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Bioremediation of Polycyclic Aromatic
Hydrocarbons (PAHs): Current Practices
and Outlook
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Abstract Polycyclic aromatic hydrocarbons (PAHs) are active members of the
group of multi-aromatic organic compounds, considered to be the most ubiquitous
environmental pollutants, mainly engendered from partial combustion of wood,
coal, oil or other organic materials. Currently, more than 500 PAHs are prevalent in
the atmosphere; reactions between PAHs and various chemicals such as ozone,
sulfur dioxide and nitrogen oxides lead to the formation of more toxic chemicals
such as diones, nitro- and dinitro-PAHs and sulfonic acids. Due to high global
concern, studies are being carried out by researchers to remove PAHs in an eco-
friendly and cost-effective manner. Biodegradation of PAHs is a widely used
strategy in which diverse types of bacterial, fungal, algal, earthworms, protozoans,
plant species and their derived compounds such as biocatalysts, and biosurfactants
are being used. Though the microbial degradation of PAHs has been extensively
explored, it is a quite progressive area with many research findings being added to
the literature. This chapter focuses on a critical overview of current knowledge
around the biodegradation of PAHs. It also discusses the recent advancement
including ‘omics’ approaches in bioremediation techniques to illuminate
fundamental challenges and future prospects.
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9.1 Introduction

Soil contamination through industrial and agricultural activities is the main cause of
environmental and health-related issues. Prevalent soil or water contaminants
include petroleum hydrocarbons (PHCs), polycyclic aromatic hydrocarbons
(PAHs), halogenated hydrocarbons, pesticides, chlorophenols, heavy metals, metals
and salt. An increase of various pollutants in the soil or water, contributing to
detrimental effect on human and environmental health, is well documented. PAHs
are aromatic organic compounds containing two or more fused aromatic rings,
specifically benzene rings, in linear, angular or cluster arrangements (Latimer and
Zheng 2003; Baklanov et al. 2006). These compounds are ubiquitously distributed
in the environment, persistent with various structures; they bear toxic, carcinogenic
and mutagenic properties (Arey and Atkinson 2003; Di Toro et al. 2000; Gupta et al.
2015).

9.1.1 Characteristics of PAHs

Polycyclic (or polynuclear) aromatic hydrocarbons (PAHs) fall under the category
of persistent organic hydrocarbons that result when two or more aromatic rings fuse
together. The benzene ring usually contains only carbon (C) and hydrogen (H)
atoms, the latter of which may readily substitute nitrogen (N), sulfur (S) and oxygen
(O) atoms to form heterocyclic aromatic compounds. They are mostly colourless to
white or pale-yellow solids. The water solubility of PAHs decreases with each
additional aromatic ring. PAHs are high melting and boiling solids with low vapour
pressure (Arey and Atkinson 2003; Di Toro et al. 2000; Phillips 1999). These
properties decrease with increasing molecular weight; as a result, the resistance
property towards oxidation and reduction also increases. PAHs are hydrophobic in
nature, making them very-low solubility in aqueous medium and high persistence in
soil.

9.1.2 Environmental Distribution and Toxicity of PAHs

PAHs are one of a series of the most hazardous pollutants released into the environ-
ment primarily during the incomplete combustion and pyrolysis of organic materi-
als throughout natural (biogenic and geochemical) and anthropogenic activities.
Natural sources of PAHs generation are forest and rangeland fires, oil seeps, volca-
nic eruptions and exudates from trees. Most remarkable anthropogenic sources of
PAHs are the ones that include burning of fossil fuels, coal tar, wood, garbage, used
lubricating oil and oil filters, electric power generation, home heating, municipal
solid waste incineration and petroleum spill and discharge (Di Toro et al. 2000;
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Haritash and Kaushik 2009). Other anthropogenic activities that release PAHs
include internal combustion engines (driving), agricultural burning, roofing or
working with coal tar products, sound- and waterproofing, coating pipes, steelmaking
and paving with asphalt.

Wide distribution of PAHs from anthropogenic and environmental sources
results in its bioaccumulation in food chains at various trophic levels. However,
their accumulation in foods is substantial, depending on the mode of handling, and
is detected in a wide range of vegetables, fruits, meats and fishes (Phillips 1999).
PAHs can be easily detected in their forms and their metabolites in blood and urine,
mutagenicity in urine and faeces, chromosome aberrations in peripheral blood
lymphocytes and DNA, and protein adduct formation in the latter and in other
tissues (Baird et al. 2005). Severe hematological disorders have been noticed in
animals when they are being exposed to elevated concentration of PAHs. Aplastic
anaemia, pancytopenia, decrease in peripheral blood leukocytes and bone marrow
depression with almost complete destruction of pluripotent haematopoietic stem
cells were observed in non-responsive mice after oral administration of benzo[a]
pyrene (BaP), while responsive mice were shown resistance to bone marrow toxicity
(Novosad et al. 2002; Page et al. 2004).

PAHsS are in a priority pollutant list of the U.S. Environmental Protection Agency
(USEPA) and the European Community (EC) (Anyakora et al. 2005). On the basis
of abundance and toxicity, USEPA has listed 16 PAH compounds as priority
environmental pollutants in water, soil and sediments (Liu et al. 2001).

Several physical, chemical and biological methods are currently available for the
remediation of PAHs in water/soils (Abdel-Shafy and Mansour 2016; Kuppusamy
et al. 2017). Biological approaches are considered the most efficient and low-cost
technique for total removal of PAHs. In biological processes, known collectively as
bioremediation, microbes and their combinations are being used for the degradation
of hazardous chemicals present in soil, water and/or other contaminated sites (Wang
et al. 2014). PAHs-contaminated sites have been remediated in several countries for
many years using biological methods. Over the past decade, several reviews and
book chapters (Abdel-Shafy and Mansour 2016; Aitken and Long 2004; Haritash
and Kaushik 2009; Kuppusamy et al. 2017; Morelli et al. 2013) have focused on
potential biological remediation strategies and their distinct metabolic pathways for
the degradation of PAHs. This chapter focuses on current knowledge around various
technologies such as microbial remediation (bacteria and fungi), phyco (algae)
remediation and phyto (plant)-remediation including recent advancements of PAHs
bioremediation on bench-, pilot- and field-scale. Further, it also discusses genetic,
transcriptomic, proteomic and metabolomic approaches in the field of PAHs
bioremediation.
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9.2 Biological Remediation Technologies

Bioremediation is the emerging application process of biological means (including
bacteria, fungi, algae, plants, etc.) for cleaning up contaminated soil, groundwater
and wastewater that contains a mixture of contaminant types including salts, organic
compounds, radionuclides and heavy metals at widely varying concentrations. It is
a cost-effective, alternative pollutant removal method for the degradation or/and
transformation (mineralisation) of contaminants without deleterious effects on the
environment. Bioremediation technologies hasten biodegradation processes origi-
nating principally from biodegradation—a natural process that takes place without
human intervention (Congress 1991). In the process of biodegradation, complex
organic contaminants may have completely degraded through biotransformation
into less complex metabolites and through mineralisation into inorganic materials,
water, carbon dioxide (aerobic) or methane (anaerobic) (Das and Chandran 2011;
Dean 1999) by the metabolic activity of microbes. Nevertheless, the microbial
activity can be affected by many factors such as temperature, oxygen, pH, water,
bioavailability of PAHs, salinity, toxicity of endproducts, microbial community and
nutrients; these are believed to play a significant role in the performance process
(Abdel-Shafy and Mansour 2016; Kuppusamy et al. 2017). There are several bio-
logical remediation techniques (bioremediation; bacteria and fungi, phycoremedia-
tion; algae, phytoremediation; plants and rhizoremediation; plant and microbe) for
the treatment of PAHs-contaminated soil (Fig. 9.1). Based on the selection of the
proper remediation approach, these remediation techniques are carried out by two
basic types: (i) in-situ (land farming, biostimulation, bioaugmentation, composting
and phytoremediation) and (ii) ex-situ (bioreactors) (Kuppusamy et al. 2017).

Microbial remediation
(Bacteria and Fungi)

Emerging technologies

* Biosufactant Phycoremediation

* Enzyme

* Vermi and protozoan PAHs il 4
* Microbial fuel cell

biodegradation

Rhizoremediation Phytoremediation
(Plants and Microbes) (Plants)

Fig. 9.1 Schematic diagram summarising different biological methods for PAHs degradation
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9.2.1 In-Situ Remediation

This method involves an on-site remediation process where the pollutant is spread
vertically and horizontally. In such a method, excavation and transport of the
contaminated soil is not required to go to off-site treatment facilities and is therefore
considered less expensive. However, the status of weather, soil permeability,
contamination depth and potential deep leaching of chemicals, moisture content,
nutrient availability, pH and temperature are amongst the critical environmental
conditions that must be carefully considered for success with in-situ bioremediation
(Gupta et al. 2016). In-situ remediation methods involve cleaning the PAHs
contamination site mainly in four ways: (i) land farming (ii) biostimulation, (iii)
bioaugmentation and (iv) bioventing. Land farming is a process in which
contaminated soils are mixed with fertilizer, then tilled and irrigated to provide
aeration, moisture and promote soil homogeneity for biodegradation; and to
stimulate indigenous microbes (to enhance natural attenuation process) (Hansen
et al. 2004; Juhasz and Naidu 2000; Wang et al. 2016). Biostimulation involves the
application of nutrients or substrates to stimulate the growth and metabolic rate of
indigenous microorganisms to substantially improve the degradation process
(Sayara et al. 2011). Bioaugmentation is the addition of laboratory cultured
indigenous or exogenous biodegraders (bacteria, fungi or algae) into contaminated
soils to stimulate the degradation of a contaminant in the soil (Sayara et al. 2011;
Vidali 2001). Bioventing is a combined process of bioaugmentation and
biostimulation. This technique was successfully used to treat organic pollutants
such as PAHs in soils and aquifers (Kuppusamy et al. 2016).

9.2.2 Ex-Situ Remediation

These methods involve a transfer of pollutants from contaminated sites to an off-site
for the treatment purpose. Although these processes incur extra costs for soil
excavation, transport, treatment, disposal and site refilling, these treatments can be
precise and controlled, and as a result attaining good outcomes in significantly less
time. Bioreactors are some of the examples of ex situ treatment methods (Mohan
et al. 2006) used for PAHs remediation.

9.3 Bacteria Degradation of PAHs

Bacteria are known to be involved in the degradation of PAHs in contaminated sites.
Many studies on successful applications of different bacterial strains, individually
or as consortia, isolated from soil or sediments have been done in the treatment of
PAHs-contaminated soils. A group of microbes (consortia) have diverse enzymatic



194 A. G. Babu et al.

activities, which can degrade more complex organic pollutants than their individual
applications. The principal metabolic pathways, those of degradation-related
enzymes and catabolic genes of bacteria for the degradation and metabolism of
PAH, have been widely studied (Haritash and Kaushik 2009; Nzila 2018; Peng Jing-
Jingwang Ningli 2011). In nature, bacteria degrade PAH contaminants by aerobic
and anaerobic processes (Qin et al. 2018). Aerobic degradation of PAHs have been
extensively studied in various environments (soil, sea, sediments and bioreactor),
but the ability of bacteria to degrade PAHs under strictly anaerobic conditions is
limited to a few strains (Nzila 2018). Many polluted environments such as aquifers,
sediments and submerged soils are often of lead anoxic condition, where anaerobic
bacteria can play a key role in PAHs biodegradation (Callaghan 2013; Lu et al.
2011; Nzila 2018).

Several studies have reported using bacteria as pure culture or consortium for the
degradation of PAHs. The most commonly reported PAHs-degraded bacterial
genera are Arthrobacter, Bacillus, Stenotrophomaonas, Vibrio, Corynebacterium,
Flavobacterium, Marinobacter, Micrococcus, Nocardia, Ochrobactrum,
Sphingomonas, Burkholderia, Pseudomonas, Mycobacterium and Sphingomonas
(Kumari et al. 2018; Singh and Tiwary 2017; Varjani and Upasani 2016).

Tarafdar et al. (2017) reported the degradation of anthracene by Bacillus thuring-
iensis strain isolated from the fly ash deposition. Eskandari et al. (2017) identified
two bacterial species B. licheniformis and B. mojavensis among studied oil-contam-
inated soil microorganisms that are able to remove a mixture of PAHs. The strain B.
licheniformis was capable of destroying cenaphtylene, acenaphtene and indeno
pyrene in 72, 96 and 96 h, respectively while the species B. mojavensis was able to
destroy naphthalene in 72 h and acenaphtene, acenaphtylene, benzo(ghi)prylene,
dibenzo(ah)anthracene and indeno pyrene in 96 h.

Jauhari et al. (2018) studied three bacterial strains, Pseudomonas aeruginosa,
Cronobacter sp. and Rhodococcus sp., isolated from petroleum-contaminated soil
with very high efficiency (94, 84 and 78%, respectively) for degradation of
anthracene (1000 mg/L) over 10 day growth periods. It was confirmed that
anthracene gets mineralised by these strains through the O-phthalate pathway with
specific activities of catabolic enzymes like C120, C230, 3,4-PCD and 4,5-
PCD. However, aromatic rings of anthracene cleaved by Rhodococcus sp. mainly
through meta-cleavage pathway were also confirmed. Recently, a novel species of
the genus Gordonia, isolated from oilfield-produced water, utilized naphthalene and
pyrene as its sole carbon source and was degraded with mixed naphthalene,
phenanthrene, anthracene and pyrene (each at a concentration of 500 mg/L) in ratios
of 100, 95.4, 73.8% and 53.4%, respectively, over 7 days (Qi et al. 2017).

Kamil and Talib (2016) reported potential of a Corynebacterium urealyticum in
degrading artificially contaminated phenanthrene soil at different concentrations. A
bacterial community from Actinobacteria, Firmicutes, a- and g-Proteobacteria, and
Bacteroidetes isolated from the tidal flats near Sinduri Beach in Taean, Korea, able
to degrade PAHs has been demonstrated by Lee et al. (2018). A microbial consortium
can improve PAH degradation due to their synergetic coordinated metabolic
activities (Tauler et al. 2016). Pugazhendi et al. (2017) studied the application of
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bacterial consortium for degradation of high molecular weight PAH compounds
present in crude oil. Kumari et al. (2018) investigated the ability of a consortium,
Stenotrophomonas maltophilia, Ochrobactrum anthropi, Pseudomonas mendocina,
Microbacterium esteraromaticum and Pseudomonas aeruginosa for biodegradation
of multiple PAHs. It was found that a consortium of these bacteria showed enhanced
biodegradation of naphthalene (89.1%), fluorine (63.8%), phenanthrene (81%) and
benzo(b)fluoranthene (72.8%) compared to their individual bacterial activity.

Many natural habitats such as aquifers, sediments and submerged soils contami-
nated with large amounts of PAHs are often lead anoxic where PAHs can degrade
by anaerobic bacteria via anaerobic catabolism (Callaghan 2013; Lu et al. 2011).
Researchers from a different group have reported the degradation of PAHs without
oxygen by addition of alternative final electron acceptors such as nitrate, sulfate or
ferric ions (Ambrosoli et al. 2005; Chang et al. 2008; Coates et al. 1996; Liang et al.
2014). Qin et al. (2018) isolated a novel strain Cellulosimicrobium cellulans CWS2
from PAHs-contaminated soil, capable of utilizing BaP (2.5-50 mg/L) as the sole
carbon and energy source under nitrate-reducing conditions (1 g/ of NaNOs). The
capacity of CWS2 on the removal of BaP was 78.8% in 13 days when the initial BaP
concentration was 10 mg/L.

Li et al. (2010) demonstrated the use of NaHCO; (20 mM) for the anaerobic
biodegradation of four mixed PAHs (10 mg/kg of sediment; fluorene, phenanthrene,
fluoranthene and pyrene) in mangrove sediment with enriched PAHs-degrading
bacterial consortium. PAH degradation was increased by consortium compared to
without consortium in medium. However, no effect of NaHCO; was observed in the
biodegradation of PAHs, leading to the conclusion that the presence of other
terminal electron acceptors such as nitrate and sulfate or CO, produced by anaerobes
might be utilised by consortium. Marozava et al. (2018) initiated an anaerobic
degradation of 1-methylnaphthalene by a member of the Thermoanaerobacteraceae
in an iron-reducing enrichment culture. Zafra et al. (2016) investigated the two
microbial (bacteria and fungi) mixed consortia with the ability to degrade the
phenanthrene (92%), pyrene (64%) and BaP (65%) in the PAHs-polluted soils.
Some cyanobacteria can also break down PAHs in water environments. Ibraheem
(2010) reported five cyanobacterial species Phormidium, Anabaena, Nostoc,
Aphanothece conferta, and Synechocystis aquatilis could enable degradation of
phenanthrene by 12% (on day 60), 51% (on day 40), 43% (on day 60), 40% (on day
40) and 46% (on day 40) (Ibraheem 2010).

9.4 Fungal Degradation of PAHs

Fungi are potential candidates for degradation of PAHs due to their certain advan-
tage over bacteria with respect to resistance to different environmental conditions,
ability to grow on a variety of media and to produce enzymes for the degrading of
organic pollutants (Harms et al. 2011; Messias et al. 2009; Venkatesagowda et al.
2012). Unlike bacteria, few fungi can only utilize PAHs as a sole source of carbon
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and energy, and co-metabolise them into a wide variety of detoxified-oxidised
metabolites (Bamforth and Singleton 2005; Hadibarata et al. 2012; Hadibarata and
Kristanti 2012; Wu et al. 2010). Several groups of fungi, namely, Phanerochaete,
Pleurotus, Trametes, Bjerkandera, Chrysosporium, Cunninghamella, Coriolopsis,
Aspergillus, Penicillium, Trichoderma, Mucor and Cladosporium, were found to be
potential degraders of PAHs (Aydin et al. 2017; Gupta et al. 2017; Kadri et al. 2017,
Marco-Urrea et al. 2015). However, many fungal species with undefined potential
for remediation of PAHs remain in nature, still to be identified. Fungal metabolism
of PAHs is usually mediated by ligninolytic and non-ligninolytic enzymes (Gupta
et al. 2016; Marco-Urrea et al. 2015). Nevertheless, many fungi can produce both
types of enzymes, but one cannot rule out what levels of each enzyme secreted and
contributed to the breakdown the PAH (Chigu et al. 2010; Marco-Urrea et al. 2015;
Ning et al. 2010; Wu et al. 2010).

9.4.1 Ligninolytic Fungi

Most white-rot fungi are ligninolytic, producing extracellular ligninolytic enzymes
such as lignin peroxidase, manganese-dependent peroxidase, phenol oxidase
(laccases and tyrosinases) and H,O,-producing enzymes to oxidise lignin present in
wood and other organic matter (Mester and Tien 2000). These ligninolytic enzymes
have been proven to degrade PAHs (Kadri et al. 2017; Lee et al. 2014). PAH
biodegradation by ligninolytic white-rot basidiomycete fungi has been studied
mostly in Phanerochaete chrysosporium, Pleurotus ostreatus, T. versicolor and
Bjerkandera adusta P. chrysosporium has been shown to degrade the pyrene,
anthracene, phenanthrene, benz[a]anthracene and BaP in various levels in soils and
solutions (Bishnoi et al. 2008; Haemmerli et al. 1986; Kadri et al. 2017; Wang et al.
2014; Wang et al. 2009). Andersson et al. (2003) assessed the efficacy of Pleurotus
ostreatus and Antrodia vaillantii to degrade several PAHs in the artificially
contaminated soil. P. ostreatus strains were employed for biodegradation of different
PAHsS in lab experiments (Dubrovskaya et al. 2017; Pozdnyakova et al. 2018), soil
(Miarquez-Rocha et al. 2000) and cultivation substrates in a pilot plant (Di Gregorio
et al. 2016). Phenanthrene-degrading fungus 7. versicolor, isolated in Korea, was
able to remove 76% of phenanthrene from the fungal culture (Han et al. 2004).
Moreira et al. (2000) reported the ability of three fungi, Bjerkandera adusta, Irpex
lacteus and Lentinus tigrinus, to degrade phenanthrene, fluoranthene, pyrene and
chrysene in forest and salt marsh soils. In a study by Valentin et al. (2006),
biodegradation of four different PAHs by the white-rot fungus Bjerkandera adusta
in spiked marsh soil in a bioreactor was around 30 mg PAH/kg soil. Juhasz and
Naidu (2000) reported the capability of Bjerkandera sp. in degradation of BaP and
benzo(a)anthracene.

Hidayat and Yanto (2018) isolated a new tropical fungus, Trametes hirsuta,
shown to degrade 0.8, 0.17 and 0.46% of phenanthrene, chrysene and BaP per mg
dry weight of biomass, respectively. Agrawal and Shahi (2017) isolated a white-rot
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fungus Coriolopsis byrsina from the Surguja district of Chhattisgarh, India, and
were able to degrade 96.1% of pyrene in mineral salt broth and 51.85% in soil.
Vieira et al. (2018) observed an efficient degradation of pyrene (100%) by marine-
derived basidiomycete fungus Marasmiellus sp. under saline conditions. It was
reported that Ganoderma lucidum was capable of degrading 99.65% of phenanthrene
and 99.58% of pyrene in mineral salt broth (Agrawal et al. 2018). Pozdnyakova
et al. (2018) studied the ability of Pleurotus ostreatus and Agaricus bisporus for
mineralisation of phenanthrene and anthracene in the presence of laccase and
versatile peroxidase enzymes.

9.4.2 Non-ligninolytic Fungi

Non-ligninolytic fungi metabolize PAHs mostly mediated by Phase I and Phase II
detoxification metabolism by cytochrome P450 monooxygenase and epoxide
hydrolase-catalyzed reactions (Aydin et al. 2017; Kadri et al. 2017; Marco-Urrea
et al. 2015). However, extracellular enzymes such as laccase were also produced by
some of these fungi (Aydin et al. 2017; Kadri et al. 2017; Marco-Urrea et al. 2015).
Non-ligninolytic fungi for PAH degradation include strain(s) of Aspergillus,
Cladosporium, Cunninghamella, Fusarium, Mucor, Penicillium, and Trichoderma
(Bamforth and Singleton 2005; Marco-Urrea et al. 2015). Biotransformation of
fluoranthene by Cunninghamella elegans in a bioreactor under biofilm-based and
niche-mimicking conditions was demonstrated (Mitra et al. 2013).

Saraswathy and Hallberg (2005) reported a Penicillium ochrochloron, which was
found effective in degrading pyrene. The strain was able to degrade a maximum of
75% of 50 mg/L pyrene over 28 days of incubation. Moreover, Penicillium sp.
isolated from Antarctic soil was able to degrade acenaphthene (10.0%) and BaP
(2.0%) under low-temperature conditions (at 20 °C) (Govarthanan et al. 2017). Liu
et al. (2010) showed that Penicillium sp., Aspergillus niger and white-rot fungus
could remove 48, 58 and 16% of BaP, respectively, in a sterile, artificially polluted
soil after 35 days. Potin et al. (2004) performed degradation studies in a PAHs-
contaminated soil with two inoculation treatments by spore or mycelial inoculum of
21 native filamentous fungi. However, the extent of total PAH degradation occurred
with Coniothyrium sp. and Fusarium sp. mycelial inoculum.

Hesham et al. (2017) demonstrated that Fusarium Solani could degrade naphtha-
lene (84.82%), phenanthrene (40.09%), chrysene (57.84%) and BaP (71.06%) at the
end of 10 days. Zafra et al. (2015) found that Trichoderma asperellum was able to
degrade phenanthrene (74%), pyrene (63%), and BaP (81%) at a concentration of
1000 mg/kg in 14 days. Moreover, Trichoderma genus was found to utilize pyrene,
resulting in its degradation, and it was further enhanced using an alternative carbon
source such as yeast extract, sucrose or lactose (Mineki et al. 2015). Mao and Guan
(2016) reported a fungus Scopulariopsis brevicaulis isolated from an aged PAHs-
contaminated soil, having the ability to degrade phenanthrene (60%), fluoranthene
(62%), pyrene (64%) and BaP (82%) over 30 days incubation with PZ-4 strain. In
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microcosm studies for 28 days, 77% of total PAHs was removed from the soil, and
the highest removal was observed for phenanthrene (89%) and BaP (75%).

Birolli et al. (2018) demonstrated the degradation of anthracene (14 days, 50 mg/
mL initial concentration in malt 2% medium) by five marine-derived fungi, Trichoderma
harzianum CBMAI 1677, Cladosporium sp. CBMAI 1237, A. sydowii CBMALI 935,
Penicillium citrinum CBMALI 1186 or Mucor racemosus CBMAI 847). Among them,
Cladosporium sp. CBMAI 1237 showed the highest degradation of anthracene and
16% more in the presence than in the absence of artificial seawater. Further experi-
ments with different PAHs (50 mg/L) in malt for 21 days resulted in Cladosporium sp.
CBMALI 1237 biodegrading anthracene 71%, anthrone 100%, anthraquinone 32%,
acenaphthene 78%, fluorene 70%, phenanthrene 47%, fluoranthene 52%, pyrene 62%
and nitropyrene 64%. In another study, M. racemosus and T. harzianum strains were
reported for having potential biodegradation activity of anthracene (Jové et al. 2016).
de Lima Souza et al. (2017) isolated Hypoxylon sp. from sediments contaminated with
various levels of PAHs and showed the lowest growth of inhibition rates over the other
six species tested for tolerance to phenanthrene and pyrene.

Fungi have been shown to efficiently degrade PAHs by producing ligninolytic
enzymes under anaerobic conditions (Aydin et al. 2017). Silva et al. (2009) studied
the soil fungi which could remediate PAHs and produce ligninolytic enzymes under
microaerobic and very low-oxygen (<1%) conditions. In this study, naphthalene
(46.5%), phenanthrene (25.1%), perylene (37%) and decacyclene (37.7%) by
Aspergillus sp., chrysene (40.9%) by Trichocladium canadense and naphthol[2,3-a]
pyrene (40.8%) by Verticillium sp. were degraded under microaerobic conditions.
Under very low oxygen, T. canadense removed 22.1% of naphthalene, 9.8% of
chrysene, 18.8% of decacyclene; F. oxysporum removed 13.2% of phenanthrene;
Achremonium sp. removed 20.5% of perylene; and Basidiomycete strain H2 and
Verticillium sp. removed 12.5% of naphthol[2,3-a]-pyrene. Cobas et al. (2013)
studied phenanthrene remediation both in an aqueous medium (90% after 14 d) and
in soil (70% after 28 d) using Trichoderma longibrachiatum-mediated permeable
reactive biobarriers (PRBBs).

9.5 Microalgae-Mediated Degradation of PAHs

PAHsS are subject to removal or degradation by a range of naturally occurring micro-
organisms, but research has focused on the removal of these contaminants using
bacteria and fungi, and microalgae have been explored to a limited extent. However,
particular attention should be paid to microalgae as they play an important role in
wastewater treatment processes and biodegradation of toxic organic pollutants.
Multiple microalgae help in the degradation of PAHs. Hong et al. (2008) assessed
the accumulation and biodegradation of phenanthrene and fluoranthene, by the dia-
toms Skeletonema costatum (Greville) Cleve and Nitzschia sp., enriched from a
mangrove aquatic ecosystem. In a another study, the removal and transformation of
seven high-molecular weight PAHs, namely, benz[a]anthracene, benzo[b]
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fluoranthene, benzo|k]fluoranthene, BaP, dibenzo[a,h]anthracene, indeno[1,2,3-
c,d]pyrene and benzo[g,h,i]perylene, by a freshwater microalga Selenastrum capri-
cornutum under gold and white light irradiation was studied. A PAH
compound-dependent removal efficiency was observed (Luo et al. 2014).
Warshawsky et al. (2007) studied the combination of Mycobacterium sp. and
Sphingomonas yanoikuyae and a green alga Selanastrum capricornutum on the
degradation of BaP to various intermediates. The rate of degradation was greater in
bacterial cultures grown with the algal/BaP extract than those grown with BaP
alone. Tak4covd et al. (2014) reported the biodegradation efficiency for BaP by
Chlorella kessleri. In a separate study, sorption and degradation of BaP was
determined by two microalgal species, Selenastrum capricornutum and Scenedesmus
acutus (Gareia de Llasera et al. 2016). It was found that that the removal rate of BaP
was 99% by S. capricornutum after 15 h exposure, whereas it was 95% by S. acutus
after 72 h exposure. Biodegradation efficiency for the anthracene and pyrene was
determined by Anabaena fertilissima (Patel et al. 2015). In another study, a
microalga Chlorella sp. was capable of degrading 70% of 50 uM pyrene in 7 days
incubation (Subashchandrabose et al. 2017). Further, the rate of degradation was
nearly 20% increased with use of Tween-80 when compared with Triton X-100.

9.6 Phytoremediation of PAHs

Phytoremediation is the use of a variety of plants to degrade, extract and immobilize
contaminants considered capable of eliminating PAHs from the soil. Based on
processes and applicability, there are various categories like phytoextraction,
phytovolatilisation, phytofiltration, phytostabilisation, phytotransformation and
rhizoremediation. Phytotransformation, or phytodegradation, and rhizoremediation
are two primary mechanisms involved in the degradation of the organic compounds
into simple molecules in the soil or plant tissue. However, some studies reported
that the accumulation of PAHs by plants is associated with a phytoextraction process
(Alagi¢ et al. 2015; Ko$nar et al. 2018; Sivaram et al. 2018) . In phytodegradation
process, plant roots exude various enzymes such as dehalogenase and oxygenase,
which can directly degrade organic contaminants (Dubrovskaya et al. 2017).
Various plant species such as fescue grass (Festuca arundinacea), switch grass
(Panicum virgatum), maize (Zea mays L.), soybean (Glycine max L.), Sorghum
(Sorghum bicolor L. Moench) and alfalfa (Medicago sativa L.) have the ability to
phytodegrade the PAHs. Guo et al. (2017) examined the influence of maize root and
soybean root exudates on pyrene degradation. D’Orazio et al. (2013) reported a pot
culture study on three plant species for pyrene degradation. The results showed that
the amount of pyrene in soils decreased by 32, 30 and 28%, with Medicago sativa,
Brassica napus, and Lolium perenne , respectively, and 18% in the control soil
without plants. Ko$naf et al. (2018) showed the removal of 16 individual PAHs
using maize from ash-treated soil ranged between 4.8 and 87.8% in a 120-day pot
experiment. The phytoremediation potential of Fire Phoenix on the degradation of
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8 PAHs was investigated (Liu et al. 2014b). This study demonstrated that plants
have a prominent role in enhancing the degradation of 8 PAHs with an increase in
planting time. After a 150-day culture growth, the concentrations of the 8 PAHs by
Fire Phoenix were decreased to 96.18%. Sivaram et al. (2018) studied
bioaccumulation and biodegradation ability of 14 plant species grown in soils
spiked with BaP and pyrene in a glasshouse. The rate of PAHs removal efficacy of
BaP and pyrene were varied among the plant species over a period of 50 days for
BaP (6-26%) and pyrene (14—40%) and the maximum removal of both PAHs was
observed in Sudan grass (C4), vetiver (C4), maize (C4) and sunflower (C3).

9.7 Rhizoremediation of PAHs

Rhizoremediation is a combined process of micro- and phytoremediation, consid-
ered as a promising technology because it offers ecological and natural aesthetic
benefits at low cost. Rhizodegradation can also be referred as plant-based bioreme-
diation technology, rhizosphere bioremediation or microbe-assisted phytoremedia-
tion technology (MAPT). Microbe-assisted phytoremediation has been used for
removal of PAHs contaminants synergistically. Rhizodegradation of polluted soils
mainly relies on stimulating the population of degrading microorganisms through
plant rhizospheric effects (Merkl et al. 2004; Newman and Reynolds 2004; Truu
et al. 2015). Many studies have attempted rhizoremediation of PAHs-polluted soils
by the combination of plants with bacteria, or/and fungi-assisted bioremediation;
this combination has shown to enhance the rate of rhizosphere degradation of PAHs.
Guo et al. (2017) investigated rhizoremediation of 12 PAHs in rhizosphere and non-
rhizosphere soils using Mycobacterium sp. and ryegrass (Lolium multiflorum L.)
under glasshouse conditions. After 60 days, the removal percentages of PAHs in the
bacteria added rhizospheric soil were higher (5-ring PAHs, 25.6%; 6-ring PAHs,
27.6%; and 3- and 4-ring PAHs only 2.2-9.7%) compared to the non-inoculated soil.

Liu et al. (2014a) investigated a phenanthrene-degrading endophytic bacterium,
Massilia sp., for their ability to promote plant growth and phenanthrene uptake as
well as community structure of root endophytic bacteria in wheat. They indicated
that Massilia sp. is able to reduce the phenanthrene levels in wheat, enhance biomass
and change the bacterial community structure in phenanthrene-contaminated wheat
in a contamination level-dependent manner. A study performed in the combination
of Sorghum plant and Pseudomonas aeruginosa to improve phytoremediation of
soil contaminated with pyrene showed that inoculated bacterium play a key role in
pyrene removal (66-82% for pyrene concentrations of 150 and 300 mg/kg,
respectively) from contaminated soil. The results of the current study also showed
that P. aeruginosa inoculation increased pyrene removal rate and number of bacteria
in the soil (Rostami et al. 2017).

Biotransformation and conjugation of phenanthrene in pak choi at the subcellu-
lar level by endophytic bacteria Pseudomonas sp. was investigated (Sun et al. 2018).
Inoculation of Pseudomonas sp. reduced the subcellular distribution of phenanthrene
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to plant subcellular fractions (i.e., cell wall, cell membrane, cell solution and cell
organelles). Eskandary etal. (2017) demonstrated the effective use of B. licheniformis
and B. mojavensis isolated from oil-contaminated soils to ameliorate 10 PAHs in
oil-contaminated soil grown with Festuca arundinacea under controlled greenhouse
conditions. They stated that the concentration of some PAHs in rhizosphere soil
samples inoculated with both bacteria was decreased, and even some PAHs (e.g.,
naphthalene, phenanthrene, benzo[a]anthracene and dibenzo[a,h]anthracene)
reached below the detection limit of the method.

Kosndt et al. (2018) observed a synergistic association of maize and ligninolytic
fungus P. ostreatus in soil contaminated with 16 PAHs and wood chip of waste
apple tree trunks as a lignocellulosic substrate for fungus. It was found that fungus
in the treated soil improved fungal biomass, enzyme and microbial activities, and it
removed total PAHs by 36.2% after the 120-day period.

Mycorrhizal fungi have also been known to promote plant growth and PAHs
biodegradation and rhizoremediation (Gao et al. 2017; Ren et al. 2017). Ren et al.
(2017) conducted a greenhouse experiment to evaluate the potential interaction
between legume (Sesbania cannabina), thizobia (Ensifer sp.) and AM fungus
(Glomus mosseae) on PAHs dissipation in spiked soil. The triple symbiosis showed
more than 97 and 85% degradation of phenanthrene and pyrene, respectively, in
soil, whereas it showed 81 and 72% degradation in only plant-treated soil. In
treatments where Glomus etunicatum or Glomus lamellosum inoculation were
combined with alfalfa (Medicago sativa L.), the loss of pyrene was increased with
38.3-68.9% and 39.4-71.3% in soils, respectively (Gao et al. 2017).

9.8 Recent Advancements in PAHs Degradation

Recently, novel approaches such as combined organic composting, enzyme-
mediated bioremediation, biosurfactant-enhanced bioremediation, and microbial
fuel cells for the process of PAHs biodegradation have received particular attention.

9.8.1 Vermi- and Protozoan Degradation of PAHs

Many bioremediation studies have reported on bacteria, cyanobacteria, fungi and
algae. However, only scant information is available on earthworm and protozoan,
which are part of the aquatic and terrestrial community involved in PAHs degrada-
tion. Earthworms play a significant role in removal of PAHs from soil. They absorb
PAHs from soil to biotransform or biodegrade them, rendering them harmless.
Earthworms can accumulate PAHs, mainly the 3- or 4-ringed PAH compounds
(Achten and Andersson 2015). In another study, Sinha et al. (2008) confirmed PAH
removal from soil with 11,820 mg/kg PAH concentration by a consortium of earth-
worms (E. fetida, E. euginae and Perionyx excavates). Schmidt et al. (2017)
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demonstrated that E. fetida was able to transform pyrene and phenanthrene to con-
jugated phase II metabolites in hydroponic culture. The results of Deng and Zeng
(2017) demonstrated that the inoculation of alfalfa with earthworms and/or white-
rot fungus prompted the growth of alfalfa and removed the phenanthrene in the soil,
and the removal rate in soil was highest (93%) under alfalfa + earthworms + white-
rot fungus treatment.

According to Kachieng’a and Momba (2018), protozoa are considered more
active agents in PAHs degradation and could be potential candidates for remediation
of PAHs-contaminated soil and water. They reported a consortium of symbiotic
protozoan isolates (Paramecium sp., Vorticella sp., Epistylis sp. and Opercularia
sp.) able to degrade approximately 70%, while individual isolates could degrade
65% at the end of the study.

9.8.2 Enzymes in PAHs Degradation

Enzymes are biocatalytic macromolecules that facilitate the conversion of sub-
strates into products by lowering the activation energy of molecules. In the last few
years, degradation of contaminants with enzymes separated from their cells has
been used for PAHs bioremediation. At present, fungal enzymes are studied most
for remediation of organic-contaminated soils. Wu et al. (2008) studied the direct
application of free laccase enzyme for the transformation of 15 priority PAHs in
soil. Similarly, Zhang et al. (2016) studied degradation of PAHs using purified man-
ganese peroxidase form Trametes sp. and found it very efficient at degrading both
individual PAHs (fluorene, fluoranthene, pyrene, phenanthrene and anthracene) and
PAHs in mixtures. Although enzymatic remediation is an alternative to conven-
tional bioremediation, the cost of purification and enzymes is the major constraints
of this method. Immobilization of enzymes with various carrier materials allows an
alternative technology that enables an increase in stability and repeat utilization and
it reduces degradation. Wang et al. (2018) demonstrated that immobilised laccase
could increase degradation of pyrene (Pyr) and BaP around 10-30% compared with
free laccase. In the past few years, researchers have paid more attention to molecu-
lar docking in environmental remediation to find the suitable orientation of mole-
cules in the enzyme active sites to predict binding affinity.

9.8.3 Combined Organic Addition for PAHs Degradation

Traditional bioremediation techniques combined with organic additives such as bio-
char, compost, sludge residue and poultry manure incorporation positively enhance
overall PAHs remediation. Lignocellulosic materials such as wheat straw, corncobs
and straw pellets as carriers have been shown to improve the growth capacity and
soil PAH degradation performance of fungi (Covino et al. 2010).
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Fernandez-Luquefio et al. (2016) observed a rapid biodegradation rate of phenan-
threne and anthracene in the soil amended with wastewater sludge. Kong et al.
(2018) observed a significant reduction of PAH content when wheat straw biochars
was applied to petroleum-polluted soil. Additionally, adding biochar to soils
increased specific taxa, including PAH degraders. Han et al. (2017) reported that
biomass wastes from wheat stalk, mushroom compost and cow manure accelerated
the degradation of aged PAHs and significantly increased abundances of the bacte-
rial community. Ko$ndf et al. 2018 studied the combination of biostimulation and
bioaugmentation showed superior removal efficiencies of phenanthrene, fluoran-
thene and pyrene. Phytoremediation of PAHs derived from biomass fly ash-soil
using maize (Zea mays L.) amended with compost or vermicompost was studied.
The results of this study showed that compost and vermicompost applied in planted
ash-soil efficiently removed PAHs in a range between 62.9 and 64.9%,
respectively.

9.8.4 Biosurfactant-Enhanced Degradation of PAHs

PAHsS bioavailability in soil is usually low and can be overcome with the application
of biosurfactants to enhance PAHs bioavailability for microbial degradation in soil/
aqueous phase. Biosurfactants are amphiphilic secondary compounds (both
hydrophobic and hydrophilic) derived from microorganisms and plants. Compared
to chemical surfactants, biosurfactants are readily biodegradable and perform with
excellence in the remediation process (Lamichhane et al. 2017; Liang et al. 2017).
In general, two different types of biosurfactants (microbial-based and plant-based)
have been widely used in surfactant-enhanced bioremediation (SEBR) and
surfactant-enhanced phytoremediation (SEPR). A number of researchers have
studied the remediation of PAHs-contaminated soil by various biosurfactants
(Lamichhane et al. 2017; Liang et al. 2017).

The use of rhamnolipid biosurfactant at low concentration (25 mg/L) increased
(96.2%) the degradation of fluorene (280 mg/L) by Paenibacillus sp., but increased
it only 90.6% with Tween-40 (3% v/v) and 96.5% with Tween-60 (3.5% Vv/v)
((Reddy et al. 2018). (Bezza and Chirwa 2017), recognised the degradation
enhancement potential of pyrene by lipopeptide biosurfactant produced by
Paenibacillus dendritiformis and found that lipopeptide at 600 and 300 mg/L
enhanced pyrene degradation to 67.5 and 51%, respectively, compared to its
absence.

PAHs biodegradation was 86.5% in the presence of biosurfactant, which was
dramatically higher.

Moreover, the addition of 0.2 and 0.6% biosurfactant enhanced the removal of 13
PAHs by 34.2 and 63%, respectively, from only 6% without surfactant (Bezza and
Chirwa 2017). Liao et al. (2015) investigated the biosurfactant-amended
phytoremediation of phenanthrene and pyrene by maize plant. This study suggest
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that the use of rhamnolipid and saponin could increase desorption of phenanthrene
(10 and 29%) and pyrene (9 and 28%, respectively) in soil.

9.8.5 Microbial Fuel Cells (MFC) in PAHs Degradation

A microbial fuel cell is a bio-electrochemical device that generates power through
the oxidation of organic and inorganic matter by microbes. This technique is
increasingly considered for the remediation of (in)organic-contaminated soils
including PAHs. However, very few studies have reported the ability of MFCs in
remediation of PAHs (Gambino et al. 2017; Hamdan et al. 2017). Sherafatmand and
Ng (2015) demonstrated a sediment microbial fuel cell (SMFC) for the degradation
of PAHs under aerobic or anaerobic environment. A significant removal of
naphthalene (41.7 and 76.9%), acenaphthene (31.4 and 52.5%) and phenanthrene
(36.2 and 36.8%) in the aerobic and anaerobic environment, respectively, was
observed. Gambino et al. (2017) investigated consortia of Bacillaceae,
Enterobacteriaceae, Staphilococcaceae, Xanthomonadaceae and
Pseudomoniadaceae to study the degradation ability of PAHs in MFCs. The results
showed that anode enrichment with microelectrogenic bacteria decreased overall
PAH concentration to 90%. However, this technique may not be suited for the large
scale and the suitability of this technique for the degradation of PAHs will need to
be investigated further.

9.8.6 Omics Approaches in Degradation of PAHs

Omics (metagenomics, transcriptomics, proteomic and metabolomic) approaches to
understanding the role of rhizosphere microbiome and plants for the development of
genetically modified microorganisms (GMOs) and plants play a significant role in
the enhancement of bioremediation/transformation of PAHs (Aydin et al. 2017,
Kotoky et al. 2018). These techniques are used to investigate total genome content
(also known as metagenomics), catabolic gene expression (mRNA collection;
transcriptomics), protein profile (proteomics) and key metabolites (metabolomics)
from the microbiome including uncultured microbes during the bioremediation
practice. The potential of “omics” approaches suggests the use of engineered
rhizospheric microbiome and plants for decreasing the toxicity of PAHs (El Amrani
et al. 2015). However, an insufficient amount of studies have focused on omics
approaches for enhancement of bioremediation/transformation of PAHs, and so
more practice performance is still needed.

Metagenomic approaches provide total genetic content of a microbial commu-
nity for identification of different groups of microbes and their functional genes
involved in a particular habitat. Metagenomics analysis of soils contaminated with
anthracene increased the percentages of sequences belonging to the Actinobacteria
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and reduced the percentage of Proteobacteria while increasing percentages of
sequences belonging to Proteobacteria in unamended soil after 14 days of study
(Castro-Silva et al. 2013). Zafra et al. (2016) reported metagenomics sequence anal-
ysis of a fungal-bacterial consortium on degradation of PAH in soil. The results
from this analysis demonstrated that the inoculated consortia could change the
native microbial diversity of soil and enhance the degradation rate of PAHs in soil
presumably due to co-metabolic degradation. Thus, metagenomics analysis enabled
researchers to exploit knowledge about uncultivable microorganisms and their
various probable metabolic pathways for the degradation of PAHs in polluted soils.

Transcriptomics or metatranscriptomics provides examination of mRNA expres-
sion of a single microbe or microbiome with a change in environmental situations
(Hautefort and Hinton 2000). de Menezes et al. (2012) studied the microbial expres-
sion analysis of dioxygenase genes in soil stressed with phenanthrene and reported
that a higher abundance of transcripts in the soil was due to stress response and
detoxification activity of soil microbial communities. Similarly, rhizosphere soil of
willows significantly enriched in transcripts was related to PAH degradation
(Yergeau et al. 2018). Pagé et al. (2015) revealed that Salix purpurea growing in
PAHs-contaminated soil stimulated the expression of 4 oxygenase genes out of the
10 studied within the bacterial orders Actinomycetales, Rhodospirillales,
Burkholderiales, Alteromonadales, Solirubrobacterales, Caulobacterales and
Rhizobiales. Herbst et al. (2013) confirmed that Burkholderiales, Actinomycetales
and Rhizobiales were the most abundant microbes in the communities of groundwa-
ter amended with either C13-naphthalene or C13-fluorene by metaproteomic analy-
sis and protein-stable-isotope probing (SIP).

Proteomics analysis deals with information about proteins and their functions in
microbial communities involved in the bioremediation of pollutants in a contaminated
environment. The proteogenomics approach was applied to Mycobacterium
vanbaalenii for investigation of aromatic hydrocarbon catabolic pathways in
presence of high molecular-PAHs (Kim et al. 2009). The various expressed proteins
were identified as catalase-peroxidase, putative monooxygenases, dioxygenases,
naphthalene-inducible dioxygenases and aldehyde dehydrogenase. Verdin et al.
(2005) reported the overexpression of cytochrome P450 monooxygenase enzyme in
Fusarium solani fungus under the presence of benzopyrene.

Metabolomics provides information of degradation products and primary metab-
olites in response to pollutant exposures. Transcriptomic and proteomic studies can
be helpful in unweaving important information about the different metabolic path-
ways. Keum et al. (2008) studied metabolic intermediates during degradation of
phenanthrene by Sinorhizobium sp. Metabolic pathways such as catechol, gentisic
acid and protocatechuic acid pathway of phenanthrene degradation and expression
of catabolic genes involved in these pathways by halophilic consortium were stud-
ied under different salinities (Wang et al. 2018).

GMOs are any organisms whose genetic material has been altered to enhance the
catabolic efficiency associated with pollutant-degrading pathways. Such strategies
are now common to accelerate the rate of biological degradation of PAHs using
genetically modified bacteria and plants. Cytochrome P450 monooxygenases
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(CYPs) for the degradation of naphthalene, fluorine, acenaphthalene
and acenaphthylene were altered at the different active sites within the enzyme
which enhanced oxidation potential of the enzyme in Pseudomonas putida and B.
megaterium (Carmichael and Wong 2001; Harford-Cross et al. 2000). Peng et al.
(2014) generated transgenic plants with enhanced tolerance to and uptake of
phenanthrene by transferring the complex dioxygenase system of Pseudomonas
into Arabidopsis and rice.

9.9 Summary and Future Outlook

Natural and anthropogenic activities contribute to generate PAHs, which are becom-
ing a great concern due to their persistence in living beings and the environment.
Several strategies have been employed for effective bioremediation of PAHs over
the past century. Bioremediation technologies discussed in this chapter have been
recognised as suitable technologies that contribute to PAH remediation. However,
current PAHs biodegradation rates are low due to several environmental, biological
and physico-chemical factors (Kuppusamy et al. 2017). Despite having multiple
bioremediation technologies for PAHs removal, no single remediation technology
can be the ultimate solution for different types of PAHs (Mohan et al. 2006). Thus,
depending on the severity of contaminant and remedial objectives, a proper reme-
diation approach has to be carefully considered. In the past few decades, a plethora
of microbes have been screened and characterised with PAHs-degrading capabili-
ties. However, microbial interactions, measurement and control of biochemical
pathways within different PAHs-degrading microbial consortium (bacteria, bacteria
and fungi, bacteria and algae or cyanobacteria and algae) have yet to be explored.
This is the case because different types of consortium are shown to be much more
beneficial in the remediation of PAHs than their single or individual consortium
(Garcia de Llasera et al. 2016).

It has been observed that in contaminated soils and sediments, bioavailability of
PAHs is one of the most limiting factors, strongly affecting the feasibility of
remediation; but this can be overcome moderately by the use of biosurfactants.
Some biosurfactant producer microbes can also be used to enhance PAHs
bioavailability for microbial degradation; however, application for field-level
remediation is quite expensive. Thus, cost-effective production of biosurfactant is
required for its broader application in the field (Bezza and Chirwa 2017). In addition,
many unique enzymes associated with PAHs-degradation have been isolated and
purified, and their role in PAHs-degradation has been characterised. Nevertheless,
larger production and wide application in enzymatic bioremediation is a time-
consuming process and has financial constraints; this problem can be overcome by
the use of omics approaches. The use of organic additives is promising for an
effective PAHs-degradation strategy. However, their characterisation, quantification
and interactions must be considered because complex composition of natural
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amendments may affect the metabolism of soil microbiota as well as of the plants
involved in phytoremediation.

An effective bioremediation strategy requires selection of efficient microbes,
algae, plants or combinations thereof. So far, undefined pathways of many potential
microbial species are related to PAHs-remediation, so there is a need to use an
omics approach to study the complex behaviour of novel species and their
degradation pathways. Advances in omics technologies have provided an opportunity
to develop genetically modified organisms and plants to boost bioremediation of
PAHSs. Researchers, to some extent, are convinced of the safe use of GMOs as a
potential alternative for biodegradation of PAHs at reasonably low cost. Some non-
technical factors such as environmental laws and mandates, aside from technical
constraints, limit the use of GMOs. Therefore, it can be concluded from the present
review that the application of coupled green degradation methods such as various
types of microbial consortium, rhizoremediation, combined organic addition, and
microbes with biosurfactants may be enough to manage the cleanup of the PAHs-
contaminated sites.
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