
Chapter 24
Modern Bioremediation Approaches: Use
of Biosurfactants, Emulsifiers, Enzymes,
Biopesticides, GMOs

Martin Halecký and Evguenii Kozliak

Abstract New trends in bioremediation are reviewed with the major focus on
applications of both synthetic and biological surfactants including high molecular
weight bioemulsifiers. The use of eco-friendly biosurfactants is discussed including
their applications for removal of heavy metals from soil in addition to traditional
organic contaminants. Both success stories and limitations of biosurfactant applica-
tions are described on the basis of current literature. Another newly developed
technology, the use of enzymes (free or immobilized) instead of/in combination
with microorganisms is discussed with respect to removal of both organic contam-
inants and metals from soil along with addressing the key disadvantage of the
enzyme application, which is its high cost. Application of genetically modified
organisms, i.e., microorganisms and plants, for soil bioremediation is reviewed
focusing on introduction into the environment as well as contained use in closed
reactors. Finally, a brief review is provided on the current research and application of
biopesticides as promising agents for prevention of soil contamination.

Keywords Biosurfactants · Synthetic surfactants · Emulsifiers · Enzymes ·
Biopesticides · GMOs

24.1 Introduction

As mentioned in the introduction to Part V, several decontamination methods have
been successfully used for soil and sediment cleaning for decades. Some of them,
however, require application of drastic conditions and/or use of toxic agents causing
a negative impact on the local wildlife and the environment. In addition, these
traditional decontamination methods in many cases ended up incurring rather high
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costs. To make the traditional methods cost-effective and eco-friendly, their optimi-
zation is required, namely, the application of new eco-friendly yet efficient agents as
well as an appropriate eco-friendly enhanced environment attenuation.

As another new development, the high potential of GMOs, with either their direct
introduction into the environment or the contained use for a cost-effective produc-
tion of decontamination agents in closed bioreactors, is being considered but not
sufficiently used at this point. Currently the emphasis is also put on preventing
contamination while using Integrated Pest Management and Integrated Crop Man-
agement and favoring biopesticides over traditional pesticides in agriculture as
legislatively established in the framework for Community action to achieve sustain-
able use of pesticides by Directive 2009/128/EC of the European Parliament.
Although novel agents enhancing current technologies, e.g., biosurfactants and
biopesticides have been experimentally tested for decades and are currently highly
supported by the governments, their wide commercial use is limited because of their
high price, fragmented (regional) market, a lack of awareness of the benefits of
biosurfactants and biopesticides and, in some cases, quality fluctuations and/or poor
customer support.

24.2 Perspectives of the Use of Synthetic Surfactants
and Biosurfactants in Remediation Protocols

24.2.1 Surfactant Properties and Types

Generally, surfactants (either synthetic or biosurfactants) are amphiphilic com-
pounds that lower the surface tension between two immiscible liquids or between
the liquid and solid phases. Surfactants accumulate at the liquid–air, liquid–liquid,
and liquid–solid interface and reduce the repulsive forces between those phases,
allowing them to mix and interact more readily (Soberón-Chávez and Maier 2011).
Thus, they may be used as wetting agents, detergents, foaming agents, emulsifiers,
and dispersants. To have these specific abilities, surfactants always contain two
domains/moieties—hydrophobic and hydrophilic.

The most important characteristics of any surfactant are critical micelle concen-
tration (CMC), hydrophilic–lipophilic balance (HLB), chemical structure, and
charge. CMC is the concentration of surfactants above which micelles start to
form and the newly added surfactant molecules incorporate into the micelles instead
of being dispersed throughout the solution. The surface tension strongly depends on
the surfactant concentration below the CMC, then leveling off once the CMC is
reached/exceeded (Christofi and Ivshina 2002). CMC characterizes the degree of
influence on the surface tension; the lower the CMC value, the more efficient the
surfactant. The HLB defines the extent of surfactant hydrophilicity or lipophilicity.
All surfactants belong to one of two possible emulsion types. High HLB value
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indicates the propensity toward the formation of an oil-in-water emulsion, while low
HLB indicates the likely stabilization of a water-in-oil emulsion (Christofi and
Ivshina 2002; Van Hamme et al. 2006).

Synthetic surfactants are frequently used worldwide in bioremediation technolo-
gies as solvent washing enhancers and emulsifying agents for removal of organic
pollutants. Those technologies have been verified in both lab-scale and field-scale
studies; they have been applied in situ and ex situ (Sekhon et al. 2011). The
hydrophobic moiety of synthetic surfactants is represented by alkanes (paraffins),
alkenes (olefins), alkylphenols, alkylbenzenes, and alcohols. Poly(oxyethylenes),
sucrose, or polypeptides are common polar domains in nonionic surfactants, while
anionic surfactants contain sulfate, sulfonate, or carboxylate groups and cationic
surfactants contain a quaternary ammonium group (Sekhon et al. 2011). Sodium
dodecyl sulfate (SDS, anionic), Triton X-100, Tween 80, Brij 35, and Tergitol NP10
(neutral/non-ionic) are the most common synthetic surfactants successfully used in
remediation technologies (Bustamante et al. 2012).

Biosurfactants are natural agents produced predominantly by microorganisms,
but also by plants, e.g., fruit pericarp from Sapindus mukurossi (Roy et al. 1997),
soapberry-derived saponin (Maity et al. 2013), and soya lecithin (Fava et al. 2004).
They could also be in the form of specific natural molecules such as humic acids
(Conte et al. 2005) or waste materials such as humic substrates from compost
(Kulikowska et al. 2015a). As opposed to low molecular weight compounds com-
monly defined as biosurfactants, the amphiphilic molecules with high molecular
weight are called bioemulsifiers because of their specific behavior in oil/water
systems; owing to their high HLB values, biosurfactants usually make stable oil-
in-water emulsions (Calvo et al. 2009).

Similarly to synthetic surfactants, biosurfactants can be classified by their charge;
however, only few are cationic as anionic or neutral are the most common types. The
hydrophobic domains of biosurfactants are those of long-chain fatty acids or
hydroxylated fatty acids, while the hydrophilic moieties are represented by amino
acids, cyclic peptides, carboxylic acids, alcohols, phosphates, or carbohydrates
(Mulligan 2005). Bioemulsifiers, high-molecular-mass biosurfactants, consist of
amphipathic proteins, polysaccharides, lipoproteins, lipopolysaccharides, or com-
plexes/combinations of those biopolymers (Calvo et al. 2009).

Microbial biosurfactants can be divided into several basic groups according to
their molecular structure including glycolipids (rhamnolipids, trehalolipids, and
sophorolipids); fatty acids, phospholipids; and neutral lipids (corynomycolic acid,
spiculisporic acid, and phosphatidylethanolamine); lipopeptides (surfactin and
lichenysin); and polymeric biosurfactants (emulsan, alasan, biodispersan, liposan,
and mannoprotein) (Pacwa-Płociniczak et al. 2011). Biosurfactants have a higher
level of specificity than chemical surfactants, which is caused by the wide diversity
of their basic chemical structures, e.g., lipids, glycolipids, phospholipids, fatty acids,
or peptide structures as well as by the broad variety of their functional groups and
detailed chemical structure, e.g., branching, number of functional groups or chains,
and carbon chain length.
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Specifically, microbial biosurfactants may also be classified by their producers.
Bacteria, e.g., Pseudomonas, Bacillus, Acinetobacter, Rhodococcus; and fungi, e.g.,
Candida and Saccharomyces are the most frequently mentioned biosurfactant-
producing microbial strains as reviewed in detail previously (Pacwa-Płociniczak
et al. 2011; de Cássia et al. 2014).

24.2.2 Synthetic Surfactants vs. Biosurfactants

The advantages of synthetic surfactants are their availability via synthesis, low costs,
and precisely defined chemical composition, all leading to their predictable effects. On
the other hand, their major disadvantage compared to biosurfactants is higher toxicity.
Another fundamental problem of biosurfactants is the inherently low yield of
bioprocesses required for their production, making their market prices relatively
high (Lau et al. 2014). In addition, some of their other properties rightly mentioned
above as benefits should at the same time be considered as potentially unfavorable.
Namely, their biodegradability usually leads to the necessity of periodical
biosurfactant additions in order to maintain their effective concentration within the
non-sterile processing medium (Maslin and Maier 2000). Also, significant variability
caused by rather small changes in the cultivation environment can be observed among
the batch cultivations, thus making the composition of the final product and its
properties less certain. However, there are many important inherent advantages of
biosurfactants, e.g., low toxicity, low CMC values, ecological acceptability, biode-
gradability, high selectivity, high yet specific activity at extreme temperatures, pH, and
salinity as reviewed elsewhere (Bustamante et al. 2012; Bezza and Chirwa 2015).

Several comparative studies stated either a minimal negative effect, if any, or
even a boost in cell growth and degradation activity by biosurfactants as opposed to
chemical surfactants. Solubilization and/or emulsification of biosurfactants were
also similar to those of their synthetic analogs, in many cases even higher. For
example, Sphingomonas sp. GF2B was able to mineralize up to 83.6% of
phenantrene (PHE) within 10 days without the addition of surfactants.
Biosurfactants facilitated PHE biodegradation to make it as high as 99.5%, whereas
the addition of Tween 80, conversely, inhibited the PHE biodegradation to merely
33.5% (Pei et al. 2010). Oil dispersion by several chemical surfactants and
biosurfactants with simultaneous bioremediation of a marine offshore oil spill was
studied by Pi et al. (2017). The results showed that the enhancement of petroleum
hydrocarbon bioremediation by rhamnolipids was twice as efficient compared to
commercial chemical dispersants, GM-2, without any toxic effect on microorgan-
isms. Moreover, when assessing the effect of surfactant combination, a consistent
negative effect of GM-2 on rhamnolipids’ efficiency was observed.

Because of the above-mentioned disadvantages of synthetic surfactants, espe-
cially higher toxicity, low selectivity, and higher CMC values, their effective
eco-friendly replacement with biosurfactants is sought. However, synthetic surfac-
tants remain dominant because of the disadvantages of biosurfactants, particularly
their high price (Lau et al. 2014). Thus, the most feasible cost-effective alternative to
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synthetic surfactants may be the use of in situ biosurfactant-producing (and
pollutant-biodegrading) microorganisms in bioremediation technologies (Ángeles
and Refugio 2013; Hosseininoosheri et al. 2016). Another promising approach to
making biosurfactants cost-competitive is the optimization of cultivation conditions
(Soares dos Santos et al. 2016) or the use of improved GMO producers (Sekhon et al.
2011; Martins Das Neves et al. 2007).

24.2.3 Specific Properties of Biosurfactants

Generally, biosurfactants show very low or no toxicity, thus they can be widely used
in remediation protocols. On the other hand, biosurfactants induce an increase in
bioavailability and mobility of toxic compounds that can cause secondary toxic
effects against some biota. For example, tests evaluating the seed germination and
growth inhibition showed an increase in the phytotoxicity of diesel oil for four
terrestrial plant species (alfalfa, sorghum, mustard, and cuckooflower) after the
addition of rhamnolipids (Marecik et al. 2012).

Rhamnolipids, as surfactants, can negatively affect microbial cell adhesion and/or
biofilm development, thus they can be used to control the microbial biofilm. On the
other hand, biosurfactants may exhibit toxicity against some pathogenic microor-
ganisms; therefore, they can counteract human (Das et al. 2008) or plant (Borah et al.
2016) pathogens.

The action of biosurfactants or bioemulsifiers on the environment intensifies the
cell–pollutant interactions, thus increasing the pollutant bioavailability. Microorgan-
isms gain direct access to water-solubilized hydrocarbons, heavy metals, or pesti-
cides; their cells have direct contact with released oil as a separate phase in the form
of large drops, pseudosolubilized, or emulsified oil (Zhong et al. 2014; Alvarez Yela
et al. 2016; Yang et al. 2016). Microorganisms usually uptake exterior water-
solubilized and pseudosolubilized hydrocarbon molecules; however, an alternate
mechanism similar to active pinocytosis in appearance, by which small rhamnolipid-
coated hexadecane droplets were transported through the membrane to cell interior,
was proved to exist for Pseudomonas sp. (Cameotra and Singh 2009).

Incensement of pollutants’ mobility and bioavailability can fundamentally
increase the efficiency of remediation techniques like washing or microorganism-
based remediation, e.g., bioremediation or bioaugmentation. Depending on the
concentration and molecular weight, three basic modes of biosurfactant action can
be distinguished, i.e., mobilization, solubilization, and emulsification (Pacwa-
Płociniczak et al. 2011). Mobilization occurs under a biosurfactant concentration
below CMC when the adsorbed organic compounds are desorbed from a matrix by
means of biosurfactants breaking free as separate molecules to become (bio)avail-
able in the aqueous phase.

Schematic mechanisms of the action of both low- and high-molecular-mass
biosurfactants in soil are shown in Figs. 24.1 and 24.2, respectively. By contrast,
solubilization occurs under biosurfactant concentrations above CMC and leads to
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incorporating the hydrophobic pollutants into the micelles as a microphase. In this
case, the hydrophobic pollutants become protected against the water-based
chemicals occurring in the aqueous phase and show an increased formal pollutant
concentration in water above its normal equilibrium value (so-called
pseudosolubility). Mobilization and solubilization are biosurfactant actions that
increase the mobility and bioavailability of not only organic compounds present as
single molecules, e.g., pesticides and PAHs or other hydrocarbons but also liquid

Fig. 24.1 Action of low-molecular-mass biosurfactants. Cationic biosurfactants provide compet-
itive replacement of metal ions while anionic biosurfactants form ionic or coordination bonds with
heavy metals enhanced by lowering the interfacial tension. Biosurfactants increase the solubility,
bioavailability, and mobility of hydrophobic organic pollutants via their mediated desorption
(mobilization) and formation of micelles (solubilization) (Mulligan 2005; Li and Chen 2009;
Pacwa-Płociniczak et al. 2011)
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hydrocarbons occurring as separate phases forming emulsions or microemulsions.
High molecular weight biosurfactants, i.e., bioemulsifiers physically interact with
both the immiscible liquid, typically oil occurring as small droplets, and water, thus
stabilizing the interface between these two phases in the suspension.

Many biosurfactants are anionic; therefore, they may form ionic or coordina-
tion bonds with heavy metals that are stronger than weak metal–soil interactions.
This process is enhanced by lowering the interfacial tension. On the other hand,

Fig. 24.2 Action of high-molecular-mass biosurfactants. Biosurfactant-coated oil particles (emul-
sion) or droplets (microemulsions) are released with either an increased interfacial surface, mobility,
and bioavailablability or even become directly available for microorganisms (da Rosa et al. 2015;
Cameotra and Singh 2009)
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cationic biosurfactants can replace the same charged metal ions by competition
and any types of biosurfactants can simply release metals bonded to micelles
(Pacwa-Płociniczak et al. 2011).

While in the bulk aqueous phase, the above-mentioned processes are carried out
as described; the sorption on particles may reduce the biosurfactant effective con-
centration in more complex systems with water–solid interfaces (represented by wet
soil or sediment). Singh and Cameotra (2013) stated a 50% adsorption of a
lipopeptide biosurfactant on soil. This phenomenon combined with the biosurfactant
biodegradation should be taken into account when determining the required amount
of a biosurfactant for the given task (Maslin and Maier 2000; Ochoa-Loza et al.
2007). To address this problem, a pulse strategy (with a periodic addition of
biosurfactant into the system) is often used (Maslin and Maier 2000). However,
whenever possible, the best strategy is an in situ (natural or enhanced) production of
biosurfactants by suitable species (Hosseininoosheri et al. 2016). The other common
setback is that biosurfactants accumulated at the water–gas interface significantly
decrease the oxygen mass transfer from the gas to aqueous phase (Sheppard and
Cooper 1990), thus potentially causing an oxygen depletion, which can negatively
affect remediation bioprocesses.

The above-mentioned influence of biosurfactants on pollutant availability could
be accompanied by their influence on microorganisms. The protective function of
biosurfactants against toxic compounds described in several publications can be
utilized in remediation techniques (Maslin and Maier 2000; Chrzanowski et al.
2009). In addition, biosurfactants can increase the cell wall hydrophobicity, thus
enhancing the degradation of hydrophobic compounds by Pseudomonas aeruginosa
strains with a low cell wall hydrophobicity. However, the action of other strains with
low cell wall hydrophobicity was not enhanced (Zhang and Miller 1994). The
mechanism of this process was studied in detail by Al-Tahhan et al. (2000). They
found that rhamnolipids increase the cell surface hydrophobicity by releasing the
genus-specific lipopolysaccharides from the outer membrane of Pseudomonas
aeruginosa. Another mechanism for Pseudomonas aeruginosa was described by
Sotirova et al. (2009) when the cell surface hydrophobicity was increased by
changing the composition of outer membrane proteins in the presence of a
rhamnolipid.

24.2.4 Application Potential of Biosurfactants

24.2.4.1 Treatment of the Sites Contaminated by Organic Pollutants

Hydrocarbon contamination is one of the major environmental problems that result
from the activities related to the petrochemical industry. Small-scale field experiments
conducted by Tahseen et al. (2016) showed a significant improvement in
oil-contaminated soil remediation as a result of rhamnolipid addition. The addition
of rhamnolipids caused a greater effect than the addition of mineral nutrients in the
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form of an NPK (nitrogen, phosphorus, and potassium) fertilizer (32% vs. 26% of
degraded oil in 90 days, respectively). Similarly to those results, a significant improve-
ment was observed for the rhamnolipids + bacterial consortium treatment compared to
the rhamnolipids + nutrients addition (53% vs. 36% of degraded oil in 90 days,
respectively). As expected, the combined rhamnolipids + nutrients + bacterial consor-
tium treatment led to an even greater efficiency, degradation of oil by 77% in 90 days.

Besides petroleum contamination, PAHs are among the most common toxic soil
contaminants. Because the environmental PAHs usually occur as a mixture, the
biosurfactants’ specificity must be taken into account. Portet-Koltalo et al. (2013)
conducted a comparative study on the removal of seven PAHs from contaminated
soil by either SDS (a synthetic surfactant) or two cyclolipopeptide-based
biosurfactants (amphisin and viscosin-like mixture), both produced by two Pseudo-
monas fluorescens strains. SDS was able to release all the studied PAHs while both
biosurfactants were only effective toward the desorption of the lowest molecular
weight PAHs (naphthalene to fluorene). This selectivity was confirmed by Bezza and
Chirwa (2015) when they reported a higher efficiency and faster kinetics of the three-
ring phenanthrene desorption from soil in comparison to four-ring pyrene by a
lipopeptidal biosurfactant produced by Paenibacillus dendritiformis.

Pesticides are widespread, dangerous, and persistent pollutants that tend to be
strongly adsorbed in contaminated soils. A glucolipid-based biosurfactant produced
by Burkholderia cenocepacia BSP3 noticeably enhanced the pesticide solubilization
making it available for either washing or bioremediation treatments (Wattanaphon
et al. 2008). Also an in situ release of a rhamnolipid produced by Pseudomonas
aeruginosa CH7, a β-cypermethrin-degrading bacterium, has the potential for enhanc-
ing the degradation of pesticides by increasing their bioavailibility (Zhang et al. 2011).

24.2.4.2 Treatment of Sites Contaminated with Heavy Metals

Heavy metals can be efficiently removed from contaminated water, sludge, and soils
by a biosurfactant action. Das et al. (2008) reported an efficient chelation of Pb and
Cd followed by precipitation by an anionic lipopeptide biosurfactant of a marine
origin. Tang et al. (2017) applied saponin, which is an anionic plant biosurfactant
having carboxyl groups at the hydrophilic end of its molecule, and showed its ability
to bind heavy metals (Zn, Ni, Cu, Mn, Cr, and Pb) for their ultimate removal from
water sludge. A specific feature of this surfactant is that its metal binding facilitates
the micelle formation by saponin molecules. It was shown that Cr exhibits the
highest (65%), while Pb and Mn the lowest (25–35%) extraction efficiency.

Luna et al. (2016) described an efficient treatment of soil and aqueous solutions
contaminated from the automotive battery industry using an anionic biosurfactant
from Candida sphaerica. The results showed the removal rates of 95%, 90%, and
79% for Fe, Zn, and Pb, respectively. The addition of HCl increased the metal
removal rate. Additionally, the re-use of a recycled biosurfactant after metal precip-
itation yielded a reduced but still suitable removal efficiencies of 70%, 62%, and
45% for Fe, Zn, and Pb, respectively.
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A foam-enhanced washing technique has been developed to reduce the channel-
ing effect characteristic for soil treatment, thus achieving a homogenous flow, even
in a heterogeneous porous medium. Foam can be successfully created and stabilized
by biosurfactants. Maity et al. (2013) demonstrated a foam-enhanced removal of Cu,
Pb, and Zn from contaminated soil using a plant-based biosurfactant saponin from
soapberry Sapindus mukorossi and surfactin from Bacillus subtilis (BBK006). The
optimized foam-enhanced technology resulted in removing 98%, 95%, and 56% of
Pb, Cu, and Zn, respectively, while the efficiency of simple washing was twice less
efficient.

24.2.4.3 Treatment of Sites Co-contaminated with Heavy Metals
and Hydrocarbons

Industrial areas are often co-contaminated with heavy metals and hydrocarbons.
Remediation of heavy metal- and hydrocarbon-contaminated soil could be difficult
because of the different chemical nature of these two contaminant types. Neverthe-
less, several recent studies showed the potential of biosurfactants for addressing this
problem. One study on washing soil contaminated with high concentrations of heavy
metals (Fe, Pb, Ni, Cd, Cu, Co, and Zn) and petroleum hydrocarbons using
alipopeptide biosurfactant consisting of surfactin and fengycin originated from
Bacillus subtilis A21 was published by Singh and Cameotra (2013). Bisurfactant-
based washing removed significant amounts of both petroleum hydrocarbons
(64.5%) and metals, namely Cd (44.2%), Co (35.4%), Pb (40.3%), Ni (32.2%), Co
(26.2%), and Zn (32.07%). The treated soil exhibited a non-inhibited (100%)
germination of brown Indian mustard (Brassica juncea), whereas the simply washed
soil yielded 0% germination. Maslin and Maier (2000) concluded that the biodeg-
radation of phenanthrene can be rhamnolipid-enhanced in organic-metal
co-contaminated soils by masking (complexing) toxic cadmium. This protective
effect was further improved during the lab-scale simulated degradation of phenan-
threne in the aqueous medium and two co-contaminated soils.

24.2.4.4 Long-Term Contaminated Sites—Aged Pollutants

The sorption of pollutants often becomes nearly irreversible over time. Such “aging”
of both types of pollutants, either organic compounds (Ncibi et al. 2007) or heavy
metals (Liang et al. 2016) causes their low bioavailability, thus prolonging the
bioremediation time and decreasing its efficiency. However, it was found that
biosurfactants help to effectively release such “irreversibly” adsorbed PAHs
(Bezza and Chirwa 2016, 2017; Sánchez-Trujillo et al. 2013), pesticides
(Wattanaphon et al. 2008), PCBs (Fava et al. 2003), and heavy metals (Kulikowska
et al. 2015b), making the remediation process shorter and more efficient.

Humic substances extracted from compost were used as a washing agent for a
simultaneous removal of Cu, Cd, Zn, Pb, and Ni from artificially contaminated soils

504 M. Halecký and E. Kozliak



aged for 1 month, 12 months, and 24 months using both single and multiple
washing. The washing efficiency was as high as 80%. Regardless of the applied
washing mode, the removal of Cd and Pb was not affected by the contamination age,
whereas the removal of Cu, Ni, and Zn was higher in soils that had been aged for a
shorter time (Kulikowska et al. 2015b). Bezza and Chirwa (2016) investigated the
biosurfactant-enhanced bioremediation of aged PAHs when an additional
biosurfactant from Pseudomonas aeruginosa and stimulation of the biosurfactant
in situ production were applied. The biosurfactant-enhanced degradation of PAHs
was 86.5% and 57% in the controls with no second biosurfactant. The additional
biosurfactant increased the PAHs bioavailability, thus stimulating the growth of
degraders. Then, the population growth led to the depletion of bioavailable PAHs,
which triggered an in situ biosurfactant production.

24.2.4.5 Biosurfactant in Prevention of Soil Contamination

As stated above, the assumed low biosurfactant toxicity is not necessarily displayed
under all conditions. However, the specific toxicity of some biosurfactants can be
appropriately used in many fields. Biosurfactants can actually be used as
biopesticides, thus replacing chemical pesticides in order to reduce the pollution of
soil, water, and sediment. Increasing amount of studies have already proved the
possibility of using biosurfactants against pathogens in agriculture. For example,
potato late blight disease caused by pathogen Phytophthora infestans was signifi-
cantly reduced by biosurfactant-producing strain Pseudomonas koreensis and its
biosurfactant (Hultberg et al. 2010). On a similar token, rhamnolipids can be
effectively used against Fusarium verticillioides to control the stalk and ear rot
disease of maize (Borah et al. 2016).

24.3 Perspectives of Enzymes in Remediation Techniques

Enzymes are naturally present in soil ecosystems. They are produced by soil
microorganisms as well as by plants and soil invertebrates. Typical enzymes with
potential for bioremediation are listed in Table 24.1. Many enzymes, e.g., peroxi-
dases, laccases, tyrosinases, organophosphorous hydrolases and dehalogenases,
lipases, proteases, phosphotriesterases, nitrile- and cyanide-degrading enzymes,
and mono- and dioxygenases have been studied for decades to treat the targeted
organic compounds, e.g., hydrocarbons; phenols; polyaromatic, nitroaromatic, and
chlorinated compounds; dyes; organophosphorous pesticides; nerve/paralyzing
agents; or inorganic compounds, e.g., those of metals or metalloids (Piotrowska-
Długosz 2017). Fungi and bacteria are the most studied producers of these enzymes
(Piotrowska-Długosz 2017); however, marine microorganisms producing enzymes
with specific and promising properties are also widely tested (Sivaperumal et al.
2017).
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24.3.1 Specifics of the Use of Enzymes for Soil
Bioremediation

The efficiency of enzymes’ application, similarly to biosurfactants, strongly depends
on the soil composition and the physical properties. Thus the porosity and composition
of both mineral and biotic fractions as well as grain fraction distribution, inhomoge-
neities, pH, and pollutant availability must be evaluated on the contaminated site to
choose the best strategy for application of enzymes, which are still considered
expensive bioagents (Tuomela and Hatakka 2011; Quiquampoix et al. 2002).

Soil is a multiphase time-variable system consisting of mineral matter, organic
matter, water, soil air/gas, and organisms—both invertebrates and microorganisms.
Many physical, chemical, and biological interactions occur in soil on several levels of
soil structure. In addition, inhomogeneities in both structure and composition as well
as local specific processes may further hinder precise soil characterization and appli-
cation of enzyme-based bioremediation procedures (Zimmerman and Ahn 2010).

Enzymes as protein-based molecules are naturally susceptible to interactions with
mineral and organic soil matter (Quiquampoix et al. 2002). Several mechanisms,
e.g., covalent attachment, physical entrapment, nonpolar and electrostatic interac-
tions, hydrogen and ionic bonding, result in the formation of enzyme–humus or
enzyme–clay complexes (Quiquampoix et al. 2002; Zimmerman and Ahn 2010).
Sorption on soil components protects enzymes against inhibitory factors in the

Table 24.1 Enzymes and their actions for soil bioremediation purposes

Enzyme Producer Degradation/detoxication action References

Laccase Coriolopsis gallica Conversion of bisphenol A into carbox-
ylic acid derivatives such as tartaric acid,
β-hydroxybutyric acid and pyroglutamic
acid in presence of
1-hydroxybenzotriazole as a laccase
mediator

Daâssi et al.
(2016)

Manganese
peroxidase

Anthracophyllum
discolor

Conversion of pyrene, anthracene,
fluoranthene and phenanthrene in pres-
ence of MnSO4

Acevedo
et al. (2010)

Cyanide
hydratase

Aspergillus niger K10 Cyanide decomposition into formate and
ammonia

Rinágelová
et al. (2014)

Rhodanese
(engineered)

Pseudomonas
aeruginosa
(Escherichia coli as
producer)

Cyanide decomposition in presence of
thiosulfate into thiocyanate

Cipollone
et al. (2006)

Nitrilase Rhodococcus
rhodochrous J1

Conversion of benzonitrile into benzoic
acid and acrylonitrile into acrylic acid

Nagasawa
et al. (2000)

Nitrile
hydratase

Rhodococcus
sp. RHA1

Conversion of acetonitrile and
propionitrile, acrylonitrile and
butyronitrile into their amides

Okamoto
and Eltis
(2007)

Chromate
reductase

Bacillus
amyloliquefaciens

Reduction of Cr(VI) into Cr(III) Rath et al.
(2014)
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environment, thus maintaining a suitable enzyme activity at non-ideal pH, ionic
strength, and temperature as well as in the presence of light (photodegradation),
proteolytic enzymes, and toxic heavy metals (Tietjen and Wetzel 2003;
Quiquampoix et al. 2002; Wang et al. 2017; Wang et al. 2014).

On the other hand, many adverse effects resulting from enzyme–soil interactions
decreasing enzyme activity have been described as well, namely: conformational
changes, interfacial pH affection, diffusion-limiting kinetics, orientation effects
(steric factors), restriction of co-enzyme availability, enzyme encapsulation or dena-
turation by organic matter or toxic metals, and enzymes’ degradation by oxidative
minerals (Quiquampoix et al. 2002; Zimmerman and Ahn 2010).

24.3.2 Evaluation of Using Enzymes for Bioremediation

Advantages and disadvantages of enzymes over microorganisms for their use in
bioremediation are summarized in Table 24.2. While free enzymes tend to lower
mass transfer limitations resulting in faster reactions, immobilized enzymes, either
the artificially attached to suitable particles or the naturally immobilized on soil
particles, show significant mass transfer limitations (Datta et al. 2017; Quiquampoix
et al. 2002). Enzymes can be applied under the lack of substances or conditions
essential for live cell functioning, thus eliminating the limitations of nutrient avail-
ability, cell acclimation, formation of metabolic by-products, inhibition by other
present cell-toxic chemicals. This creates the possibility of their application to toxic
or concentrated cell-inhibiting compounds as well as to harsh operational conditions,
e.g., extreme pH, temperature, and ionic strength/salinity (Huang et al. 2009;
Gianfreda et al. 2016). While the introduction of non-native microbial species is
common and mostly non-controversial, yet a subject to approval by state authorities,
the introduction of genetically modified microorganisms is strictly regulated and
rarely publically acceptable. However, both non-native and genetically modified
species can be replaced by enzymes, either native or engineered, presumably with no
ecological impact.

The key disadvantage is still the high cost of enzyme application, despite the
advances in enzyme production, isolation and purification, potential of the use of
genetically engineered enzymes and their hyperproduction by genetically modified
species (Eibes et al. 2015). Total mineralization of the majority of complex polluting
molecules is undermined by the existence of complex degradation pathways involv-
ing many different enzymes. Single enzymes usually only “detoxify” a given
pollutant by a single-step chemical modification and thus reduce its toxicity by
cleaving a specific group (Acevedo et al. 2010; Daâssi et al. 2016). This limitation
can be addressed by applying either mixtures of free enzymes or enzymatic
nanoparticles (constructed or natural) that have all the necessary enzymes attached
to them. However, the cost of such an advanced bioremediation application is
enormous. In addition, it must be ensured that the action of each essential enzyme
occurs with the same substrate molecule but at a different time.
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Additional compounds essential for enzymatic reactions may also be required.
Mediators and/or co-factors, whether naturally present or added, are compounds
with redox potential serving as redox shuttles between the enzyme and substrate.
For example, laccase mediators, e.g., p-coumaric acid, syringaldehyde, or
acetosyringone are essential for catalysis of redox reactions catalyzed by this enzyme
(Ji et al. 2016). Similarly, hydrogen peroxide for peroxidases, organic hydroperoxides
for peroxygenases, and Mn2+ for manganese peroxidase are necessary for enzyme
action (Acevedo et al. 2010). Ensuring that all necessary substances are lined up at the
same spot for the effective course of a given enzyme-catalyzed reaction is problematic;
this problem, in particular, can be a major obstacle in static, heterogeneous systems
with high and varied sorption properties such as soil (Datta et al. 2017).

Table 24.2 Comparison of advantages and disadvantages of enzymes application in comparison to
live microorganisms (Datta et al. 2017; Zimmerman and Ahn 2010; Eibes et al. 2015; Gianfreda
et al. 2016; Wang 2006; Acevedo et al. 2010; Wang et al. 2014)

Advantages Disadvantages

Lower mass transfer limitations (for free
enzymes)

Still expensive despite the advances in
production

Higher availability of pollutants adsorbed in soil
compared to microbial cells

Some need specific cofactors, inductors or
mediators

Minimum ecological impact Necessity of using enzyme mixtures for
complex pollutants

Easily controlled process Risk of mutual decomposition, e.g., proteol-
ysis in enzyme mixtures

Effective in small quantity Potentially quick decomposition in soil by
microbial cells or free enzymes, e.g.,
peptidases

Long-term storage Short lifetime

Competition effects in soil (organic matter)

No DNA Sorption on soil particles

No introduction of foreign (microbial) spe-
cies at site

Publicly acceptable even if GMO-produced

Overcoming of microorganisms’ limits: Lack of advantageous features of live cells:

No nutrient requirements Self-replication

No need for acclimation characteristic for
whole cells

Active movement (chemotaxis)

No formation of metabolic by-products Adaptation (changes in cell transport and
metabolism)

Enabled application to toxic or concentrated
(cell-inhibiting) compounds

Evolution (mutation, horizontal gene
transfer)

Potential application under harsh operational
conditions (pH, temperature, and ionic strength/
salinity)

Production of supporting substances
(biosurfactants for pollutants’ release)

No inhibition by other cell-toxic chemicals
present on site
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A different yet similarly hampering limitation of enzymatic remediation is char-
acteristic for metal and metalloid contaminated sites. Enzymes as well as microor-
ganisms can convert toxic metals and metalloids into their less toxic forms, e.g.,
reduced or insoluble, but they cannot physically remove them from a contaminated
site; furthermore, such conversion is reversible (Wall and Krumholz 2006).

One more limitation is that the enzymes used for pollution bioremediation, e.g.,
chitinase, carboxymethyl cellulase, β-glucosidase, protease, acid phosphatase, poly-
phenol oxidase, laccase, and guaiacol oxidase also exhibit an undesired activity
against organic soil colloids (Wang et al. 2014), thus decreasing the efficiency of the
attack on the target pollutant because of competition.

Natural biodegradability of enzymes can shorten the lifetime of the applied
enzymes because of their decomposition in soil by naturally occurring peptidases
and microorganisms. Also the risk of mutual decomposition, e.g., proteolysis, should
be taken into account when mixtures of enzymes are applied; therefore, repetitive
enzyme application can be essential (Gianfreda et al. 2016). In contrast, specific
features of live cells lacking in enzyme application, namely self-replication, active
movement (chemotaxis), adaptation (changes in cell transport and metabolisms),
evolution (mutation, horizontal gene transfer), and production of supporting sub-
stances (biosurfactants for pollutants’ release) may favor their use.

24.3.3 Application Potential of Enzymes in Bioremediation

Although the list of potential disadvantages is relatively long, a number of promising
lab-scale applications of enzymes, either free or immobilized, have been described,
as summarized below. The current focus addressing most of the above-listed limi-
tations is on using nanoscale carriers for bioremediation of toxic and recalcitrant
pollutants.

24.3.3.1 Treatment of Organic Pollutants

As stated above, enzymatic attacks cause detoxification of complex pollutants rather
than their mineralization. For example, bisphenol A was completely removed within
3 h by the action of Coriolopsis gallica laccase; however, GC-MS analyses revealed
its conversion into carboxylic acid derivatives such as tartaric, β-hydroxybutyric, and
pyroglutamic acids (Daâssi et al. 2016). Similarly, several main metabolites, e.g.,
10,11-dihydro-10,11-dihydroxy-CBZ, 10,11-dihydro-10,11-epoxy-CBZ, and
acridone were identified resulting from the laccase action on carbamazepine. The
concomitant decrease of biotoxicity was confirmed (Ji et al. 2016). In another study,
both free and immobilized laccases decreased the concentration of sulfathiazole and
sulfamethoxazole as well as their biotoxicity in the presence of
1-hydroxybenzotriazole as a laccase mediator. Intermediates were not determined;
however, detoxification rather thanmineralization was assumed (Rahmani et al. 2015).
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In these cases, the ultimate products turned out to be non-toxic, i.e., the enzyme
application was justified; however, in general this may not be the case. Another way
of enzymatic detoxication is the formation of polymers. For example, triclosan was
converted by an integrated nano-bio redox process into non-toxic dimer and trimer
products (Bokare et al. 2010).

Enzymes can also be effectively applied to detoxification of cyanide and nitriles.
Although rhodanese can be used to detoxicate cyanide in the presence of thiosulfate
forming less toxic thiocyanate (Cipollone et al. 2006), a more promising way is to
use cyanide hydratases that detoxify cyanide in the sole presence of water. For
example, cyanide hydratases convert cyanide into formamide and then cyanide
dihydratase converts this intermediate into ammonia and formate. Some bacteria,
e.g., Pseudomonas stutzeri, and many fungi, e.g., Fusarium lateritium, Aspergillus
niger, Botryotinia fuckeliana, produce a variety of cyanide (di)hydratases that were
successfully tested for cyanide detoxification (Martínková et al. 2015).

Two main pathways were described for nitrile hydrolysis, either direct hydrolysis
to the corresponding carboxylic acids and ammonia by nitrilase (Nagasawa et al.
2000) or a two-step conversion into their amides by nitrile hydratase and further into
their carboxylic acids and ammonia by amidase (Okamoto and Eltis 2007). The
nitrilase isolated from Rhodococcus rhodochrous J1 was able to catalyze a quick
conversion of both aromatic and aliphatic nitriles, namely benzonitrile into benzoic
acid and acrylonitrile into acrylic acid (Nagasawa et al. 2000). The isolated nitrile
hydratase of Rhodococcus sp. RHA1 effectively converted acetonitrile,
propionitrile, acrylonitrile, and butyronitrile into the corresponding amides. Bacteria
containing both essential enzymes to complete the nitrile group detoxification,
namely both nitrile hydratase and amidase, could be isolated, too (Okamoto and
Eltis 2007). For real-world field scale remediation, however, nitrilases converting
nitriles directly to carboxylic acids are much more practical than nitrile hydratases,
which require a second step and another enzyme to complete the conversion.

24.3.3.2 Detoxification of Heavy Metals

Detoxification of metals is based mainly on their reduction that usually lowers both
their toxicity and solubility. The redox reactions catalyzed by enzymes require an
electron donor, usually NAD(P)H originated from aerobic respiration. The second
common metabolic pathway occurs when metals/metalloids serve as terminal elec-
tron acceptors in anaerobic respiration. In either case, the electrons for metal
reduction are produced by complex metabolism. Thus, extracellular reduction by
free enzymes (as opposed to extracellular reduction conducted by externally
bounded membrane reductases) suffers from a deficiency of essential co-factors
(Thatoi et al. 2014). Therefore, the addition of NAD(P)H, a mixture of enzymes or
the use of the whole cell metabolism is essential for most cases of enzymatic metal
reduction. Payne et al. (2002) explored a promising approach when a mixture of
hydrogenase and cytochrome c3 from Desulfovibrio vulgaris was used in combina-
tion with lactate, pyruvate, and hydrogen as electron donors for the reduction of
uranium(VI) to uranium(IV). Cytochrome c3 regenerates the hydrogenase using
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those electron donors (Payne et al. 2002). However, being merely detoxified rather
than removed, metals can be reoxidized chemically by oxygen or can serve as
electron (energy) sources for endogenous lithotrophic microorganisms, thus such
detoxification can be viewed as only temporary (Wall and Krumholz 2006).

24.3.3.3 Enzyme-Enhanced (Bio)Remediation

Enzymes can be used for enhancing other bioremediation methods. In many cases,
enzymatic attacks on toxic pollutants lead to both reduction of their toxicity and
increase in their biodegradability. Thus, microbial bioremediation can be fundamen-
tally improved, especially in the case of recalcitrant pollutants with heteroatoms,
e.g., organophosphates, chlorinated and nitro compounds. For example, undefined
mixtures of extracellular enzymes produced by a microbial consortium under induc-
tion by diesel as a substrate were applied during microbial degradation of hydrocar-
bons on three different oil-contaminated sites. A diesel hydrocarbon degradation of
approximately 90% was achieved in 60 h for enzyme-enhanced tests, whereas as
many as 175 h were needed to match this efficiency for the degradation tests
involving only microbial cells (Jiménez-T et al. 2011).

An application of nano-bio decontamination based on sequential reduction–oxida-
tion was reported by Bokare et al. (2010) for triclosan detoxification under anaerobic
conditions (Bokare et al. 2010). A rapid reductive dechlorination by palladized zero-
valent iron nanoparticles generated 2-phenoxyphenol, followed by its transformation
into a non-toxic polymer using laccase derived from Trametes versicolor in the
presence of a natural redox mediator, syringaldehyde (Bokare et al. 2010).

24.3.3.4 Enhanced Applications of Enzymes

A number of ways to immobilize/stabilize enzymes on (nano)carriers, e.g., entrap-
ment, encapsulation, adsorption, covalent binding, and self-immobilization as well as
many types of nanocarriers, both natural or artificial, e.g., mesostructured silica
materials, magnetite nanoparticles, caolinite, porous carbon tubes, and alginate have
been described so far (Fernández-Fernández et al. 2013). For example, the laccase of
Trametes versicolor was immobilized with only a slight loss of activity on
functionalized nanoparticles SBA-15 with the average diameter smaller than 10 nm,
which are suitable for applications to soil bioremediation (Fernando Bautista et al.
2010). To decrease the anthracene toxicity by conversion to anthroquinone, the laccase
from Trametes versicolor was immobilized on functionalized (silicated) kaolinite
using glutaraldehyde. In both cases, significant enzyme stabilization was shown.

Among other applications, Hong et al. (2017) developed an enzyme-silicate
conjugate material consisting of a self-assembled molecular-size thin silicate net-
work cage encasing each individual enzyme molecule (α-chymotrypsin and lipase).
Due to the near molecular size of these conjugates, both minimized substrate
diffusion limitations and high enzyme stability were achieved. While the kcat/Km
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ratio of α-chymotrypsin slightly decreased from 7.6� 0.2 to 6.0� 0.1� 105 1/(M s)
comparing the native and the coated enzymes, the stability of the coated enzymes
increased drastically retaining ca 90% of its initial activity after 3 days of the use,
whereas the activity of native enzymes at that point was only about 10%. A similar
strong stabilization effect was observed for lipase (Hong et al. 2017).

In addition to artificial nanoparticles, Ng et al. (2015) investigated the production
of natural nanoparticles with multiple enzymatic activities by algae Shewanella
(Ng et al. 2015). Shewanella xiamenensis BC01 produced nanoparticles with oxi-
doreductases including catalase, manganese peroxidase, laccase, NADH dehydro-
genase, flavin reductase, azoreductase, and Fe reductase that were generally
spherical in shape with a particle size of 7–8 nm (Ng et al. 2015).

Engineered enzymes as well as their producers are a rapidly expanding field of
research allowing for production of large quantities of more stable, active, and/or
selective enzymes, yielding cheaper products with a higher utility value (Zhang et al.
2016b).

24.3.4 Enzymes in Prevention and Detection
of Contamination

Enzymes, e.g., chitinases, proteases, and lipases, can be used as eco-friendly
biopesticides because of their anti-insect and anti-fungal potential. Chitinases–bac-
terial, fungal, or plant–are promising agents for controlling harmful fungi and plants
owing to the presence of chitin in the exoskeletal and intestinal linings of insects and
in the fungal cell walls (Yan et al. 2008; Liu et al. 2002). Binod et al. (2007) reported
that chitinase of Trichoderma harzianum negatively affects the growth and the
metamorphosis of Helicoverpa armigera larvae, with up to 70% mortality rate.
Proteases cleaving the peptide bonds of proteins are naturally produced by insect
and nematode pathogens in order to penetrate cuticles made up of 70% of protein
(Goettel et al. 1989). Serine proteases isolated from a nematophagous fungus,
Lecanicillium psalliotae, were able to eradicate nematode Panagrellus redivivus
with 81–100% efficiency (Yang et al. 2005).

On a similar token, lipases may be used for insect control by hydrolyzing ester
bonds of lipoproteins, fats, and waxes in the interior parts of the insect body. A purified
extracellular lipase from a fungus applied for biocontrol, Nomuraea rileyi MJ, was
used, as a single agent, to both promote the fungus spore germination and enhance the
mortality of an agricultural pest, Spodoptera litura (Supakdamrongkul et al. 2010).

Currently, synergistic effects of enzymes and toxin-derived biopesticides, e.g.,
δ-endotoxins of Bacillus thuringiensis, are investigated when these agents are applied
in combination. Protease and chitinase of Paecilomyces lilacinus were studied by
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Khan et al. (2004) to evaluate their activity against the plant-pathogenic nematode
Meloidogyne javanica. The individual enzymes showed high activities against eggs
and juveniles of this nematode, which were further enhanced in their mixture. Simi-
larly, a synergistic effect was shown for chitinase-producing B. thuringiensis enhanc-
ing the insecticidal activity of B. thuringiensis strain DL5789 against agricultural pest
insects Spodoptera exigua larvae by more than twofold (Liu et al. 2002).

Enzymes can be used as active agents for selective biosensors detecting a wide
range of pollutants, both organic and inorganic. For example, a change in conduc-
tivity of the enzyme membrane occurs in a biosensor when tyrosinase either interacts
with 4-chlorophenol substrate or is inhibited by toxic compounds including diuron,
atrazine, copper, lead, and zinc ions (Anh et al. 2006). Cyanide dihydratase
converting cyanide into ammonia, which is then detected by an ammonia-selective
electrode, was used for constructing a fast-responding and accurate biosensor
(Keusgen et al. 2004).

24.4 Perspectives of Using Genetically Modified Organisms
in Bioremediation Techniques

In Europe, three possible ways are distinguished for using GMOs, namely, a
contained use, introduction of GMO into the environment, and placing GMO or
genetically enhanced products on the market. The contained use, i.e., the GMM
cultivation in closed reactor systems, is the only use of GMOs unanimously accepted
by the general public. A number of studies have proved a high bioremediation
potential of genetically modified microorganisms and plants. However, due to
possible risks and low public acceptance, the applications of GMOs for remediation
technologies are still scarce (Singh et al. 2011; Kolseth et al. 2015).

There are several ways to use GMOs in bioremediation techniques. The first and
most logical approach is the introduction into the environment of modified micro-
organisms or plants having the ability to degrade a broad range of organic soil
pollutants as well as to accumulate in biomass and/or to transform toxic heavy metals
(usually via reduction). Also, a cost-effective production of eco-friendly bioremedi-
ation agents, e.g., biosurfactants and enzymes is a promising way of how genetically
modified microorganisms could be used. In addition, enzymes with enhanced
original or new unique properties can be created by genetic engineering and used
in bioremediation. Prevention of soil contamination using cost-effectively
GMO-produced biopesticides or insect-resistant and disease-resistant transgenic
crops is another promising way to maintain soil and aquifer clean.
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24.4.1 Use of GMO in Bioremediation (Introduction into
the Environment)

24.4.1.1 Genetically Modified Microorganisms

A number of studies have been conducted on the bacterial metabolism of engineered
microorganisms, e.g., Escherichia coli. However, for real-world bioremediation
application, the strains that were isolated from the exact contaminated location are
considered being more suitable, with a higher likelihood of long-term survival (Lan
et al. 2006).

Natural bioremediation processes promoted by microorganisms, e.g., metal
reduction, complexation, precipitation, and promotion of the plant growth on the
contaminated site (phytoremediation) can be further improved by genetic engineer-
ing. For example, Pichia pastoris plants were genetically engineered to overexpress
a metal-resistant variant of cytochrome b5 reductase to provide a high-throughput
bioaccumulation and biotransformation of silver and selenium. Their ions were
enzymatically reduced to form stable 70–180 nm elemental nanoparticles. These
nanoparticles exhibited at least a tenfold lower cytotoxicity toward HDF,
EPG85–257, and T47D cells than silver nitrate and selenium dioxide (Elahian
et al. 2017).

Multipurpose approaches can be enabled by enhanced engineering. For example,
a cadmium-resistant bacterium Pseudomonas aeruginosa was isolated from a
Cd-contaminated oil field and further engineered to overexpress targeting
metallothioneins on the cell surface to immobilize Cd2+. Introduction of engineered
bacteria with improved cadmium tolerance and accumulation enabled the growth
promotion of green peas, Pisum sativum L., significantly elevating the shoot and root
biomass production and leaf chlorophyll content (Huang et al. 2016). Pseudomonas
putida X3 was engineered by introducing methyl parathion (MP)-degrading gene to
obtain the ability to degrade methyl parathion. The application of Pseudomonas
putida X3 into Cd-contaminated soil reduced the amount of bioavailable Cd by its
conversion into a less soluble/exchangeable form and organic-bound Cd (Zhang
et al. 2016a).

Enhanced bioremediation of pesticides and chlorinated organic compounds is a
common target of genetic engineering. Yang et al. (2010) genetically engineered a
native soil bacterium Stenotrophomonas sp. strain YC-1 producing methyl parathion
hydrolase by a surface anchor system derived from the truncated ice nucleation
protein from Pseudomonas syringae to possess a broader substrate specificity
combined with an enhanced degradation rate of organophosphates. As a result, a
mixture of six organophosphate pesticides was completely degraded within 5 h.
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24.4.1.2 Genetically Modified Plants

Genetic modification can be used for either improving existing (accumulation of
heavy metals) or introducing new abilities (degradation of chlorinated hydrocarbons,
explosives, and pesticides). The natural ability of some plants to bioaccumulate
heavy metals is used in phytoremediation of contaminated sites.

Overproduction of metal transporters (metal bioaccumulation), overproduction of
the enzymes involved in glutathione synthesis and sulfur utilization (cell protection
against heavy metals), overproduction of phytochelatin synthase (metal
phytochelation), and enhanced phytovolatization of Hg and Se are the most common
approaches to using genetically modified organisms for enhanced phytoremediation
of heavy metals (Kotrba et al. 2009). For example, the cpSL transgenic Indian
mustard Brassica juncea accumulated twice as much Se in shoots, it had a
1.8 times higher leaf Se concentration, and was more metal-tolerant (showing a
faster growth) than the wild-type plants growing on selenium- and boron-
contaminated saline sediments (Bañuelos et al. 2007). Transgenic Arabidopsis
thaliana plants overexpressing yeast protein YCF1 (detoxifying cadmium by
transporting it into vacuoles in yeast) showed a 2.2 times higher biomass yield and
1.5 times higher Cd and Pb accumulation in shoots as compared to wild-type plants
(Song et al. 2003).

Introduction of mammalian cytochrome P450 2E1 can drastically increase the
degradation of trichloroethylene, ethylene dibromide, carbon tetrachloride, chloro-
form, and vinyl chloride in the engineered plants (Gohel et al. 2006). The transgenic
plants showed a dramatic, up to 640-fold, enhancement of the metabolism of
trichloroethylene compared to null vector control plants. They also showed an
increased uptake and debromination of ethylene dibromide (Doty et al. 2000). A
field trial of trichloroethylene phytoremediation by transgenic poplars expressing
cytochrome P450 2E1 was conducted by Legault et al. (2017). The trichloroethylene
biodegradation was improved (but not as much as in the corresponding laboratory-
scale study), via the evapotranspiration, i.e., evaporation facilitated by plant trans-
location, so the trichloroethylene content of transgenic leaves was reduced by 80%
and its diffusion from transgenic stems (measured as a loss of volatiles from the
stem) was reduced by 90% compared to the wild-type poplars.

Explosives and pesticides can also be effectively treated by phytoremediation
using genetically engineered plants. Expression of a bacterial nitroreductase gene in
Arabidopsis thalianawas used to enhance its tolerance to the uptake and degradation
of 2,4,6-trinitrotoluene (Kurumata et al. 2005). Genetically modified Arabidopsis
thaliana plants expressing mammalian cytochrome P450 enzyme CYP1A2 were
able to efficiently degrade the herbicide chlortoluron and showed an improved
herbicide resistance (Kebeish et al. 2014). Enhanced tolerance to two herbicides,
atrazine and metolachlor, as well as their uptake and degradation, were described by
Kawahigashi et al. (2006) for transgenic rice expressing human CYP1A1, CYP2B6,
and CYP2C19.
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A well-functioning rhizosphere is essential for normal plant growth and health in
natural environments as well as for the efficient phytoremediation. Symbiosis
between plants and microbes can be enhanced using genetic modification tools to
make phytoremediation more efficient. For instance, the addition of a plant growth
promoting transgenic rhizobacterium Pseudomonas putida to the rhizosphere of
sunflower (Helianthus annuus), cowpea (Vigna unguiculata), wheat (Triticum
sativum), and corn (Zea spp.) was tested. The expression of a metal-binding peptide
(EC20) in the rhizosphere led to a decrease in cadmium phytotoxicity and up to 40%
increase in cadmium accumulation in the root (Wu et al. 2006).

A double genetically modified symbiotic system (both rhizobacterium and plant)
was used to improve the Cu phytostabilization in legume roots (Pérez-Palacios et al.
2017). Medicago truncatula plants expressing the metallothionein gene mt4a from
Arabidopsis thaliana in roots were used in a symbiotic system to improve the plant
Cu tolerance while the genetically modified rhizobacterium Ensifer medicae,
expressing copper resistance genes copAB from Pseudomonas fluorescens, was
used to improve the plant root Cu accumulation. Results suggested a reduced
oxidative stress and further improved root Cu accumulation without altering the
metal loading to shoots, thus leading to diminished values of the metal translocation
from roots to shoots (Pérez-Palacios et al. 2017).

24.4.2 Production of Useful Chemicals for Remediation
Technologies by GMOs (Contained Use)

Surfactant-producing microorganisms can be genetically modified to become
hyperproducing; an unpretentious yet well-cultivable strain can be advantageously
modified to become a producer. Another application may be a producer modification
to enable the use of cheap waste materials as substrates.

Currently the most promising approach is probably the in situ production in a
closed reactor, as it is acceptable by the general public. This production poses no risk
of adverse environmental effects and may enable production of such biosurfactants
that would be cost-competitive to synthetic surfactants (Sekhon et al. 2011; Rashid
et al. 2015). For example, there was a twofold increase in the biosurfactant and
esterase activities after a successful cloning of the biosurfactant genes from Bacillus
subtilis SK320 into E. coli using olive oil as a substrate. Moreover, the obtained
biosurfactant–esterase complex turned out to be a powerful emulsifier (exhibiting the
reduction of the surface tension of water from 72 dyn/cm to as low as 30.7 dyn/cm),
thus showing promise for bioremediation, hydrocarbon biodegradation, and phar-
maceutical applications (Sekhon et al. 2011).

Not only can useful natural enzymes be overexpressed in hyperproduction strains
but also modified enzymes may be obtained this way, with enhanced selectivity
and/or reaction kinetics. For example, using protein engineering through combina-
torial active site saturation testing (CASTing), a 5000-fold increase in kcat/KM
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(measuring the catalytic efficiency) of a specific phosphotriesterase was achieved,
enabling its application for the detoxification of an organophosphate insecticide,
malathion (Naqvi et al. 2014). Brissos et al. (2015) reported the major improvement
of metallo-oxidase McoA from a hyperthermophilic bacterium Aquifex aeolicus for
aromatic compounds through direct evolution. The kcat/KM of the obtained enzyme
was found to be two orders of magnitude higher than that of the wild-type enzyme
for a typical laccase substrate, ABTS (2,20-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid)), along with a higher activity for phenolics and synthetic aromatic dyes.

24.4.3 GMOs in Prevention of Contamination

To prevent or reduce the use of pesticides, genetically modified insect-resistant and
disease-resistant transgenic crops have been engineered. Insect-resistant crops, e.g.,
maize, potato, and cotton are mostly based on a manipulation resulting in expressing
the genes encoding the entomocidal δ-endotoxin from Bacillus thuringiensis
(Bt-expressing crops). However, besides these currently successfully commercial-
ized crops, other modification approaches, e.g., a RNAi-mediated crop protection,
crops with multiple resistance genes, and crops expressing protease inhibitors were
applied (Scott et al. 2013; Christou et al. 2006). In addition, many variants of
disease-resistant transgenic crops (virus-, fungi-, and bacteria-resistant) have been
engineered and some of them have been commercially applied (Galvez et al. 2014;
Collinge et al. 2008).

Another way of applying genetic modification is enhanced high-yield production
of biopesticides to obtain cost-competitive products thus replacing pesticides in
agriculture (Gohel et al. 2006).

24.5 Biopesticides

Advanced production technologies, advanced waste water and waste air cleaning
technologies to prevent the deposition of either soluble or volatile contaminants in
soil or sediments, advanced risk management, prevention and mitigation of the
consequences of environmental disasters are the most common measures taken to
minimize soil contamination. However, there is one group of important soil con-
taminants directly applied to the agricultural land, namely pesticides. To minimize
the land contamination by pesticides, the Integrated Pest Management and Integrated
Crop Management strategies are preferred in the modern agriculture introducing
specific crop cultivation practices, eco-friendly fertilization techniques, and favoring
biopesticides over pesticides. Therefore, biopesticides protecting plants against
insect pests, weeds, and pathogens as well as biostimulants enhancing nutrition
efficiency, abiotic stress tolerance, and/or crop quality traits are promising agents
for prevention of soil contamination (du Jardin 2015; Mishra et al. 2015).
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The International Biocontrol Manufacturers’ Association (IBMA) classifies bio-
control agents into four groups: (1) macrobial, (2) microbial, (3) natural products,
and (4) semiochemicals. The application of genetically manipulated plants (GMPs)
with enhanced resistance against pests is another promising way. van Lenteren et al.
(2018) reviewed in detail the current state of the art in the area of commercially
available macrobial and microbial biopesticides. Summarizing these data, microor-
ganisms account for 63% and invertebrates add the remaining 37% of the commer-
cially used biopesticides. Individual microorganism types are represented within the
microorganism group as follows: bacteria 45%, fungi 40%, viruses 10%, yeasts 4%,
and bacteriophages 1%. The target organisms of microbial biopesticides are a variety
of insect pests, weeds, and pathogens. The most important microbial agent is
Bacillus thuringiensis, which produces dozens of different biopesticides and, in
fact, the first commercial biopesticide.

Macrobial biological control agents (natural enemies) and their percentage terms
are as follows: Hymenoptera 46%, Acari 18%, Coleoptera 12%, Neuroptera 10%,
Hemiptera 6%, Diptera 4%, Nematode 2%, Mantodea 2%, Thysanoptera 1%. They
are effective against a wide spectrum of insect pests, e.g., Aphids, Mites, Dipterans,
Thrips, Pseudococcids, Lepidopterans.

Natural products/biochemicals are represented by a variety of secondary metab-
olites produced by plants and some microorganisms, e.g., actinomicetes, which
either deter or kill microorganisms, insects, and/or plants. Semiochemicals serve
as insect behavior-modifying agents, mostly insect sex pheromones, for crop pro-
tection. They are used for either monitoring or pest control by mass trapping, lure-
and-kill systems, and mating disruption (Chandler et al. 2011).

Biological control is especially successful and currently plays the central role in
the production of many greenhouse crops (Chandler et al. 2011). For example, the
predatory mite Amblyseius swirskii was successfully used as a biological control
agent for whitefly and thrips in sweet pepper greenhouses in Spain and was further
integrated into Integrated Pest Management in commercial greenhouses (Calvo et al.
2012). Although biopesticides are known, experimentally tested, commercially used
for decades, and highly supported by governments, the global market of biological
control agents, e.g., invertebrates, microorganisms, and biochemicals is less than 2%
of the pesticide market (van Lenteren et al. 2018).

Although biopesticides are supported by the framework for Community action to
achieve the sustainable use of pesticides by Directive 2009/128/EC of the European
Parliament, in Europe, unlike the USA, the registration of new biopesticides is still
slow and the procedure is expensive, particularly for small manufacturers. The
changes in registration procedures will result in faster registration of more microbial
biological control agents and, consequently, in lower product costs (van Lenteren
et al. 2018). Generally, the wide use of biopesticides is limited because of their high
price, expensive and long research, expensive and slow registration, fragmented
(regional) market, and lack of awareness about their benefits, poor customer support,
and, in some cases, poor and/or fluctuating quality and shelf life, and inconsistent
field performance (Mishra et al. 2015). Recently, several company mergers and
acquisitions that may facilitate a healthy and sustainable development of the
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biopesticide industry have occurred. In addition, the largest agrochemical firms, e.g.,
Bayer CropScience and Syngenta have turned to the biopesticide market investing
into the corresponding research, production capacities, and distribution as well as the
acquisitions of smaller producers of biopestides.

This biopesticide industry consolidation could lead to a new round of commercial
and academic research on novel biopesticides and biostimulants directly connected
to cost-effective production, established worldwide distribution and market as well
as full customer support, which are the essential prerequisites for a significant
increase of the share of these eco-friendly biological agents at the expense of
chemical agents.
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