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1. Introduction

Biodegradation is defined as the biologically catalyzed reduction in complexity of chemical
compounds [1]. Indeed, biodegradation is the process by which organic substances are broken
down into smaller compounds by living microbial organisms [2]. When biodegradation is
complete, the process is called "mineralization". However, in most cases the term biodegra‐
dation is generally used to describe almost any biologically mediated change in a substrate [3].

So, understanding the process of biodegradation requires an understanding of the microor‐
ganisms that make the process work. The microbial organisms transform the substance
through metabolic or enzymatic processes. It is based on two processes: growth and comet‐
abolism. In growth, an organic pollutant is used as sole source of carbon and energy. This
process results in a complete degradation (mineralization) of organic pollutants. Cometabo‐
lism is defined as the metabolism of an organic compound in the presence of a growth substrate
that is used as the primary carbon and energy source [4]. Several microorganisms, including
fungi, bacteria and yeasts are involved in biodegradation process. Algae and protozoa reports
are scanty regarding their involvement in biodegradation [5]. Biodegradation processes vary
greatly, but frequently the final product of the degradation is carbon dioxide [6]. Organic
material can be degraded aerobically, with oxygen, or anaerobically, without oxygen [4, 7].

Biodegradable matter is generally organic material such as plant and animal matter and
other substances originating from living organisms, or artificial materials that are similar
enough to plant and animal matter to be put to use by microorganisms. Some microorgan‐
isms have the  astonishing,  naturally  occurring,  microbial  catabolic  diversity  to  degrade,
transform or  accumulate  a  huge range of  compounds including hydrocarbons  (e.g.  oil),
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polychlorinated biphenyls (PCBs), polyaromatic hydrocarbons (PAHs), radionuclides and
metals [8].

The  term  biodegradation  is  often  used  in  relation  to  ecology,  waste  management  and
mostly  associated  with  environmental  remediation  (bioremediation)  [2].  Bioremediation
process  can  be  divided  into  three  phases  or  levels.  First,  through  natural  attenuation,
contaminants  are  reduced by native  microorganisms without  any human augmentation.
Second, biostimulation is employed where nutrients and oxygen are applied to the systems
to improve their effectiveness and to accelerate biodegradation. Finally, during bioaugmen‐
tation,  microorganisms are added to the systems.  These supplemental  organisms should
be  more  efficient  than  native  flora  to  degrade  the  target  contaminant  [9].  A  feasible
remedial  technology  requires  microorganisms  being  capable  of  quick  adaptation  and
efficient uses of pollutants of interest in a particular case in a reasonable period of time
[10]. Many factors influence microorganisms to use pollutants as substrates or cometabo‐
lize them, like,  the genetic  potential  and certain environmental  factors such as tempera‐
ture, pH, and available nitrogen and phosphorus sources, then, seem to determine the rate
and  the  extent  of  degradation  [4].  Therefore,  applications  of  genetically  engineered
microorganisms (GEM) in bioremediation have received a great  deal  of  attention.  These
GEM have higher degradative capacity and have been demonstrated successfully for the
degradation  of  various  pollutants  under  defined  conditions.  However,  ecological  and
environmental concerns and regulatory constraints are major obstacles for testing GEM in
the field [11].

In this chapter we will try to foster an in-depth understanding of biodegradation process by
trying to cover all types of microorganisms implied in degradation of different pollutants.
Moreover, although we are aware that the term biodegradation is often used in relation to
ecology, waste management, biomedicine, and the natural environment (bioremediation) and
is now commonly associated with environmentally friendly products, this chapter will mainly
give attention to biodegradation in relation to bioremediation through describing processes
(natural attenuation, biostimulation and bioaugmentation) utilizing degradation abilities of
microorganisms in bioremediation and factors affecting this process. Microorganisms may be
genetically engineered for many purposes. One such purpose is for the efficient degradation
of pollutants. So, the second scope of this chapter is to demonstrate the importance of some
GEM in this process and to describe obstacles for testing GEM in the field, which must be
overcome before GEM can provide an effective clean-up process at lower cost. Figure 1
summarizes the contents of this chapter.

2. Role of microorganisms in biodegradation of pollutants

In this chapter, biodegradation is described associated with environmental bioremediation.
Therefore, biodegradation is nature's way of recycling wastes, or breaking down organic
matter into nutrients that can be used and reused by other organisms. In the microbiological
sense, "biodegradation" means that the decaying of all organic materials is carried out by a
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huge assortment of life forms comprising mainly bacteria, yeast and fungi, and possibly other
organisms.

Bioremediation and biotransformation methods endeavour to harness the astonishing,
naturally occurring, microbial catabolic diversity to degrade, transform or accumulate a huge
range of compounds including hydrocarbons (e.g. oil), polychlorinated biphenyls (PCBs),
polyaromatic hydrocarbons (PAHs), radionuclides and metals [12].

2.1. Some biodegradable pollutants

In the last few decades, highly toxic organic compounds have been synthesized and released
into the environment for direct or indirect application over a long period of time. Fuels,
polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), pesticides and
dyes are some of these types of compounds [9]. Some other synthetic chemicals like radionu‐
clides and metals are extremely resistant to biodegradation by native flora compared with the
naturally occurring organic compounds that are readily degraded upon introduction into the
environment.

Figure 1. Bioremediation of polluants utilizing biodegradation abilities of microorganisms include the natural attenu‐
ation, although it may be enhanced by engineered techniques, either by addition of selected microorganisms (bioaug‐
mentation) or by biostimulation, where nutrients are added. Genetic engineering is also used to improve the
biodegradation capabilities of microorganisms by GEM. Nevertheless, there are many factors affecting the efficiency
of this process and risks associated to the use of GEM in the field.
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Hydrocarbons: are organic compounds whose structures consist of hydrogen and carbon.
Hydrocarbons can be seen as linear linked, branched or cyclic molecules. They are observed
as aromatic or aliphatic hydrocarbons. The first one has benzene (C6H6) in its structure, while
the aliphatic one is seen in three forms: alkanes, alkenes and alkynes [13].

Polycyclic aromatic hydrocarbons (PAHs): are important pollutants class of hydrophobic
organic contaminants (HOCs) widely found in air, soil and sediments. The major source of
PAH pollution is industrial production [7]. They have been studied with increasing interest
for more than twenty years because of more findings about their toxicity, environmental
persistence and prevalence [14]. PAHs can sorb to organic-rich soils and sediments, accumu‐
late in fish and other aquatic organisms, and may be transferred to humans through seafood
consumption [7]. The biodegradation of PAHs can be considered on one hand to be part of the
normal processes of the carbon cycle, and on the other as the removal of man-made pollutants
from the environment. The use of microorganisms for bioremediation of PAH-contaminated
environments seems to be an attractive technology for restoration of polluted sites.

Polychlorinated biphenyls (PCBs): are mixtures of synthetic organic chemicals. Due to their
non-flammability, chemical stability, high boiling point, and electrical insulating properties,
PCBs were used in hundreds of industrial and commercial applications including electrical,
heat transfer, and hydraulic equipment; as plasticizers in paints, plastics, and rubber products;
in pigments, dyes, and carbonless copy paper; and many other industrial applications.
Consequently, PCBs are toxic compounds that could act as endocrine disrupters and cause
cancer. Therefore, environmental pollution with PCBs is of increasing concern [15].

Pesticides: are substances or mixture of substances intended for preventing, destroying,
repelling or mitigating any pest. Pesticides which are rapidly degraded are called nonpersis‐
tent while those which resist degradation are termed persistent. The most common type of
degradation is carried out in the soil by microorganisms, especially fungi and bacteria that use
pesticides as food source [16].

Dyes: are widely used in the textile, rubber product, paper, printing, color photography,
pharmaceuticals, cosetics and many other industries [17]. Azo dyes, which are aromatic
compounds with one or more (–N=N–) groups, are the most important and largest class of
synthetic dyes used in commercial applications [18]. These dyes are poorly biodegrabale
because of their structures and treatment of wastewater containing dyes usually involves
physical and / or chemical methods such as adsorption, coagulation-flocculation, oxidation,
filtration and electrochemical methods [19].

The success of a biological process for color removal from a given effluent depends in part on
the utilization of microorganisms that effectively decolorize synthetic dyes of different
chemical structures.

Radionuclides: a radionuclide is an atom with an unstable nucleus, characterized by excess
energy available to be imparted either to a newly created radiation particle within the nucleus
or via internal conversion. During this process, the radionuclide is said to undergo radioactive
decay, resulting in the emission of gamma ray(s) and/or subatomic particles such as alpha or
beta particles [20].
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Heavy metals: unlike organic contaminants, the metals cannot be destroyed, but must either
be converted to a stable form or removed. Bioremediation of metals is achieved through
biotransformation. Mechanisms by which microorganisms act on heavy metals include
biosorption (metal sorption to cell surface by physicochemical mechanisms), bioleaching
(heavy metal mobilization through the excretion of organic acids or methylation reactions),
biomineralization (heavy metal immobilization through the formation of insoluble sulfides or
polymeric complexes), intracellular accumulation, and enzyme-catalyzed transformation
(redox reactions) [21]. The major microbial processes that influence the bioremediation of
metals are summarized in Figure 2.

Figure 2. Microbial processes used in bioremediation technologies modified from Lloyd and Lovley [21].

2.2. Bacterial degradation

There are many reports on the degradation of environmental pollutants by different bacteria.
Several bacteria are even known to feed exclusively on hydrocarbons [22]. Bacteria with the
ability to degrade hydrocarbons are named hydrocarbon-degrading bacteria. Biodegradation
of hydrocarbons can occur under aerobic and anaerobic conditions, it is the case for the nitrate
reducing bacterial strains Pseudomonas sp. and Brevibacillus sp. isolated from petroleum
contaminated soil [23]. However, data presented by Wiedemeier et al. [24] suggest that the
anaerobic biodegradation may be much more important. 25 genera of hydrocarbon degrading
bacteria were isolated from marine environment [25]. Furthermore, among 80 bacterial strains
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isolated by Kafilzadeh et al. [26] which belonged to 10 genus as follows: Bacillus, Corynebacte‐
rium, Staphylococcus, Streptococcus, Shigella, Alcaligenes, Acinetobacter, Escherichia, Klebsiella and
Enterobacter, Bacillus was the best hydrocarbon degrading bacteria.

Bacterial strains that are able to degrade aromatic hydrocarbons have been repeatedly isolated,
mainly from soil. These are usually gram negative bacteria, most of them belong to the genus
Pseudomonas. The biodegradative pathways have also been reported in bacteria from the
genera Mycobacterium, Corynebacterium, Aeromonas, Rhodococcus and Bacillus [7].

Although many bacteria are able to metabolize organic pollutants, a single bacterium does not
possess the enzymatic capability to degrade all or even most of the organic compounds in a
polluted soil. Mixed microbial communities have the most powerful biodegradative potential
because the genetic information of more than one organism is necessary to degrade the
complex mixtures of organic compounds present in contaminated areas [27].

Both, anaerobic and aerobic bacteria are capable of biotransforming PCBs. Higher chlorinat‐
ed PCBs are subjected to reductive dehalogenation by anaerobic microorganisms. Lower
chlorinated biphenyls are oxidized by aerobic bacteria [28].  Research on aerobic bacteria
isolated  so  far  has  mainly  focused  on  Gram-negative  strains  belonging  to  the  genera
Pseudomonas, Burkholderia, Ralstonia, Achromobacter, Sphingomonas  and Comamonas.  Howev‐
er, several reports about PCB-degrading activity and characterization of the genes that are
involved in  PCB degradation indicated PCB-degrading potential  of  some Gram-positive
strains as well (genera Rhodococcus, Janibacter, Bacillus, Paenibacillus and Microbacterium) [29].
Aerobic catabolic pathway for PCB degradation seems to be very similar for most of the
bacteria and comprises four steps catalysed by the enzymes, biphenyl dioxygenase (BphA),
dihydrodiol  dehydrogenase  (BphB),  2,  3-dihydroxybihenyl  dioxygenase  (DHBD)  (BphC)
and hydrolase (BphD) [30].

Successful removal of pesticides by the addition of bacteria had been reported earlier for many
compounds, including atrazine [31]. Recent findings concerning pesticide degrading bacteria
include the chlorpyrifos degrading bacterium Providencia stuartii isolated from agricultural soil
[32] and isolates Bacillus, Staphylococcus and Stenotrophomonas from cultivated and uncultivated
soil able to degrade dichlorodiphenyltrichloroethane (DDT) [33].

Researches on bacterial strains that are able to degrade azo dyes under aerobic and anaerobic
conditions have been extensively reported [34]. Based on the available literature, it can be
concluded that the microbial decolourization of azo dyes is more effective under anaerobic
conditions. On the other hand, these conditions lead to aromatic amine formation, and these
are mutagenic and toxic to humans requiring a subsequent oxidative (aerobic) stage for their
degradation. In this context, the combined anaerobic/aerobic biological treatments of textile
dye effluents using microbial consortia are common in the literature [35]. For exemple, Chaube
et al. [36] have used the mix consortia of bacteria consisting of Proteus sp., Pseudomonas sp. and
Enterococcus sp. in biodegradation and decolorisation of dye. However, several researchers
have identified single bacterial strains that have very high efficacy for removal of azo dyes, it
is the case of Shewanella decolorations [37]. In contrast to mixed cultures, the use of a pure culture
has several advantages. These include predictable performance and detailed knowledge on
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the degradation pathways with improved assurance that catabolism of the dyes will lead to
nontoxic end products under a given set of environmental conditions. Another advantage is
that the bacterial strains and their activity can be monitored using culture-based or molecular
methods to quantify population densities of the bacteria over time. Knowledge of the popu‐
lation density can be extrapolated to quantitative analysis of the kinetics of azo dye decolor‐
ation and mineralization [38].

Heavy metals cannot be destroyed biologically (no“degradation”, change in the nuclear
structure of the element, occurs) but are only transformed from one oxidation state or organic
complex to another [39]. Besides, bacteria are also efficient in heavy metals bioremediation.
Microorganisms have developed the capabilities to protect themselves from heavy metal
toxicity by various mechanisms, such as adsorption, uptake, methylation, oxidation and
reduction. Reduction of metals can occur through dissimilatory metal reduction [40], where
bacteria utilize metals as terminal electron acceptors for anaerobic respiration. In addition,
bacteria may possess reduction mechanisms that are not coupled to respiration, but instead
are thought to impart metal resistance. For example, reduction of Cr(VI) to Cr(III) under
aerobic [41] or anaerobic conditions [42], reduction of Se(VI) to elemental Se [43], reduction of
U(VI) to U(IV) [44] and reduction of Hg(II) to Hg(0) [45]. Microbial methylation plays an
important role in heavy metals bioremediation, because methylated compounds are frequently
volatile. For example, Mercury, Hg(II) can be biomethylated by a number of different bacterial
species Alcaligenes faecalis, Bacillus pumilus, Bacillus sp., P. aeruginosa and Brevibacterium
iodinium to gaseous methyl mercury [46]. In addition to redox conversions and methylation
reactions, acidophilic iron bacteria like Acidithiobacillus ferrooxidans [47] and sulfur oxidizing
bacteria [48] are able to leach high concentrations of As, Cd, Cu, Co and Zn from contaminated
soils. On the other hand metals can be precipitated as insoluble sulfides indirectly by the
metabolic activity of sulphate reducing bacteria [48]. Sulphate reducing bacteria are anaerobic
heterotrophs utilizing a range of organic substrates with SO4

2- as the terminal electron acceptor.
Heavy metal ions can be entrapped in the cellular structure and subsequently biosorbed onto
the binding sites present in the cellular structure. This method of uptake is independent of the
biological metabolic cycle and is known as biosorption or passive uptake. The heavy metal can
also pass into the cell across the cell membrane through the cell metabolic cycle. This mode of
metal uptake is referred as active uptake. Pseudomonas strain, characterized as part of a project
to develop a biosorbent for removal of toxic radionuclides from nuclear waste streams, was a
potent accumulator of uranium (VI) and thorium (IV) [49].

Most works on pollutants bioremediation uses pure microbial cultures. However, the use of
mixed microbial cultures is undoubtedly advantageous. Some of the best examples of enrich‐
ment cultures comprising several specific consortia involve the bioremediation. In the case of
heavy metals removal, Adarsh et al. [50] have used an environmental bacterial consortium to
remove Cd, Cr, Cu, Ni and Pb from a synthetic wastewater effluent. For Cr(VI) removal we
reported that the survival and stability of bacteria are better when they are present as a mixed
culture, especially, in highly contaminated areas and in the presence of more than one type of
metal [51]. Indeed, the indigenous bacteria enriched from chromium contaminated biotopes,
were able to remove Cr(VI) successfully in multi-contaminated heavy metal solution [51]. A
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microbial consortium consisting of three bacterial Pseudomonas species originally obtained
from dye contaminated sites was capable of decolorizing textile effluent and dye faster than
the individual bacteria under static conditions [52].

2.3. PGPR and PGPB degradation

Plant associated bacteria, such as endophytic bacteria (non-pathogenic bacteria that occur
naturally in plants) and rhizospheric bacteria (bacteria that live on and near the roots of plants),
have been shown to contribute to biodegradation of toxic organic compounds in contaminated
soil and could have potential for improving phytoremediation [53]. Plant growth promoting
rhizobacteria (PGPR) are naturally occurring soil bacteria that aggressively colonize plant roots
and benefit plants by providing growth promotion [54]. Some plants can release structural
analogs of PAHs such as phenols, to promote the growth of hydrocarbon degrading microbes
and their degradation on PAHs. For such plant/microbe systems, an important class of bacteria
is Pseudomonas spp., have PGPR activity and hydrocarbon degrading capacity [55]. Further‐
more, the rhizosphere of vegetation in contaminated field contains higher diversity of
population of PAH-degrading bacteria, among which two Lysini bacillus strains were isolated
[56]. Culturable PCB degraders were also associated with both the rhizosphere and root zone
of mature trees growing naturally in a contaminated site, they were identified as members of
the genus Rhodococcus, Luteibacter and Williamsia, which suggest that biostimulation through
rhizoremediation is a promising strategy for enhancing PCB degradation in situ [57]. Also, the
free living nitrogen fixer Azospirillum lipoferum generally found in the rhizoplane of the crop
plants was used for Malathion degradation which is one of the largest organo phosphorus
insecticides in the world [33]. Results from the literature suggest that heavy metals may be
removed from contaminated soils using plant growth promoting rhizobacteria. The use of soil
bacteria (often plant growth promoting bacteria (PGPB)) as adjuncts in metal phytoremedia‐
tion can significantly facilitate the growth of plants in the presence of high (and otherwise
inhibitory) levels of metals [58]. To increase the efficiency of contaminants extraction, it is
interesting to apply plants combined to some microorganisms; such technique is called
rhizoremediation [59].

2.4. Microfungi and mycorrhiza degradation

Microfungi are described as a group of organisms that constitute an extremely important and
interesting group of eukaryotic, aerobic microbes ranging from the unicellular yeasts to the
extensively mycelial molds [60]. Yeasts preferentially grow as single cells or form pseudomy‐
celia, whereas molds typically grow as mycelia-forming real hyphae.

Fungi are an important part of degrading microbiota because, like bacteria, they metabolize
dissolved organic matter; they are principal organisms responsible for the decomposition of
carbon in the biosphere. But, fungi, unlike bacteria, can grow in low moisture areas and in low
pH solutions, which aids them in the breakdown of organic matter [61]. Equipped with
extracellular multienzyme complexes, fungi are most efficient, especially in breaking down
the natural polymeric compounds. By means of their hyphal systems they are also able to
colonize and penetrate substrates rapidly and to transport and redistribute nutrients within
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their mycelium [62]. Mycorrhiza is a symbiotic association between a fungus and the roots of
a vascular plant. In a mycorrhizal association, the fungus colonizes the host plant's roots, either
intracellularly as in arbuscular mycorrhizal fungi (AMF), or extracellularly as in ectomycor‐
rhizal fungi. They are also an important component of soil life and soil chemistry. Bioreme‐
diation using mycorrhiza is named mycorrhizoremediation [63]. Fungi possess important
degradative capabilities that have implications for the recycling of recalcitrant polymers (e.g.,
lignin) and for the elimination of hazardous wastes from the environment [27]. Below, some
aspects of the microfungal degradation of some pollutants by unicellular and filamentous
fungi are discussed.

2.4.1. Yeasts degradation

Several yeasts may utilize aromatic compounds as growth substrates, but more important is
their ability to convert aromatic substances cometabolically. Some species such as the soil yeast
Trichosporon cutaneum possess specific energy-dependent uptake systems for aromatic
substrates (e.g., for phenol) [64].

Furthermore, biodegradation of aliphatic hydrocarbons occurring in crude oil and petroleum
products has been investigated well, especially for yeasts. The n-alkanes are the most widely
and readily utilized hydrocarbons, with those between C10 and C20 being most suitable as
substrates for microfungi [65]. However, the biodegradation of n-alkanes having chain lengths
up to n-C24 has also been demonstrated [27]. Typical representatives of alkane-utilizing yeasts
include Candida lipolytica, C. tropicalis, Rhodoturularubra, and Aureobasidion(Trichosporon)
pullulans. Rhodotorula aurantiaca and C. ernobii were found able to degrade diesel oil [66]. Yeasts
are also reported for aniline biodegradation (a potential degradation product of the azo dye
breakdown) it is the example of C. methanosorbosa BP-6 [67]. According to many authors,
bacteria have been described as being more efficient hydrocarbon degraders than yeast, or at
least that bacteria are more commonly used as a test microorganism. However, there is
information that yeasts are better hydrocarbon degraders than bacteria [68].

In addition to aromatic and aliphatic hydrocarbons compounds, microfungi may transform
numerous of other aromatic organopollutants cometabolically, including polycyclic aromatic
hydrocarbons (PAHs) and biphenyls, dibenzofurans, nitro aromatics, various pesticides, and
plasticizers [69]. There have also been studies of PCB metabolism by yeasts C. boidinii and C.
lipolytica [70] and Saccharomyces cerevisiae [71]. Insecticides and fungicides can also be
adsorbed by S. cerevisiae during aerobic fermentation [72].

Yeasts are known for playing an important role in the removal of toxic heavy metals. There
are many reports on biosorption of heavy metals by yeasts. Several investigations demon‐
strated that yeasts are capable of accumulating heavy metals such as Cu(II), Ni(II), Co(II), Cd(II)
and Mg(II) and are superior metal accumulators compared to certain bacteria [73]. In the case
of hexavalent chromium (Cr(VI)) we found that P. anomala is able to remove Cr(VI) [74] and
we studied the biosorption of Cr(VI) by live and dead cells of three yeasts species: Cyberlindnera
fabianii, Wickerhamomyces anomalus and C. tropicalis [75]. Several yeast strains S. cerevisiae, P.
guilliermondii, Rhodotorula pilimanae, Yarrowiali polytica and Hansenula polymorpha have been
reported to reduce Cr(VI) to Cr(III) [76]. In addition, the tolerance of P. guilliermondii to
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chromate was found to depend on its capacity for extracellular reduction of Cr(VI) and Cr(III)
chelation [77]. Most studies, have reported the efficiency of immobilized cells of yeasts in
metals removal, one example is Schizosaccharomyces pombe for copper removal [78].

2.4.2. Filamentous fungi degradation

The attributes that distinguish filamentous fungi from other life forms determine why they
are good biodegraders. First, the mycelial growth habit gives a competitive advantage over
single cells such as bacteria and yeasts, especially with respect to the colonization of insoluble
substrates. Fungi can rapidly ramify through substrates, literally digesting their way along by
secreting a battery of extracellular degradative enzymes. Hyphal penetration provides a
mechanical adjunct to the chemical breakdown affected by the secreted enzymes. The high
surface to cell ratio characteristic of filaments maximizes both mechanical and enzymatic
contact with the environment. Second, the extracellular nature of the degradative enzymes
enables fungi to tolerate higher concentrations of toxic chemicals than would be possible if
these compounds had to be brought into the cell. In addition, insoluble compounds that cannot
cross a cell membrane are susceptible to attack [3].

Many workers divide bioremediation strategies into three general categories: 1) the target
compound is used as a carbon source; 2) the target compound is enzymatically attacked but
is not used as a carbon source (cometabolism) and 3) the target compound is not metabolized
at all but is taken up and concentrated within the organism (bioaccumulation). Although fungi
participate in all three strategies, they are often more proficient at cometabolism and bioaccu‐
mulation than at using xenobiotics as sole carbon sources [79]. The isolates identified as
deuteromycetes belonging to the genera Cladophialophora, Exophiala and Leptodontium and the
ascomycete Pseudeurotium zonatum are toluene-degrading fungi, they use toluene as sole
carbon and energy source [80].

The majority of filamentous fungi are unable to totally mineralize aromatic hydrocarbons; they
only transform them into indirect products of decreased toxicity and increased susceptibility
to decomposition with the use of bacteria suggesting that the interaction among fungi and
bacteria is profitable for the process of petroleum hydrocarbon mineralization. Among the
filamentous fungi participating in aliphatic hydrocarbon biodegradation are Cladosporium and
Aspergillus, whereas fungi belonging to Cunninghamella, Penicillinum, Fusarium and Aspergil‐
lus can take part in aromatic hydrocarbon decomposition [81]. Fungal genera, namely,
Amorphoteca, Neosartorya and Talaromyces were isolated from petroleum contaminated soil and
proved to be the potential organisms for hydrocarbon degradation [82]. A group of fungi,
namely, Aspergillus, Cephalosporium and Pencillium was also found to be potential degrader of
crude oil hydrocarbons [83]. Fungal potentiality in PCBs degradation has been rarely explored.
Several studies revealed that filamentous fungi can degrade PCBs. Among the filamentous
fungi, the ligninolytic ones have been specifically investigated because of their extracellular,
aspecific oxido-reductive enzymes that have been already successfully exploited in the
degradation of many aromatic pollutants [84]. There have also been studies of PCB metabolism
by ectomycorrhizal fungi [85] and other fungi such as Aspergillus niger [86]. Fungi are also
reported to degrade standing timber, finished wood products, fibers, and a wide range of non
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cellulosic products such as plastics, fuels, paints, glues, drugs, and other human artifacts. Fungi
are known to tolerate and detoxify metals by several mechanisms including valence transfor‐
mation, extra and intracellular precipitation and active uptake [87]. Many species can adsorb
cadmium, copper, lead, mercury, and zinc into their mycelium and spores. Sometimes the
walls of dead fungi bind better than living ones. Systems using Rhiloprzs arrhizus have been
developed for treating uranium and thorium [88]. Aspergillus niger AB10 during cadmium and
R. arrhizus M1 during lead biosorption indicated that the cell surface functional groups of the
fungus might act as ligands for metal sequestration resulting in removal of the metals from
the aqueous culture media [89]. Furthermore, the proteins in the cell walls of AMF appear to
have similar ability to sorb potentially toxic elements by sequestering them. There is evidence
that AMF can withstand potentially toxic elements and glomalin produced on hyphae of AMF
can sequester them [90]. AMF plays a significant ecological role in the phytostabilization of
potentially toxic trace element polluted soils by sequestration and, in turn, help mycorrhizal
plants survive in polluted soils.

The most widely researched fungi in regard to dye degradation are the ligninolytic fungi [91].
Nine strains of filamentous fungi were isolated by Abruscia et al. [79] from cinematographic
film consisted of three species of Aspergillus i.e. A. ustus, A. nidulans var. nidulans, A. versicol‐
or, as well as, Penicillium chrysogenum, Cladosporium cladosporioides, Alternaria alternata, Mucor
racemosus, Phoma glomerata and Trichoderma longibrachiatum were able to biodegrade the gelatin
emulsion with different rates of metabolic CO2 production. Filamentous fungi may degrade
pesticides using two types of enzymatic systems: intracellular (cytochromes P450) and
exocellular (lignin-degrading system mainly consisting in peroxidases and lactases). Each of
these systems could also be induced or inhibited by pesticides, thus able to modulate their
metabolism [92].

2.5. Degradative capacities of algae and protozoa

In spite of algae and protozoa are the important members of the microbial community in both
aquatic and terrestrial ecosystems, reports are scanty regarding their involvement in hydro‐
carbon biodegradation [5]. Walker et al. [93] isolated an alga, Prototheca zopfi which was capable
of utilizing crude oil and a mixed hydrocarbon substrate and exhibited extensive degradation
of n-alkanes and isoalkanes as well as aromatic hydrocarbons. Cerniglia and Gibson [94]
observed that nine cyanobacteria, five green algae, one red alga, one brown alga, and two
diatoms could oxidize naphthalene. Protozoa, by contrast, had not been shown to utilize
hydrocarbons, however, protozoa population have been shown to significantly reduce the
number of bacteria available for hydrocarbon removal so their presence in a biodegradation
system may not always be beneficial [95]. Rogerson and Berger [96] found no direct utilization
of crude oil by protozoa cultured on hydrocarbon-utilizing yeasts and bacteria. Overall, the
limited available evidence does not appear to suggest an ecologically significant role for algae
and protozoa in the degradation of hydrocarbons in the environment [97]. Some research has
demonstrated that certain fresh algae (e.g. Chlorella vulgaris, Scenedesmus platydiscus, S.
quadricauda and S. capricornutum) are capable of uptaking and degrading PAHs [98].
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Information on the interactions between pesticides andalgae were compiled by Kobayashi and
Rittman [99], showing that not only algae were capable of bioaccumulating pesticides, but they
were also capable of biotransforming some of these environmental pollutants.

Degradation of azo dyes by C. vulgaris and C. pyrenoidosa was made using dyes as carbon and
nitrogen sources, but this was dependent on the chemical structure of the dyes [100]. The
degradation was found to be an inducible catabolic process. C. vulgaris, Lyngbyala gerlerimi,
Nostoc lincki, Oscillatoria rubescens, Elkatothrix viridis and Volvox aureus were able to decolorize
and remove methyl red, orange II, G-Red (FN-3G), basic cationic, and basic fuchsin [101].

Species of Chlorella, Anabaena inacqualis, Westiellopsis prolifica, Stigeoclonium lenue, Synechoccus
sp. tolerate heavy metals and several species of Chlorella, Anabaena and marine algae have been
used for the removal of heavy metals, but the operational conditions limit the practical
application of these organisms [102]. Metals are taken up by algae through adsorption. Metal
chelation by unicellular algae has been reported. Biosorption of heavy metals by brown algae
is also known since a long time, this includes sorption of heavy metals by a number of cell wall
constituents such as alginate and fucoidan. Most of the research in this area has been carried
out on marine and soil algae [103]. The microalga S. incrassatulus was reported to remove
Cr(VI), Cd(II) and Cu(II) in continuous cultures [104]. Green algae were also reported in heavy
metals bioremediation, C. sorokiniana for Cr(III) removal [105].

The protozoa are the main grazer on the degrading bacteria for organic contaminants, so the
interaction between protozoa and degrading bacteria will affect the result of bacteria degra‐
dation directly. Mattison and Harayama [106] constructed a model for the food chain in order
to study the influence of grazing bacteria of protozoa flagellate Heteromita globosa on the
biodegradation of benzene and methylbenzene. They found that during the logarithmic
growing period of flagellate population, the degrading rate of benzene and methylbenzene
has improved 8.5 times by bacteria than before. The protozoa infusorians can obviously
accelerate the biodegradation of heterogenous substances in the environment such as PAH.
For example, the degradation rate of naphthalene can be improved by 4 times than before.
There are several possible hypotheses about the mechanism of protozoa accelerating bio-
degradation of organic contaminants, which mainly include the following six parts: 1) the
nutrient mineralization which improves the turnover of nutrients; 2) bacteria activation which
controls the quantity, grazes the aged cells or excretes active substance; 3) selective grazing
which reduces the competition to the resource and space and thus is good for the growth of
degrading bacteria; 4) physical disturbance which can increase oxygen content and the surface
of degraded matters; 5) direct degradation which can excrete special enzymes participating in
the degradation; 6) sym-metabolism which offers energy and carbon resource for the bacteria
during the degradation [107].

3. Bioremediation and biodegradation

The application of bioremediation as a biotechnological process involving microorganisms has
become a crescent study field in microbiology, because of its increasing potential of solving
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the dangers of many pollutants through biodegradation. Microorganisms might be considered
excellent pollutant removal tools in soil, water, and sediments, mostly due to their advantage
over other bioremediation procedures [108]. Moreover, bioremediation using biodegradation
represents a high impact strategy, but still a low cost way tool of removing pollutants, hence
a very viable process to be applied. The principles of bioremediation are based on natural
attenuation, bioaugmentation and biostimulation [109]. The simplest method of bioremedia‐
tion is natural attenuation, in which soils are only monitored for variations in pollution
concentrations to ensure that the pollutant transformation is active [110]. Bioaugmentation is
usually applied in cases where natural active microbial communities are present in low
quantities or even absent, wherein the addition of contaminant degrading organisms can
accelerate the transformation rates [111]. In such cases, the adaptation of exogenous strains
that exert highly efficient activities for pollutant transformation to new environments is a key
challenge in implementation [112]. The capacity of a microbial population to degrade pollu‐
tants can be enhanced also by stimulation of the indigenous microorganisms by addition of
nutrients or electron acceptors [109].

3.1. Natural attenuation

Natural attenuation or bioattenuation is the reduction of contaminant concentrations in the
environment through biological processes (aerobic and anaerobic biodegradation, plant and
animal uptake), physical phenomena (advection, dispersion, dilution, diffusion, volatilization,
sorption/desorption), and chemical reactions (ion exchange, complexation, abiotic transfor‐
mation). Terms such as intrinsic remediation or biotransformation are included within the
more general natural attenuation definition [113]. Although, one of the most important
components of natural attenuation is biodegradation, the change in form of compounds carried
out by living creatures such as microorganisms. Under the right conditions, microorganisms
can cause or assist chemical reactions that change the form of the contaminants so that little or
no health risk remains. Natural attenuation occurs at most polluted sites. However, the right
conditions must exist underground to clean sites properly. If not, cleanup will not be quick
enough or complete enough. Scientists monitor these conditions to make sure natural attenu‐
ation is working. This is called monitored natural attenuation or (MNA). So, Monitored natural
attenuation is a technique used to monitor or test the progress of natural attenuation processes
that can degrade contaminants in soil and groundwater. It may be used with other remediation
processes as a finishing option or as the only remediation process if the rate of contaminant
degradation is fast enough to protect human health and the environment. Natural processes
can then mitigate the remaining amount of pollution; regular monitoring of the soil and
groundwater can verify those reductions [114].

When the environment is polluted with chemicals, nature can work in four ways to clean it up
[115]: 1) Tiny bugs or microbes that live in soil and groundwater use some chemicals for food.
When they completely digest the chemicals, they can change them into water and harmless
gases. 2) Chemicals can stick or sorb to soil, which holds them in place. This does not clean up
the chemicals, but it can keep them from polluting groundwater and leaving the site. 3) As
pollution moves through soil and groundwater, it can mix with clean water. This reduces or
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dilutes the pollution. 4) Some chemicals, like oil and solvents, can evaporate, which means
they change from liquids to gases within the soil. If these gases escape to the air at the ground
surface, sunlight may destroy them.

If the natural attenuation is not quick enough or complete enough, bioremediation will be
enhanced either by biostimulation or bioaugmentation.

3.2. Biostimulation

Biostimulation involving the addition of soil nutrients, trace minerals, electron acceptors, or
electron donors enhances the biotransformation of a wide range of soil contaminants [115].
There are many examples of biostimulation of pollutants biodegradation by indigenous
microorganisms. Trichloroethene and perchloroethene are reported to be completely convert‐
ed to ethane by microorganisms in a short span of time with the addition of lactate during
biostimulation [116]. Electron shuttles, such as humic substances (HS), may play a significant
stimulation role in the anaerobic biotransformation of organic pollutants through enhancing
the electron transfer speed. Anthraquinone-2,6-disulfonate (AQDS) from the category of HS
can serve as an electron shuttle to promote the reduction of iron oxides and transformation of
chlorinated organic contaminants [117]. Chen et al. [118] reported that the biostimulation of
indigenous microbial communities by the addition of lactate and AQDS led to the enhanced
rates of Pentachlorophenol PCP dechlorination by the dechlorinating and ironreducing
bacteria in soils. Among various nutrient media, glycerol appeared to show the most favorable
metabolic characteristics against phenol toxicity on the indigenous Rhizobium Ralstonia
taiwanensis, leading to better degradation efficiency of the toxic pollutant [119]. Liliane et al.
[120] observed that biostimulation was more efficient when compared to natural attenuation
of biodiesel in contaminated soils. However, the comparative study of Bento et al. [121]
revealed that bioaugmentation showed the greatest degradation potential and natural
attenuation was more effective than biostimulation of soils contaminated with diesel oil.
Results obtained by Yu et al. [122] indicate that autochthonous microbes may interact and even
compete with the enriched consortium during polycyclic aromatic hydrocarbons biodegrada‐
tion and the natural attenuation appeared to be the most appropriate way to remedy fluorene
and phenanthrene contaminated mangrove sediments while biostimulation was more capable
to degrade pyrene contaminated sediments.

3.3. Bioaugmentation

We can define bioaugmentation as the technique for improvement of the capacity of a
contaminated matrix (soil or other biotope) to remove pollution by the introduction of specific
competent strains or consortia of microorganisms [123]. The basic premise for this intervention
is that the metabolic capacities of the indigenous microbial community already present in the
biotope slated for cleanup will be increased by an exogenously enhanced genetic diversity,
thus leading to a wider repertoire of productive biodegradation reactions [111]. Moreover,
genetically engineered microorganisms (GEMs) exhibiting enhanced degradative capabilities
encompassing a wide range of aromatic hydrocarbons have also potential for soil bioaugmen‐
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tation [124]. It is thought that bioaugmentation approach should be applied when the biosti‐
mulation and bioattenuation have failed [111].

Many studies have shown that both abiotic and biotic factors influence the effectiveness of
bioaugmentation, the most important abiotic factors are temperature, moisture, pH and
organic matter content, however, aeration, nutrient content and soil type also determine the
efficiency of bioaugmentation. Biotic factors, including competition between indigenous and
exogenous microorganisms for limited carbon sources as well as antagonistic interactions and
predation by protozoa and bacteriophages, also play essential roles in the final results of
bioaugmentation [124].

The combination of bioaugmentation and biostimulation might be a promising strategy to
speed up bioremediation. Both indigenous and exogenous microorganisms could benefit from
biostimulation by the addition of energy sources or electron acceptors [111]. Bioaugmentation-
assisted phytoextraction using PGPR or AMF is also a promising method for the cleaning-up
of soils contaminated by metals [123].

4. Factors affecting microbial degradation

Microorganisms can degrade numerous of organic pollutants owing to their metabolic
machinery and to their capacity to adapt to inhospitable environments. Thus, microorganisms
are major players in site remediation. However, their efficiency depends on many factors,
including the chemical nature and the concentration of pollutants, their availability to
microorganisms, and the physicochemical characteristics of the environment [111]. So, factors
that influence the rate of pollutants degradation by microorganisms are either related to the
microorganisms and their nutritional requirements (biological factors) or associated to the
environment (environmental factors).

4.1. Biological factors

A biotic factor is the metabolic ability of microorganisms. The biotic factors that affect the
microbial degradation of organic compounds include direct inhibition of enzymatic activities
and the proliferation processes of degrading microorganisms [125]. This inhibition can occur
for example if there is a competition between microorganisms for limited carbon sources,
antagonistic interactions between microorganisms or the predation of microorganisms by
protozoa and bacteriophages [126]. The rate of contaminant degradation is often dependent
on the concentration of the contaminant and the amount of “catalyst” present. In this context,
the amount of “catalyst” represents the number of organisms able to metabolize the contam‐
inant as well as the amount of enzymes(s) produced by each cell. Furthermore, the extent to
which contaminants are metabolized is largely a function of the specific enzymes involved and
their “affinity” for the contaminant and the availability of the contaminant. In addition,
sufficient amounts of nutrients and oxygen must be available in a usable form and in proper
proportions for unrestricted microbial growth to occur [126]. Other factors that influence the
rate of biodegradation by controlling the rates of enzyme catalyzed reactions are temperature,
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pH and moisture. Biological enzymes involved in the degradation pathway have an optimum
temperature and will not have the same metabolic turnover for every temperature [127].
Indeed, the rate of biodegradation is decreased by roughly one-half for each 10°C decrease in
temperature [159]. Biodegradation can occur under a wide-range of pH; however, a pH of 6.5
to 8.5 is generally optimal for biodegradation in most aquatic and terrestrial systems. Moisture
influences the rate of contaminant metabolism because it influences the kind and amount of
soluble materials that are available as well as the osmotic pressure and pH of terrestrial and
aquatic systems [128].

4.2. Environmental factors

Soil type and soil organic matter content affect the potential for adsorption of an organic
compound to the surface of a solid. Absorption is an analogous process wherein a contaminant
penetrates into the bulk mass of the soil matrix. Both adsorption and absorption reduce the
availability of the contaminant to most microorganisms and the rate at which the chemical is
metabolized is proportionately reduced [126]. Variations in porosity of the unsaturated and
saturated zones of the aquifer matrix may influence the movement of fluids and contaminant
migration in groundwater. The ability of the matrix to transmit gases, such as oxygen, methane
and carbon dioxide, is reduced in fine grained sediments and also when soils become more
saturated with water. This can affect the rate and type of biodegradation taking place [126].The
oxidation-reduction potential of a soil provides a measurement of the electron density of the
system. Biological energy is obtained from the oxidation of compounds in which electrons are
transferred to various more oxidized compounds referred to as electron acceptors. A low
electron density (Eh greater than 50 mV) indicates oxidizing, aerobic conditions, whereas high
electron density (Eh less than 50 mV) indicates reducing, anaerobic conditions [126].

5. Degradation by genetically engineered microorganisms

As mentioned above, bioaugmentation and biostimulation are methods that can be applied to
accelerate the recovery of polluted sites. In the late 1970s and early 1980s, bacterial genes
encoding catabolic enzymes for recalcitrant compounds started to be cloned and characterized.
Soon, many microbiologists and molecular biologists realized the potential of genetic engi‐
neering for addressing biodegradation [128]. A genetically engineered microorganism (GEM)
or modified microorganism (GMM) is a microorganism whose genetic material has been
altered using genetic engineering techniques inspired by natural genetic exchange between
microorganisms. These techniques are generally known as recombinant DNA technology.
Genetically engineered microorganisms (GEMs) have shown potential for bioremediation of
soil, groundwater and activated sludge, exhibiting the enhanced degrading capabilities of a
wide range of chemical contaminants [129]. As soon as the prospect of releasing genetically
modified microorganisms for bioremediation became a reality, much of the research effort in
the field was aimed at biosafety and risk assessment [128].
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There are at least four principal approaches to GEM development for bioremediation appli‐
cation [11]. These include: 1) Modification of enzyme specificity and affinity; 2) Pathway
construction and regulation; 3) Bioprocess development, monitoring and control; 4) Bioaffinity
bioreporter sensor applications for chemical sensing, toxicity reduction and end point analysis.

5.1. Genetically engineered microorganisms

Molecular biology offers the tools to optimize the biodegradative capacities of microorgan‐
isms, accelerate the evolution of "new" activities, and construct totally "new" pathways through
the assemblage of catabolic segments from different microbes [130].

Genes responsible for degradation of environmental pollutants, for example, toluene, chloro‐
benzene acids, and other halogenated pesticides and toxic wastes have been identified. For
every compound, one separate plasmid is required. It is not like that one plasmid can degrade
all the toxic compounds of different groups. The plasmids are grouped into four categories: 1)
OCT plasmid which degrades, octane, hexane and decane; 2) XYL plasmid which degrades
xylene and toluenes, 3) CAM plasmid that decompose camphor and 4) NAH plasmid which
degrades naphthalene [130].

The potential for creating, through genetic manipulation, microbial strains able to degrade a
variety of different types of hydrocarbons has been demonstrated by Friello et al. [131]. They
successfully produced a multiplasmid-containing Pseudomonas strain capable of oxidizing
aliphatic, aromatic, terpenic and polyaromatic hydrocarbons.

Pseudomonas putida that contained the XYL and NAH plasmid as well as a hybrid plasmid
derived by recombinating parts of CAM and OCT developed by conjugation could degrade
camphor, octane, salicylate, and naphthalene [129] and could grew rapidly on crude oil
because it was capable of metabolizing hydrocarbons more efficiently than any other single
plasmid [131].

This product of genetic engineering was called as superbug (oil eating bug). The plasmids of
P. putida degrading various chemical compounds are TOL (for toluene and xylene), RA500 (for
3, 5-xylene) pAC 25 (for 3-cne chlorobenxoate), pKF439 (for salicylate toluene). Plasmid WWO
of P. putida is one member of a set of plasmids now termed as TOL plasmid. It was the first
living being to be the subject of an intellectual property case. At that point, it seemed that
molecular techniques, either through plasmid breeding or sheer genetic engineering, could
rapidly produce microbes with higher catalytic abilities, able to basically degrade any
environmental pollutant [129].

Reports on the degradation of environmental pollutants by genetically engineered microor‐
ganisms are focused on genetically engineered bacteria using different genetic engineering
technologies: Pathway modification, modification of substrate specificity by Comamonas
testosteroni VP44 [132].

The application of genetic engineering for heavy metals removal has aroused great interest.
For example, Alcaligenes eutrophus AE104 (pEBZ141) was used for chromium removal from
industrial wastewater [133] and the recombinant photosynthetic bacterium, Rhodopseudomonas
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palustris, was constructed to simultaneously express mercury transport system and metallo‐
thionein for Hg2+ removal from heavy metal wastewater [134].

For polychlorinated biphenyls degradation, chromosomally located PCB catabolic genes of R.
eutropha A5, Achromobacter sp. LBS1C1, and A. denitrificans JB1 were transferred into a heavy
metal resistant strain R. eutropha CH34 through natural conjugation [11].

Genetic engineering of endophytic and rhizospheric bacteria for use in plant associated
degradation of toxic compounds in soil is considered one of the most promising new technol‐
ogies for remediation of contaminated environmental sites [53]. To select a suitable strain for
gene recombination and inoculation into the rhizosphere, there are three criteria that has been
recommended: first, the strain should be stable after cloning and the target gene should have
a high expression, second, the strain should be tolerant or insensitive to the contaminant; and
third, some strains can survive only in several specific plant rhizosphere [135]. Many bacteria
in the rhizosphere show only limited ability in degrading organic pollutants. With the
development of molecular biology, the genetically engineered rhizobacteria with the contam‐
inant-degrading gene are constructed to conduct the rhizoremediation [58]. Examples about
the molecular mechanisms involved in the degradation of some pollutants such as trichloro‐
ethylene (TCE) and PCBs has been studied [136].

For heavy metals, Sriprang et al. [136] introduced Arabidopsis thaliana gene for phytochelatin
synthase (PCS; PCSAt) into Mesorhizobium huakuii subsp. rengei strain B3 and then established
the symbiosis between M. huakuii subsp. rengei strain B3 and Astragalus sinicus. The gene was
expressed to produce phytochelatins and accumulate Cd2+, under the control of bacteroid-
specific promoter, the nifH gene [137].

Finally, the use of GEM strains as an inoculum during seeding would preclude the problems
associated with competition between strains in a mixed culture. However, there is considerable
controversy surrounding the release of such genetically engineered microorganisms into the
environment, and field testing of these organisms must therefore be delayed until the issues
of safety and the potential for ecological damage are resolved [138].

5.2. Obstacles associated with the use of GEM in bioremediation applications

While genetic engineering has produced numerous strains able to degrade otherwise intract‐
able pollutants in a Petri dish or in a bioreactor, the practical translation of this research into
actual in situ bioremediation practices has been quite scanty [129]. One major issue in this
respect is the growing realization that the strains and bacterial species that most frequently
appear in traditional enrichment procedures are not the ones performing the bulk of biode‐
gradation in natural niches and may not even be any good as bioremediation mediators. The
use of stable isotope probing (SIP) and equivalent methods in microbial ecology have revealed
that Pseudomonas, Rhodococcus, and the typical aerobic fast growers that are widely favored as
hosts of biodegradation related recombinant genes are far less significant under natural
conditions [138]. Furthermore, using fast-growers as agents for biodegradation is the inevitable
buildup of unwelcome biomass. As an alternative, the optimal clean-up agent would be the
one that displays a maximum catalytic ability with a minimum of cell mass. The expression of
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biodegradation genes can be artificially uncoupled from growth with the use of stationary-
phase promoters or starvation promoters [139]. In addition, the recent advances in the area of
recombinant DNA technologies have paved the way for conceptualizing “suicidal genetically
engineered microorganisms” (S-GEMS) to minimize such anticipated hazards and to achieve
efficient and safer decontamination of polluted sites [140]. In some cases, whether the intro‐
duced bacterium is recombinant or not makes little difference, because the problem is that of
implantation of foreign microbes in an unfamiliar territory. The introduction of bacterial
biomass in an existing niche may create a palatable niche for protozoa that prevents the
bacterial population to grow beyond a certain level [141]. Ingenious approaches have been
developed to circumvent this problem, including encapsulation of the inoculum in a polymeric
matrix or protection in plastic tubing [142].

The efficacy of a desired in-situ catalytic activity (biodegradation or otherwise) depends first
on its presence in the target site. One key enzyme may not be there, or it may preexist in the
site but not be manifested. Alternatively, it can be hosted by just a very minor part of the whole
microbial population, so that its factual expression in the site might not be significant [129].

A field release of P. fluorescens HK44 for bioremediation application has been successfully
conducted on moderately large-scale and controlled field condition [143]. However, the future
application of genetically engineered bacteria for pollution remediation will not be free from
the risks associated with their release in the environment. The future risk regarding use of
other engineered bacteria is still unclear. Therefore, the future perspectives of engineered
bacterial strains under the field conditions will be the focus of review, which may help us to
assess the obstacles related with application of genetically engineered bacteria in environ‐
mental bioremediation.

The major problem encountered in successful bioremediation technology pertains to hostile
field conditions for the engineered microbes. Besides, the molecular applications are mainly
confined to only few well characterized bacteria such as E. coli, P. putida, B. subtilis, etc. Other
bacterial strains need to be tried for developing the engineered microbes. The specific charac‐
teristic of open biotechnological applications has clearly necessitated the development of
engineered bacterial strains to meet the new challenges. The main concern is to construct GE
bacteria for field release in bioremediation with an adequate degree of environmental certain‐
ty. Efforts should be made to examine the performance of engineered bacteria in terms of their
survival, potential of horizontal gene transfer, which may affect the indigenous microflora
within a complex environmental situation. Often the novel scientific researches always give
rise to still more fascinating questions pertaining to public concern. In the majority cases, the
bacteria designed for bioremediation processes have been designed for specific purpose under
the laboratory conditions, ignoring the field requirement and other complex situations.
However, there is no evidence that the deliberate release of GE bacteria for bioremediation has
caused a measurable adverse impact on the natural microbial community. At least the
overstated idea of risk appraisal has fuelled so much debate and triggered so many research
efforts, which have immensely contributed a lot in the field of environmental microbiology.
However, survival of the GE bacteria in complex environmental situations is still a big
question, needs to be addressed in the light of latest findings [144].
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6. Conclusion

Microbial activities are very important for the renewal of our environment and maintenance of
the global carbon cycle. These activities are included in the term biodegradation. Amid the
substances that can be degraded or transformed by microorganisms are a huge number of
synthetic compounds and other chemicals having ecotoxicological effects like hydrocarbons
and heavy metals. However, in most cases this statement concerns potential degradabilities
which were estimated in the laboratory by using selected cultures and under ideal growth
conditions. Due to a whole range of factors: competition with microorganisms, insufficient
supply with essential substrates, unfavorable external conditions (aeration, moisture, pH,
temperature), and low bioavailability of the pollutant, biodegradation in natural conditions is
lesser. So, environmental biotechnology has the objective of tackling and solving these prob‐
lems so as to permit the use of microorganisms in bioremediation technologies. For this reason,
it is necessary to support the activities of the indigenous microorganisms in polluted biotopes
and to enhance their degradative abilities by bioaugmentation or biostimulation. Genetic
engineering  is  also  used  to  improve  the  biodegradation  capabilities  of  microorganisms.
Nevertheless, there are many risks associated to the use of GEM in the field. Whether or not such
approaches are ultimately successful in bioremediation of pollutants may make a difference in
our ability to reduce wastes, eliminate industrial pollution, and enjoy a more sustainable future.
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