The most notable finding regarding contamination of soil with chlorophenols is the reduc-
tion, or even disappearance, of dehydrogenase activity (Figure 6). This effect has been observed
by several researchers, even in soils with very different physical and chemical characteristics
[110,111,124]. Dehydrogenase is an oxidoreductase enzyme that only acts intracellularly and
thus reflects the microbial activity [49,135]. The strong reduction in activity therefore reflects
the death of some or all of the soil microorganisms. The mortality is associated with the toxicity
of chlorophenols to the edaphic microbiota [107], which is caused by the presence of the chlo-
rophenolate anion. This anion is generated by the dissociation of chlorophenol and because
of its negative charge and small size, it passes through cell membranes and once inside the
cytoplasm, causes cell death [110,111,136]. The proportion of dissociated forms depends on
the pKa value, and therefore the effect of the compound on the soil will increase as the soil pH
approaches the pKa of chlorophenol dissociation [137]. This explains the greater effect on the
dehydrogenase activity that chlorophenols such as 2,4-DCP and 2,4,5-TCP have on alkaline
soils than on acidic soils [111]. Therefore, soil pH is one of the most important properties that
should be taken into account when determining the effects of chlorophenols.

The intermediate products of the microbial degradation of chlorophenol may also have tox-
ic effects on soil. Chlorophenol can be degraded by both autochthonous soil microorganisms
[107] and by microorganisms added to the soil specifically for this purpose [108]. However, in
a kinetic study of the effect of the action of PCP on several enzymes, Diez et al. [124] observed
a strong initial decrease in dehydrogenase activity after the addition of PCP, followed by a
stationary phase and then by recovery of the activity. These authors attributed the initial de-
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crease in activity to the toxicity of PCP (or its reaction products), leading to the death of the soil
microorganisms and the consequent decrease in dehydrogenase activity. As the PCP (and/or
its products) is adsorbed by the soil, the toxicity will decrease, enabling growth of the micro-
organisms and recovery of the enzyme activity. In a bioremediation trial with bacteria capable
of degrading PCP, McGrath and Singleton [105] observed a sharp decrease in dehydrogenase
activity after the addition of PCP to the soil and no recovery of the enzyme activity after 6
weeks, even though the PCP had disappeared. These authors suggested that this was due to
the formation of toxic products derived from the degradation of PCP or to the inability of the
microorganisms to recover after the initial addition of PCP.

The effects of chlorophenols on soil may be further complicated by the fact that these
compounds can be adsorbed onto soil colloids. This would considerably decrease the bioavail-
ability of the compound, including the availability of the compound to interact with the soil
microbiota, thus reducing its toxicity [138]. However, the adsorption would also lead to greater
persistence of the compound, with the possible slow desorption into the soil solution and inter-
action with the adsorbed forms of soil enzymes. All of this would contribute to the high toxicity
associated with chlorophenols [110,111].
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Figure 6: Percentage distribution of the different enzyme activities measured in studies concerning soil
contamination with Persistent Organic Pollutants (POPs) and published in the last decades.

The adsorption of chlorophenols on soil components partly depends on the composition
and physicochemical characteristics of the compound and partly on the physical and chemical
characteristics of the soil, such as pH, organic matter content, specific surface area, cation
exchange capacity, clay content and amorphous components [49,139-142]. The colloidal soil
components play a fundamental role in the retention of contaminants via sorption processes,
either by physical processes or chemical interactions. Physical adsorption mainly occurs on
the soil organic matter as a result of weak hydrophobic bonding [143]. Adsorption via chemi-
cal interactions between soil colloids and chlorophenols is due to the positive charge on both
organic and mineral soil colloids, as well as to the proportion of phenolate forms in the soil
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solution [144,145]. In other words, the soil pH (which affects the sign of the charge on the col-
loids) and the pKa of chlorophenol (which together with the soil pH determine the proportion of
ionized forms of the compound) will determine the degree of adsorption. Other possible mecha-
nisms of chemical interaction include the formation of cationic bridges between the negatively
charged soil components and the phenolate group, and also binding by ligand exchange pro-
cesses. Both of these are fundamental processes in soils in which negatively charged surfaces
predominate [142,143].

Other characteristics of the compound that should be taken into account in the adsorption
processes are the number and location of chlorine substituents. These characteristics also
determine the adsorption of the compound, because the value of the coefficient of octanol/
water distribution (Kow) increases with the number of chlorine atoms. The resulting increased
hydrophobicity favours the adsorption of chlorophenols on polar components, as the presence
of phenol in the aqueous phase is hampered [146-149]. The adsorption also depends on the
position in which the chlorine atoms are located in the ring relative to the hydroxyl group, a
characteristic of the compound that also determines its toxicity [150,151].

These adsorption processes indirectly affect the soil enzymes that are stabilized on soil
colloids [111]. These authors showed that, in acidic and neutral soils, the main process that
regulates the toxicity of the chlorophenols is the adsorption by organic matter, which limits
the concentration of the contaminant in the soil solution and determines that the adsorbed
fraction will basically be a non-dissociated fraction of the contaminant. They also showed that
the pH is of relatively minor importance as regards the decrease in the activity of enzymes that
are sensitive to the contaminants and, thus, that dissociation and action of compounds such
as phenolate are less important for the toxicity of the compound.

Polycyclic aromatic hydrocarbons and soil enzymes

Studies of the influence of PAHs on the soil enzymatic activity are scarce. Nonetheless,
the few studies carried out to date clearly show that the effect of PAHs on soil enzyme activity
depends on the type of contaminant and on soil characteristics such as the pH, content of in-
organic colloids, soil nutritional status and particularly the organic matter content [129,117].

The effects of PAHs on soil are similar to those described for other organic compounds.
Thus, depending on the type of compound and its complexity, different processes may occur
in the soil and the presence of the compound will therefore affect different enzymes in different
ways. In most cases, the presence of PAHs in soil leads to a strong reduction in the activity
of enzymes such as urease and dehydrogenase. This can be attributed to the high toxicity of
these compounds to soil microorganisms: these compounds are generally recognised as a po-
tential health risk due to their intrinsic chemical stability, high recalcitrance to different types
of degradation and high toxicity to living organisms [152]. Nonetheless, in some cases the
presence of PAHs can stimulate soil enzyme activity. This is because (as with hydrocarbons)
some PAHs can be degraded by soil microorganisms (mainly bacteria, usually Actinobacteria,
and some fungi). The degree of inhibition or stimulation of soil enzyme activity is generally
thought to depend on the molecular weight of the PAHs and the number of benzene rings in
the molecule [78,117]. Thus, PAHs with more than four benzene rings will be more difficult for
microorganisms to degrade and may be toxic to these, thus decreasing the soil enzyme activity
[117]. By contrast, PAHs with two, three or four benzene rings (naphthalene, phenanthrene,
anthracene and pyrene) are more readily degraded by soil microorganisms. Nonetheless, even
when the PAHs can be used by microorganisms as a source of energy, they may initially have a
toxic effect, leading to a reduction in the number and activity of microorganisms over a certain
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period of time. After this period of stagnation, and in the absence of competitors, the resistant
microorganisms can undergo a period of enormous growth, giving rise to a period of strong
metabolic activity during which the PAHs will be degraded, leading to a stimulatory effect on
some intracellular enzymes such as dehydrogenase [128,129]. However, some authors have
also suggested that PAH-contaminated soils may be colonized by microorganisms capable of
degrading these organic compounds [117].

In addition to microbial degradation, PAHs may also be subjected to other processes in
soil. One of the main processes is adsorption on organic matter, which leads to the formation
of stable combinations known as “bond residue” [117]. The adsorption is favoured by the low
solubility and the polar nature of the PAHs, characteristics that do not favour the occurrence
of the compounds in the soil solution. On the other hand, PAHs may also undergo adsorp-
tion on the inorganic soil colloids, or they may be volatized, a process that is limited by high
soil moisture contents. All of these processes reduce the availability of the PAHs in the soil,
which will reduce their toxicity [129], but will also prevent their use by the microorganisms as
substrate [117]. This will favour persistence of the compounds in the soil and, therefore, the
potential risk to microorganisms associated with the potential release of the compounds as a
result of a change in the soil conditions. Only those PAHs that are present in the soil solution
will be available for interacting with enzymes, and the distribution of the contaminants in the
soil phases is crucial for interactions with enzymes [128]. Thus, if the soil is contaminated with
several contaminants, competition for adsorption sites may occur and those compounds with
a lower adsorption capacity will be displaced to the soil solution and will exert greater toxicity
than those compounds with a higher adsorption capacity.

In soils contaminated with different types of PAHs, the degree of persistence of these com-
pounds in the soil, and their bioavailability to soil microorganisms will generally influence the
enzyme activity and the overall microbial activity. However, once again the results of different
studies are very variable. The discrepancies are probably due to the very different types of
compounds (or mixtures of these) investigated, the different doses added to the soil, and the
different enzymes studied. Thus, in a study of the contamination of soil with phenathrene
and naphthalene, Margesin et al. [78] observed an initial increase in protease activity and a
decrease in urease activity, whereas catalase, dehydrogenase and lipase activities, which were
low in the uncontaminated soil, were scarcely affected. These authors also observed a decrease
in the concentration of PAHs over time, which may have been due to volatilization (as occurs
with naphthalene) or irreversible sorption, in addition to biodegradation. However, as the en-
zyme activities either did not recover or only increased slightly (urease), the authors concluded
that these enzymes are not good indicators of PAHs contamination [78].

In a later study, Shen et al. [128] observed that after a strong initial reduction, the activity
of enzymes such as dehydrogenase tended to recover, while other enzymes such as urease in-
creased during the later stages of incubation. These authors suggested possible explanations
for their findings, including a slow ageing process in which the bioavailability of the contam-
inant is presumed to decrease due to the association of the contaminant with the native or-
ganic matter [153] and penetration within the soil micropores [123,154]. Shen et al. [128] also
suggested that recovery of the enzyme activity may be due to tolerance and adaptation of the
microorganism to the PAHs, to their biodegradation or to their sorption on soil colloids, all of
which would reduce the bioavailability of the compounds.

Contamination with PAHs usually involves other contaminants such as heavy metals. Thus,
the joint effects of pollutants may be similar to (additive) or stronger (synergistic, more than
additive) or weaker (antagonistic, less than additive) than the effects expected from exposure to
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each substance [123]. The effects depend on the constituents of the contaminant mixture and
can vary significantly [155]. Studies, in which the combined effects of one or more PAHs with
different metals are investigated, generally show that the mixtures have stronger effects on soil
enzyme activity and exert stronger toxicity than the PAHs by itself. Dehydrogenase is generally
considered to be the enzyme that is most sensitive to combined contamination with metals and
PAHs [127,128], although urease is also sensitive to this type of contamination [123]. Malisze-
wska-Kordybach and Smreczak [127] also suggest that the mixtures are more toxic, as indicat-
ed by decreased dehydrogenase activity, in soils with a lower affinity for metals, i.e. soils with
low organic matter and silt contents. Other authors [131] also report that the organic matter
content is negatively correlated with the effect of mixtures of pyrene and different metals (Pb,
Cr, Cd and Cu) on dehydrogenase activity, whereas the content of amorphous compounds is
positively related to the reduction in dehydrogenase activity caused by these metals.

The higher toxicity of mixtures of metals and PAHs than the metals by themselves is usual-
ly attributed to the fact that some lipophilic compounds, such as PAHs, exert a narcotic effect
whereby they interact with the cytoplasmic membranes of microorganisms, thus affecting their
permeability and structure. This would facilitate the entry of the metals accompanying the
PAHs into the microbial cells, negatively affecting the cell functions [127,128]. Furthermore,
according to some authors, if the metals exert toxic effects, the microorganisms will not be able
to degrade the PAHs as they would in the absence of the metals and the PAHs will thus remain
in the soil at higher concentrations than otherwise [156]. Moreover, at high concentrations of
heavy metals, non-specific binding of these elements to cell surface may preclude interaction
of PAH with bacterial membranes leading to decrease of their toxic effects [157].

Finally, some field studies have been carried out in areas close to biochar production plants,
where continual, long-term contamination with PAHs (in this case bound to biochar) occurs.
In these studies, it was found that the presence of PAHs, even at high concentrations, did not
have any effect on the activity of various soil enzymes. The authors of these studies suggested
that this could be due to adaptation to the high amounts of PAHs (which act as an additional
source of carbon), or to minimization of the negative effect of the PAHs by the biochar or to a
reduction in the bioavailability of the PAHs that was bound to the biochar before reaching the
soil [158]. These authors also suggested that PAHs of pyrogenic origin will bind more closely to
biochar particles than those of petrogenic origin, as in the former case the binding occurs at
the moment of formation, while in the latter case it is a secondary process.

Final Remarks

From the information given in this chapter, it may appear that soil enzymes are of limited
value as contamination indicators. Many of the contradictory results reported in the literature
are difficult to explain, as many researchers do not provide detailed information about the
conditions under which the contamination occurred or about the soil characteristics. Many
field studies involving accidental discharges do not include control values for uncontaminated
soils. This lack of data is a serious omission as the dynamics of the contaminants will depend
on the soil characteristics, as recognised by most authors.

The initial decrease in dehydrogenase activity appears to be one of the most common effects
observed. This reflects the lethal effects of the compounds on the soil microbiota. The varia-
tions in this activity in response to the contaminant depend greatly on the characteristics of
the compound, the type of soil and the experimental conditions. Urease is usually the most
sensitive of the hydrolytic enzymes. The urease activity usually decreases to a lesser extent
than that of dehydrogenase, indicating that a large part of the urease in soil is stabilized on
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soil colloids and that in these locations; the enzyme suffers less degradation than the microbi-
ota. However, some compounds can inactivate stabilized enzymes, either by inactivation of the
active centre or by other mechanisms.

The toxic effects of contaminants in the soil are greatly affected by the colloidal fractions
(both organic and inorganic), which favour sorption processes and removal of the contaminant
from the soil solution. These properties are diminished in agricultural soils, relative to natu-
ral soils, as a result of agricultural practices. Agricultural soils are therefore extraordinarily
sensitive to contamination, indicating the urgent need for reliable indicators of degradation.
Although soil enzymes may be suitable as contamination indicators, methods of studying and
determining enzyme activities must be developed as rapidly as possible to enable different
research groups to select the best indicator(s) for their purposes. Thus, despite the possible
value of using expressions that reflect the toxicity of a compound in relation to the enzymatic
activity (such as ED,; DL, REC, and other ecotoxicological measures), there is not yet any
standardized method of calculating these expressions. If more data on these parameters were
available, we would perhaps have a more positive perception of the capacity of soil enzyme
activities to act as contamination indicators.
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