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ARTICLE INFO ABSTRACT

Keywords: So far, there have been hardly any studies offering a comprehensive view of biological activity in soil, with little
Soil scholarly attention paid to the influence of different pesticides and their metabolites. The impact of the pesti-

Microorganisms cides on soil health is still a current and important problem, which requires constant monitoring. The present

E“Z{’“?;S review summarizes the recent scientific reports regarding soil enzymes and activities of microorganisms as well

B?SFIC(;. est as changes occurring in underground biochemistry under the influence of pesticides. It is difficult to interpret
1oindicator

enzymatic and microbiological responses after the application of pesticides because of their structural diversity
and variety of breakdown pathways.

Pesticides applied to soil tend to be a mixture of different active substances. That is why it is difficult to
analyze their influence on soil biological activity. The present review attempts to discuss the activity of such
compounds on microbial communities and soil enzymatic activity. It also investigates pesticides degradation in

soil and prevention of their negative effects on soil biological activity.

1. Introduction

Soil, a natural environment for the growth and development of
plants, consists of a mixture of organic and mineral components oc-
curring in gaseous, aqueous and solid states. Genetically and en-
vironmentally, soils differ significantly, yet, they tend to perform the
function of reservoirs of water and nutrients necessary for a suitable
development of the plant root system and microorganisms (Ndiaye
et al., 2000).

Soil has the capacity of retaining various pollutants, such as heavy
metals, pesticides or PAHs (Polycyclic Aromatic Hydrocarbon), there-
fore, it functions as a pollution absorber. They contribute to the con-
tamination of the food chain, which can also potentially threaten
human health (Riffaldi et al., 2006). Pesticides are the most common
contaminants among all xenobiotics in soil. Their status is conditioned
by the rapid population growth in the past 50 years and a growing
demand for high-quality food. To cope with this situation, agricultural
producers very often introduce procedures with an extensive use of
pesticides, which result in their increased accumulation in the surface
layers of soil and persistence in the environment. As predicted by
Oberemok et al. (2015), in 2050, the use of pesticides in agricultural
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will be 2.7 times greater than in 2000, which probably will cause an
increasing danger to human health for future generations.

The pesticides constitute a diverse group of inorganic and organic
chemicals. According to WHO, there are four classes of toxicity: ex-
tremely hazardous (Ia), highly hazardous (Ib), moderately hazardous
(ID) and slightly hazardous (III). Classes Ia and Ib, the most dangerous,
comprise eighty six pesticides, from which five belong to herbicides,
eight — to fungicides, fifty-one — to insecticides and twenty-two — to
other groups of compounds used for eliminating plant pathogens
(World Health Organization & International Programme on Chemical
Safety, 2010).

The active substances of pesticides produce pollution in soil en-
vironment, affecting microorganisms living there. Thus, they may also
interfere with the correct sequence of biochemical pathways in soil
biogeochemical cycles (Verma et al., 2014). The most dangerous com-
pounds in the environment belong to the group of organochlorine
pesticides. These pesticides are semi-volatile and can volatilize from
soil to the atmosphere to be transported by airstream to other places.
That is why they generate a new contamination site such as water and
soil, which affects metabolism of microorganisms dwelling there (Ledn-
Santiesteban and Rodriguez-Véazquez, 2017).
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Microorganisms habitat, their activity and interactions with each
other are interdependent and they may vary even within a small dis-
tance. The most important soil microorganisms are: bacteria, fungi,
algae, protozoa and nematodes, because their metabolism is associated
with the flow of energy and the circulation of elements in ecosystems
(Cyconl and Piotrowska-Seget, 2016).

Enzymes activity and the amount of hormones produced by soil
microorganisms are important indicators of soil quality and its health
because of their immediate response to natural or anthropogenic
changes in soil. The analysis of microorganisms distribution in soil
environment is a key factor determining the optimal conditions for the
crop development and productivity (Hu et al., 2014).

Apart from the influence on microorganisms, the accumulation of
the pesticides significantly impacts soil enzymes, which are essential
catalysts influencing the habitat of the microorganisms in soil (Jarvis,
2007; Lozowicka et al., 2016). The enzymes present in soil may have
various sources and origins, one of which is decaying prokaryotic or
eukaryotic cells. Furthermore, soil enzymes can be independent extra-
cellular proteins secreted into soil by fungi and roots of plants (Datta
et al., 2017). It is difficult to interpret enzymatic and microbiological
responses after the application of pesticides, because of their structural
diversity and variety of their breakdown pathways (Gianfreda and Rao,
2008). It should also be mentioned that pesticides applied to soil
usually consist of a mixture of different chemical compounds. There-
fore, it is difficult to analyze their influence on biological soil activity.

Although the biological activity in soil under the influence of pes-
ticides is an important issue, it has been neglected in research studies.
Relatively few works have been devoted to this problem so far. The
present review is a comprehensive presentation of the studies dis-
cussing the state of art on the activity of soil enzymes and micro-
organisms.

The main goal of the review is to report on the current research
studies on the activity of soil enzymes and microorganisms viewed as a
biological indicator of soil pollution. The specific objectives are three-
folds: first, to analyze the changes in underground biochemistry con-
ditioned by pesticides; second, to explain the influence of such com-
pounds on microbial communities and enzymatic activity in soil; third,
to discuss pesticides degradation in soil and prevention of negative
effects of pesticides on biological soil activity.

2. Influence of pesticides on biological soil activity

The soil matrix constitutes a complex and difficult research mate-
rial, because it is characterized by various overlapping environmental
parameters such as: temperature, pH, granulometric composition, oxi-
doreductive potential, the presence of metal cations and other ions, and
in some cases also various organic substances (humic acids, pesticides,
PAHs, PCBs - Polychlorinated Biphenyls, etc.). All the aforementioned
factors affect the activity of microorganisms and soil enzymes. The
pesticides, especially organochlorine pesticides, pose a serious en-
vironmental problem due to their long degradation time. They may
form bounds with organic and inorganic compounds, which have cy-
totoxic effects both on higher organisms and on the microorganisms
living there.

In soil, effective degradation of pesticides occurs when organisms
are capable not only of metabolizing and degrading them, but also of
surviving in the contaminated environment. The rate of degradation
depends on different factors, e.g. physico-chemical properties of the
residue, characteristics of soil, climatic factors (temperature, rainfall,
and humidity), and on the number of microorganisms able to decom-
pose pesticides. Table 1 shows the main groups of the pesticides, me-
chanisms of their actions as well as microorganisms with the ability to
biodegradation and their interactions. As already discussed by
Gianfreda and Rao (2010), pesticides in soil should have relatively high
solubility, low persistence and relatively high bioavailability, which
will enable them to degrade fairly fast. However, the degrading
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organism or the extracellular enzyme and the chemical substances
should be located sufficiently close to each other in order to be able to
interact; the environmental conditions in terms of temperature, pH and
soil properties must allow for proliferation of the degrading organisms
or catalytic action of the degrading enzymes (Verma et al., 2014;
Gianfreda and Rao, 2010). If all these conditions are not met, pesticides
are not degraded. They accumulate and persist in soil for a long time,
influencing negatively both biological soil activity and enzyme soil
activity.

In the last decades, researchers have effectively marked different
classes of the pesticides in environment samples. Due to the complex
nature of soil samples and chemical structure of the pesticide, several
extraction procedures for monitoring pesticide residues in soil have
been investigated, including solvent extraction, Soxhlet extraction,
microwave-assisted solvent extraction (MASE), ultrasonic solvent ex-
traction (USE), supercritical fluid extraction (SFE) and matrix solid
phase dispersion (MSPD) (Santos-Delgado et al., 2000; Crespo-Corral
et al., 2008; Kaczynski et al., 2016). Over recent the years, the QuE-
ChERS method introduced by Anastassiades et al. (2003) has become an
attractive alternative technique for the pesticide multiresidue analysis
in solid matrices (Pinto et al., 2010; Mantzos et al., 2013; Peysson and
Vulliet, 2013; Bolshakov et al., 2014).

Pesticides have been analyzed with various analytical methods such
as capillary electrophoresis, high performance liquid chromatography
coupled with UV detection and gas chromatography (GC) flame ioni-
zation detector (FID), with electroncapture detection (ECD) or nitrogen-
phosphorus detection (NPD) (f.ozowicka et al., 2017). Nowadays, for
large-scale multi-class pesticides analyses, liquid chromatography (LC)
and gas chromatography (GC) coupled with tandem mass spectrometry
(MS/MS) are commonly used as basic, complementary techniques
(Kaczynski, 2017).

Each pesticide is characterized by a half-life that depends on en-
vironmental conditions like moisture, temperature and soil type. Some
pesticides may have a half-life shorter than 30 days, such as aldicarb
(2-12 days), dicamba (15-24 days), cyanazine (2-5 days), captan (2-8
days), fenvalerate (19-29 days) (Cycon and Piotrowska-Seget, 2016),
and 2,4-D (1-14 days), and they are classified as non-persistent
(Barraclough et al., 2005). Moreover, for other pesticides, this time is
greater than 100 days, for instance, chlordane (93-154 days), terbacil
(204-252 days), lindane (120 days), tebuthiuron (360 days) and bro-
macil (144-198 days), so they are persistent (Gianfreda and Rao, 2008;
Barraclough et al., 2005). However, non-persistent pesticides may also
be dangerous, because their degradation products are frequently
transformed by microorganisms and they subsequently exhibit a dif-
ferent behavior from their parent compound. Such a situation was ob-
served in the case of glyphosate (Sviridov et al., 2015).

2.1. Pesticides and microbiological activity in soil

Soil microorganisms play a key role in the circulation of elements
and in the decomposition of organic matter residues, affecting the nu-
trient and carbon cycle (Mahdi et al., 2017). Their high activity is
concentrated in the topsoil, the depth of which may vary from several
centimeters to 30 cm. Moreover, microorganisms contribute to the
transformation and degradation of waste materials and synthetic or-
ganic compounds. They also influence the physical properties of soil
(Riffaldi et al., 2006). Therefore, microorganisms may function as an
excellent indicator of soil health change, thereby providing an early
sign of soil quality improvement or an early warning of soil degradation
(Mahdi et al., 2017).

Interestingly, the microorganisms exposed to pollution produce
mechanisms enabling their adaptation to the prevailing conditions,
which is corroborated by the studies on bacterial enzymes conducted by
Sun et al. (2004). This activity is thought to have evolved, so that mi-
croorganism would take advantage of the active substance of the pes-
ticides in soil environment. According to Webber et al. (2015), the
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processes causing the emergence and maintenance of pesticide-resistant
bacteria are mainly triggered by abusive and continuous pesticide use,
which influences most bacterial species, so that they acquire resistance
through single, continuous or spontaneous mutations. It leads to the
acquisition of new genes by allowing for overproduction of enzymes
that break down pesticides, antibiotics and other toxic compounds
(Rangasamy et al., 2018). Moreover, the combination of pesticides with
fertilizers may also influence microbial diversity and activity in soil
environment. Lin et al. (2011) and Chen et al. (2001) reached similar
conclusions when they analyzed the mutual influence of inorganic
fertilizers, pesticides and heavy metals on the microbial activity.

In soil, various biochemical and physiochemical transformations of
pesticides produce different metabolites. Some of them do not have any
effect on microorganisms, whereas other can be lethal. In most cases,
applying the pesticides destroys certain microorganisms, subsequently
creating niches inhabited by other microorganisms. The research study
by Chen et al. (2001) confirmed that applications of fungicides such as
benomyl, captan and chlorothalonil destroyed or inhibited the activity
of certain fungi in soil, which led to a rapid flush of bacterial activity.
Pal et al. (2008) also observed a reduction in the number of non-pa-
thogenic saprophytic soil fungi in the case of fungicides, such as pen-
cycuron, dithianon or prochloraz introduced into soil (Tejada et al.,
2011). In turn, the reduction of microorganisms biomass was observed
after the application of tebuconazole and pencycuron used to protect
rice crops (Munoz-Leoz et al., 2011). In addition, as noted by White
et al. (2010), the introduction of chlorothalonil fungicide to soil in-
creased the stability of some herbicides in the soil — fourfold in the case
of isoproturon and twofold in the case of metalchlorol (White et al.,
2010).

It should also be mentioned that herbicides cause the disturbance of
bacterial metabolism, which results in a decrease in soil enzymatic
activity and the disruption of biological binding of nitrogen (Singh,
2016). The addition of herbicides, like Roundup, periodically inhibits
the development of non-symbiotic diazotrophs up to 30 days after their
introduction into soil environment. For example, during the degrada-
tion of glyphosate (Fig. 1), some bacteria, like Arthrobacter sp, Achro-
mobacter sp., Streptomyces sp., can use degradation products such as
nitrogen, phosphorus and carbon for their growth and activity (Sviridov

Applied Soil Ecology 147 (2020) 103356

et al., 2015).

During its metabolism in soil, a pesticide is initially transformed by
oxidation, reduction or hydrolysis to a more water-soluble form. Next,
the pesticide or pesticide metabolite is combined with an amino acid or
sugar, which increases its water solubility. At the final stage, it is
transformed into secondary conjugates that are non-toxic (Van Eerd
et al., 2003). Table 1 shows that many studies reported both negative
and positive effects of pesticides on soil microbial biomass and soil
microorganisms. This state of affairs may be related to the fact that after
introducing a new substance into the environment, the response of
microorganisms is immediate, which tends to result in a decrease in the
activity of enzymes and microorganisms (Widenfalk et al., 2008). In
turn, a repeated introduction of a given plant protection product into
the environment fosters the adaptation of microorganisms to this pes-
ticide. The lack of reaction of soil microorganisms observed on re-
applying a given pesticide may be related to the development of the
ability of soil microorganisms to accelerate the degradation of a given
agent or the acquired tolerance of microorganisms to the pesticide
(Mele and Crowley, 2008). Although the conducted research study in-
dicated a high toxicity of the test compound relative to a specific strain
or group of microorganisms, its introduction into the environment may
not have a significant impact on the functioning of the ecosystem. This
is the case when other microorganisms take on the physiological role of
those which due to contamination with pesticides have fallen out of the
soil microbiome (Tejada et al., 2011; Pal et al., 2008).

Moreover, it should be pointed out that once pesticides are released
into the environment, their structure becomes strongly related to soil
microbiological composition, enzymes bound to soil colloids and humic
substances (Gundi et al., 2007). Some experimental studies have also
shown significant influence of soil pH on a bacterial community in soil.
Hsiao et al. (2013) stated that the dissipation rate of insecticides was
higher in an alkaline sandy loam soil, so the bacterial communities in
this soil were more homogenous than in an acidic loam soil.

In the course of pesticide degradation, depending on the type of
bacteria, the degradation of the pesticides may follow different path-
ways, which results in the formation of varied metabolites (Cycon and
Piotrowska-Seget, 2016), as shown in Table 2. For example, the de-
gradation of fenpropathrin by Bacillus cereus ZH-3 initially produced a-

Glyoxylate shunt

FAD* Glyoxylate
' +
Glyphosate §Iyphosate Aminomethylphosphonic
C;HgNOP oxidoreductase acid (AMPA)
C-P lyase GP-specific FADH, C-P lyase
€O, +H,0
Sarcosine + P Methylamine + P,
Sequential
oxidation
0,+H,0
0.7 sarcosine 2 ]
oxidase Formaldehyde | 4 | Glycine

Fig. 1. Microbial degradation of glyphosate via AMPA and via sarcosine (Sviridov et al., 2015).
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Table 2

Metabolites and various degradation pathways of pesticides depending on the type of microorganisms.
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Pesticides DTso Microorganisms Metabolites and proposed pathways for degradation Ref.
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Table 2 (continued)

Applied Soil Ecology 147 (2020) 103356

Metabolites and proposed pathways for degradation Ref.

Pesticides DTso Microorganisms
Clodinafop propargyl (H) 0.7-1.5 days Pseudomonas sp. strain B2
2,4-D (H) 4.4-28 days Pseudomonas sp.
Azotobacter chroococcum
Diuron (H) 146.6- 229 days Beauveria bassiana, Caenorhabditis elegans,

Phanerochaete chrysosporium

O Gosnatopaca {6-CHoro-2 fuoro phencay) phencl Singh and Singh, 2016

Singh and Singh, 2016

Kumar et al., 2014

Singh and Singh, 2016

I-insecticide; F-fungicide; H- herbicide; DT50 - values (time required for 50% dissipation of the initial concentration) according by PPDB, 2019.

hydroxy-3-phenoxy-benzenacetonitrile. It was transformed into 3-phe-
noxybenzenaldehyde, and, in the final stage, phenol was generated (Liu
et al., 2015). During fenpropathrin degradation by Ochrobactrum tritici
pyd-1, the initial products were cyano-3-phenoxybenzylalcohol and
2,2,3,3-tetramethyl cyclopropanecarboxylic acid. In the next stage, the
latter product was transformed into 3-phenoxybenzaldehyde, which
turned into 3-phenoxybenzoic acid. The cleavage of 3-phenoxybenzoic
acid resulted in the formation of protocatechuate and 4-hydroxy-3-
phenoxybenzoic acid. Next, the acid was transformed into p-hydro-
quinone, which in the final stage was transformed into 3-oxoadipate
(Wang et al., 2011). Metabolites detected during the degradation of
fenpropathrin by Pseudomonas aeruginosa were similar to those pro-
duced during the degradation by Bacillus cereus ZH-3, but in the final
stage, 3-phenoxybenzoic acid arose (Song et al., 2015).

Furthermore, the degradation pathways of cypermethrin are also
different, depending on various groups of microorganisms which de-
compose the above mentioned pesticide. During its degradation by
Bacillus sp. ISTDS2, cypermethrin could be metabolized into two com-
pounds: 3-(2, 2-dichloroethenyl)-2,2-dimethyl cyclopropanecarbox-
ylate and a-hydroxy-3-phenoxy-benzene acetonitrile. The latter pro-
duct is unstable and may be spontaneously transformed to yield 3-
phenoxy benzaldehyde. Chen et al. (2011) reported that 3-phenoxy
benzaldehyde has antimicrobial activity, but it does not affect the
growth of microorganisms. It enhances biodegradation in soil and when
metabolized by Bacillus sp. SG2, it is transformed into 4-hydro-
xybenzoate. It converts to 4-propylbenzaldehyde, next, to phenoxy
benzoic acid, then, phenyl ester of o-phenoxy benzoic acid arises and, in
the final stage — phenol. As observed by Bhatt et al. (2016), Bacillus sp.
SG2 was able to degrade complete cypermethrin. Therefore, it can be an
ideal microorganism for bioremediation of cypermethrin in the con-
taminated soil.

According to the literature, individual strains of bacteria or fungi
can break down the active substance of a pesticide, however, this
process is slower than in the case of a microorganisms consortium. This
is due to the fact that a consortium can contain various strains of
bacteria and fungi. They may become active at various stages of

decomposition and can use pesticide degradation products, con-
tributing to the faster degradation of pesticides (Das and Varma, 2011).
As noted in the studies by Sasikala et al. (2012), after 21 days of in-
cubation, a microorganisms consortium consisting of Bacillus cereus,
Pseudomonas aeruginosa, Serratia marscecens and Klebsiella sp. was able
to degrade approx. 65.87% chlorpyrifos and to forme 3,5,6-trichloro-2-
pyridinol in soil. In addition, the research study conducted by Zhu et al.
(2017) showed that after 7 days the degradation efficiency of atrazine
in soil by two strain B. licheniformis ATLJ-5 and B. megaterium ATLJ-11
can reach approx. 99% of atrazine degradation. Table 2 presents several
examples of the consortia participating in the decomposition of pesti-
cides such as Iprodione and Diuron. As discussed by Mercadier et al.
(1997), during the first stage, Iprodione is decomposed by three types of
strains such as Pseudomonas sp., Pseudomonas fluorescens and Ar-
throbacter. In subsequent stages, one more strain Pseudomonas pauci-
mobilis, which does not take part in the first stages of the decomposi-
tion, degrades Iprodione forming a consortium together with the three
strains. In the last stage, this strain, i.e. Pseudomonas paucimobilis, al-
lows for the decomposition of 3,5-dichlorophenylurea acetic acid to
3,5-dichloroaniline, glycine and CO,.

2.2. Pesticides and enzymatic activity of soil

The rate of enzymatic reactions in soil fluctuates with seasons and it
is determined mainly by the concentration of enzymes and substrates
participating in the reactions, influenced especially by pH, granulo-
metric composition, temperature and the presence of activators and
inhibitors (Gianfreda and Rao, 2010; Jian et al., 2016). Soil enzymes
enter humus—enzyme complexes, changing their kinetic properties and
resistance to thermal denaturation and proteolytic degradation
(Gianfreda and Rao, 2010). However, the stability of the enzymes in
soil depends on the binding mode, the number and type of chemical
bonds between the enzyme and the sorbent, the chemical and physical
properties of the sorbent phase, the changes in the molecular con-
formation of the enzyme and the chemical conditions of the micro-
environment surroundings (Nannipieri et al., 2012). As discussed by
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Fig. 2. Pathway enzymatic degradation of atrazine in soil (Lin et al., 2011).

Gianfreda and Rao (2010), adsorption of the enzymes onto clay mi-
nerals can make the immobilized enzyme more resistant to denatura-
tion. However, it is of minor importance in the case of enzyme ad-
sorption on humus substances, because entrapment of the enzyme in
the humic substances stabilizes the enzymes molecule. Yet, it does not
influence their resistance to denaturation after the application of or-
ganic and inorganic substrates.

According to Gianfreda and Ruggiero (2006), the loam soil may
protect enzymes against the inhibitory effect of certain pesticides, such
as carbaryl and atrazine. It was confirmed by the fact that phosphatases
immobilised on montmorillonite were less affected by these pesticides
than the free and organo- and organo-mineral-complexed phosphatases.
In addition, the study by Fenlon et al. (2007) also described the nega-
tive influence of pesticides on the enzyme and on the activity of mi-
crobial population. For instance, some insecticides, like quinalphos,
monocrotophos, and cypermethrin, at the highest concentrations in
single and/or combination doses reduce the activity of dehydrogenases,
while these pesticides in lower concentrations stimulate their activity
(Gundi et al., 2007). Fragoeiro and Magan (2008) demonstrated that
the use of trifluralina, dieldrin and simazine reduces the activity of
dehydrogenases in soil, while diazinon stimulates their activity (Fenlon
et al., 2007). In turn, the use of fenamiphos, an organophosphate in-
secticide, at a dose of up to 5kg ha~! does not affect dehydrogenases in
the soil environment (Hussain et al., 2009). The research study con-
ducted by Cai et al. (2007) shows that a herbicide called acetochlor [2-
chloro-N- (ethoxymethyl) -N- (2-ethyl-6-methylphenyl) acetamide] in
an amount of 10-100mgkg” has no reducing effect on dehy-
drogenases, only a dose above 250 mg kg™ causes up to 60% inhibition
of the activity. The application of herbicides S-metolachlor and meso-
trione at the recommended doses in single or combination results in an
increase of dehydrogenases activity. With the disappearance of the

pesticide active substance in soil, dehydrogenases activity also de-
creases (Wolejko et al., 2017). According to Dilly and Nannipieri
(2001), the activity of enzymes may be induced or repressed by the
presence of particular compounds without a change in microbial bio-
mass. Cycon et al. (2010) reported that these discrepancies in studies
can be associated with differences in soil properties and the composi-
tion of microbial population.

In addition, Yun et al. (2006) showed that after the chlorothalonil
application, there is a decrease in the activity of alkaline and acidic
phosphatases, catalase and urease in soil. Moreover, as reported by
Wyszkowska et al. (2008), the activity of dehydrogenases and urease
significantly decreases, but alkaline phosphatase activity increases after
the application of herbicide (Apyros 75WG). Sviridov et al. (2015)
reported that after the addition of glyphosate into soil, its positive in-
fluence on the activities of urease is observed, while the effect for
phosphatases is inhibited. Furthermore, as suggested by Pizzul et al.
(2009), in the presence of glyphosate in soil, there was an increase in
the activity of ligninolytic enzymes, manganese peroxidase or laccase,
which influence the rate of glyphosate decomposition.

Apart from enzymes in soil, as reported by Bertrand et al. (2015),
the degradation of glyphosate into aminomethylphosphonic acid and
glyoxylate is conducted by dehydrogenases operating with flavoprotein
as a cofactor. It brings about the incorporation of one atom of oxygen
on the substrate, while the other atom reacts with the electrons as a
cofactor in the presence of NAD(P)H as a donor to form H,O. Enzymes
of the same class, like monooxygenases and dioxygenases, are involved
in the degradation of aromatic rings which are often the basic structure
of pesticides (Al-Arfaj et al., 2013). These enzymes are key players in
the degradation of natural polymers that constitute soil organic matter.
Moreover, microorganisms also produce other oxidative enzymes, such
as peroxidase, laccase, and tyrosinase, that catalyze very specific
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Fig. 3. Effect of pesticide on soil microbiological parameters (Chowdhury et al., 2008).

transformations, producing minor structural changes and contributing
to a decrease in the biological activity (Bertrand et al., 2015; Sviridov
et al.,, 2015). Moreover, as observed in the study by Dilly and
Nannipieri (2001), the response of some specific enzymes activities are
correlated with ATP content, which can also provide valuable in-
formation on transformation of pesticides. However, it should be re-
membered that such a study ought to performed immediately after
sampling, so that the ATP content may reflect a current microbial ac-
tivity and changes that occur in microbial biomass.

Hydrolases are another class of enzymes participating in effective
pesticides degradation in soil. This group of enzymes functions without
redox cofactors. They contribute to breaking bonds in carbon-halogen,
amide or ester. The transformation of organophosphorus insecticides is
caused by phosphotriesterases, for example, parathion is converted into
paraoxon by hydrolysis of the P—S bond or by hydrolysis the O—P bond
into diethylthiophosphoric acid and paranitrophenol (Bertrand et al.,
2015). Moreover, in soil, chlorohydrolases and amids contribute to the
degradation of chlorinated triazines. Chlorohydrolases are responsible
for the formation of hydroxyatrazine — an intermediate product, by
which amidohydrolases are transformed into cyanuric acid that is
readily degraded and mineralized (Elias et al., 2008), as shown in
Fig. 2.

The fungicides used in the growing season on plants also reach into
soil where they affect the enzymatic activity. The studies by Ba¢maga
et al. (2015) showed that azoxystrobin inhibits the enzymatic activity of
soil. Significant inhibitory changes in enzymatic activity were observed
for urease, catalase, acidic and alkaline phosphatase, but no reducing
effect on dehydrogenases was detected. Moreover, fungi and bacteria in
soil are involved in producing peroxidases, oxygenases and hydrolytic
enzymes. They are important for the biodegradation of pesticides and
their derivative products. According to Rangasamy et al. (2018), per-
oxidases produced by soil microorganisms convert 3,4-dichloroaniline
into 4,4-tetrachloroazobenzene. However, an important role is also
played by auxiliary enzymes, including glucose oxidase and catalase.
Those enzymes supply and regulate the concentration of H,O, as per-
oxidases co-substrate in the environment of the reaction (Tian et al.,
2016). As observed by Yun et al. (2006), after a single dose of chlor-
othalonil, soil microorganisms gradually adapted to the presence of the

pesticide and they were capable of degrading it. This fact is confirmed
by an increase in the enzymatic activity. However, after the second
application of chlorothalonil, one observes an inhibition in the enzy-
matic activity in acidic and alkaline phosphatase, urease and catalase
(Yun et al., 2006), which has an impact on the longer persistence of this
substance in the environment.

The health of soil is also determined by the spatial distribution of
microorganisms responsible for excreting a variety of enzymes
(Nannipieri et al., 2002). According to Blackwood et al. (2006), the
majority of microorganisms was located in the rhizosphere zone and in
soil particles rich in organic matter. Analysing interactions between
roots, soil, microorganisms and anthropogenic compounds is crucial for
quantifying rates of enzyme activities (Schimel and Bennett, 2004). It is
important for their determination by means of tests providing potential
rather than actual information on the enzymatic activity. It is still dif-
ficult to unmistakably state in the in situ studies what number of en-
zymes is being dealt with, because their quantity and activity change
spatially. It should also be pointed out that the activity of an enzyme is
not always controlled by the respective protein in active cells. More-
over, enzymes in soil can be present in the absence of proliferating and
non-proliferating microorganisms (Gianfreda and Ruggiero, 2006).
Therefore, scientists still have a problem interpreting the results of
enzymatic activities in soil, for example, they find it difficult to dis-
tinguish the activity of extracellular enzymes from that of the in-
tracellular ones. Besides, taking a sample and then testing it is far from
easy, which is related to the fact that there are few methods available
for such research (§najdr et al., 2008). It is an area that is constantly
developing and improving, which is conditioned by the problems re-
lated to the estimation of the impact of various anthropogenic com-
pounds on microbiological activity of soil. Currently various methods
are used, including both the simple ones for determining enzymatic
activity and the most advanced molecular techniques (Fig. 3).

Gottlein and Stanjek (1996) showed that geostatistical approaches
make it possible to detect variations in chemical and biological soil
properties at mm to cm scales that vary independently of soil horizons.
Therefore, researchers adopt approaches that allow the spatial dis-
tribution of enzyme activities to be visualized and/or to be associated
with the presence of specific microorganisms depending on the
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occurrence of anthropogenic compounds in soil (Marschner et al., 2005;
Buée et al., 2007; Dong et al., 2007).

3. Prevention of negative effects of pesticides on biological soil
activity

Due to negative effects of introducing pesticides into environment,
it is necessary to search for methods that support soil biological activity
and at the same time ensure safe and proper degradation of pesticides.
This issue is difficult to develop due to a small amount of data on the
use of pesticides with other treatments increasing their biodegradation
and their impact on microbial activity in soil.

Among issues related to the increase of pesticides degradation, at-
tention should be paid to bioremediation techniques in which micro-
organisms are introduced as vaccines to degrade toxic compounds. As a
result, inoculated bacterial communities enrich the natural environ-
ment where they have a chance to adapt, disturbing the microflora of
soil. To increase the ability of microorganisms to degrade contaminants,
genetic modifications are also introduced. Gong et al. (2016) presented
a study in which the genes of hydrolase carbofuran/chlorpyrifos and gfp
were integrated into biosafety strain Pseudomonas putida KT2440. The
recombinant strain showed the ability to degrade carbofuran and
chlorpyrifos. It also had the potential to be used for in situ soil bior-
emediation. In the next study, Gong et al. (2018) discussed the re-
combinant strain P. putida KTUe used for degradation of three types of
pesticides (organophosphates, pyrethroids, and carbamates). In this
work, pesticide-degrading genes, vgb and gfp, were inserted into chro-
mosomes. The laboratory studies showed that P. putida KTUe had the
capability of degrading methyl parathion, chlorpyrifos, fenpropathrin,
cypermethrin, carbofuran and carbaryl within 30 days when incubated
in M9 minimal medium, whereas in research conducted in soil, the
pesticides were removed within 15 days. The risk related to the in-
troduction of genetically modified microorganisms into soil involves
the transfer of antibiotic resistance genes from recombinants to the
indigenous microorganisms and their diffusion in the environment (Zuo
et al., 2015).

The studies indicate that biochar is a future-proof material for the
remediation of soils contaminated with pesticides. It is produced from
the combustion of agricultural biowastes (wood, crop residues, animal
residues) by oxygen pyrolysis. This carbon-rich byproduct is used to
improve properties (pH, Cation Exchange Capacity — CEC, water
holding capacity, fertility) of soil which is degraded and contaminated
with inorganic and organic pollutants (Khorram et al., 2016). Fur-
thermore, Ahmad et al. (2014) reported that biochar has the capability
of decreasing pesticide bioavailability in the environment. Never-
theless, according to Denyes et al. (2016), biochar has a selective ability
to absorb pesticides. In this study, the application of biochar to soil had
no effects on adsorption of DDT. In addition, biochar has a positive
effect on microbial biomass and activity in soil. The byproduct may
provide specific environmental conditions for microorganisms, which
can inhabit biochar pores and use carbon as well as other nutrients (Zhu
et al., 2017).

Another example of the reduction of the potential environmental
hazard due to the use of pesticides is the modification of their physi-
cochemical properties and a proper preparation of their ionic liquids.
Novel pesticides are generally characterized by low volatility, solubi-
lity, surface tension, high lipophilicity and a moderate octanol-water
partition coefficient (Wang et al., 2019; Niu et al., 2018). Several stu-
dies describe the use of nanocomposites to control a pesticide release.
This is achieved by combining these agrochemicals (pesticides) with
polymers, which allows for releasing the required amount of substance
at a controlled rate over a specified period of time. There are two ways
of combining a polymer with pesticides, i.e. physical and chemical. In
the former case, one uses heterogeneous dispersion or encapsulation,
while in the latter, the polymer acts as a carrier of the agent. A con-
trolled release of toxic substances to the environment causes less
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damage to the microorganism community (Puoci et al., 2008). More-
over, the majority of the polymers used for this purpose is biodegrad-
able (polysaccharides and proteins). Therefore, they can be an addi-
tional source of nutrients for microorganisms (Roy et al., 2014).

4. Summary

Due to the fact that in modern agriculture, intensive use of pesti-
cides is a common practice all over the world, soil pollution with pes-
ticides may increase (Yang et al., 2006). A significant concentration of
active substances of pesticides frequently remains in soil, undergoing
biological and physicochemical transformations, influencing microbial
growth and enzymatic activity in soils.

In the natural environment, microbial degradation of pesticides
consists in the distribution of mixtures of many substances, whereas
laboratory tests tend to analyze the distribution of a single active sub-
stance. Such tests allow for determining the degradation pathways of
individual active substances of pesticides. However, there are hardly
any studies which discuss the distribution of mixtures of active sub-
stances accumulating in soil under the influence of other physical and
chemical soil factors. The use of the methods of genetic engineering and
various biotechnological techniques makes it possible to analyze how
pesticides are biodegraded by microorganisms. New strains generated
by genetic engineering have the ability to degrade more efficiently
complex mixtures of various compounds, especially environmental
pollutants like pesticides.

Another problem is related to the choice of the method of measuring
biological activity: many methods exist and they vary greatly. In some
case, it is difficult to select appropriate tests for specific microbiological
activities. This state of affairs is conditioned by the lack of standard
analysis methods accepted by all laboratories, which are necessary to
interpret the results. Moreover, there are differences in sample col-
lecting, storage, pre-treatment and protocols for determining enzymatic
and microbiological activities (Gil-Sotres et al., 2005). All these factors
influence the comparison of enzyme-encoding genes and the respective
enzyme activity in soil. The topic is still very important, because these
studies can give insights into the origin of enzymes in soil, determining
the influence of various pollutants on soil health.
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