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INTRODUCTION 

The exponential increase in population along with industrialization and globalization of 

interconnected world are burdening the environment both at micro and macro levels. The 

increased energy demand and rapid population growth are the key factors causing 

substantial quantities of dangerous pollutants to be emitted into soil, water, air and thereby 

into food, posing serious threat to human health and the surrounding environment. With the 

unprecedented technological advances, just restricting the release of harmful organic 

pollutants into the environment is not adequate; understanding and characterizing the nature 

of the pollutants is paramount to manage the toxic pollution. In this study, the main focus is 

on one particular category of harmful pollutants, Polycyclic Aromatic Hydrocarbons which 

are omnipresent and almost synonymous with environmental pollution. 

Polycyclic Aromatic Hydrocarbons (PAHs) represent a ubiquitous group of environmentally 

persistent organic pollutants constituting several hundred chemically similar yet different 

compounds [1, 2]. Mainly, these PAHs are formed as a result of thermal alteration of 

organic matter or its incomplete combustion either naturally or at high pressures [3, 4]. 

PAHs typically occur in assemblages along with other combustion products such as soot to 

form a single compound. Hence, PAHs in the environment are most familiar to the sooty 

part of smoke or ash. Whereas, when PAHs are manufactured as individual compounds for 

research purposes, not in combination with combustion products, they exist as white, 

colorless or pale- yellow green powder [5] with faint pleasant odour. Commonly, PAHs are 

found in crude oil, coal, blacktop, creosote wood preservatives, moth balls [5]. Also, few of 

the PAHs at low concentrations, have found their applications in beauty creams, medicines, 

plastics and pesticides. In the present environment, PAHs are found throughout the soil, 

water and air. 

PAHs have two or more fused aromatic rings made up of carbon and oxygen atoms [6] as a 

structural characteristic and their structural stability results from the electron pair 

delocalization. The number of cojoined benzene rings, arrangement and angularity of these 

rings determines the chemical and phytochemical behavior of the PAH as well as its 

ionization potential, vapour pressure, adsorption and solubility characteristics [7]. With the 

increase in the ring structure and complexity, there is a rise in molecular weight and 
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decrease in volatility. In general, due to the presence of aromatic rings, PAHs are 

hydrophobic, lipophilic and as the number of rings increases, there is a decrease in 

hydrophilicity and mobility [3, 8, 9]. Due to this, PAHs have a propensity to quickly adsorb 

to particulate matter in sediments or soots and travel long distances, rather than vaporizing 

into the air or dissolving in the water [10]. 

PAHs can be the consequence of natural or man-made practices or industrial processes. 

Forest fires, oil leakages from crude oil deposits, erosion of ancient sediment constitute the 

major sources of the natural origin for the PAHs [11, 12]. PAHs of this origin are produced 

naturally in the environment from biological or chemical transformation of natural organic 

matter or from biological process [13] for example, synthesized by animal and plants. These 

PAHs exist individually or as simpler mixtures. The largest emissions of PAHs are the 

result of carbonization during the industrial processes and human activities such as 

automobile exhaust, tobacco smoking and the incomplete combustion of wood, coal, oil, 

petroleum products and garbage [5, 14, 15]. Based on the source of the organic matter and 

the physical parameters of combustion (temperature, pressure and time), the complexity of 

PAH structure and the assemblage varies [16]. For instance, PAH collection formed during 

the ancient organic matter conversion to petroleum products and coal over long period of 

times at higher pressures and low temperature (100
o
C to 300

o
C) is enriched in 2- to 3- ring 

molecular structures with predominance in alkylated homologs [17, 18]. On the other hand, 

combustion of fossil fuels and biomass at higher temperatures (above 500
o
C) typically 

contain non-alkylated 4- to 7- ring higher molecular structures [19, 20]. 

In the current day, the global supply of PAHs in the biosphere is abundant from human 

utilization of petroleum products and incomplete combustion of fossil fuels, biofuels or 

other forms of organic matter, compared to natural sources [12, 21-23].Therefore, the PAH 

footprint is higher in sediments near emission sources, particularly bordering industrial and 

urban areas [24, 25]. Subsequently, the atmospheric fallout (wet or dry), industrial sludge, 

discharge from urban runoff, riverine inflows get transported to larger water bodies [26-29]. 

The lack of constructive knowledge in the organic waste and combustion by-product 

disposition often leads to several point sources of PAH release into the environment 

ultimately causing air, water and food borne pollution.  
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To most of the living organisms in the earth’s biosphere, PAHs are toxic at various levels 

depending upon the chemical structure of the PAH [30]. They have also been reported to be 

even mutagenic to animals and marine plants [31-33]. In the view point of health risk 

evaluation, several animal studies clearly indicate that most PAHs are capable of inducing 

adverse reactions such as genotoxicity, immunotoxicity, reproductive toxicity with an 

ultimate critical end point being carcinogenicity [34-36]. PAHs by their very nature, are also 

nonpolar and are highly lipid soluble and thus are easily absorbed into the respiratory and 

gastrointestinal tract of most mammals significantly increasing their risk as potential 

mutagens. They also display a rapid distribution profile with a propensity towards 

accumulation in body fat in addition to a wide variety of other tissues [37]. Cytochrome 

P450 enzymes play a critical role in the metabolism of PAHs especially the mixed function 

oxidases resulting in multiple metabolic breakdown intermediates. The carcinogenicity of 

PAH mixtures may be influenced by synergistic and antagonistic effects of other 

compounds emitted together with PAHs during incomplete combustion [6, 38]. 

Additionally, multiple toxicology studies have identified a group of 17 PAHs as having 

greater toxic impact on humans based on their toxicological profiles. In these cases, 

biological monitoring of the exposure and distribution to these PAHs is very critical due to 

their widespread diffusion and thereby their toxicological impact on humans [34]. However, 

there are certain distinct differences between the individual PAHs, in this group. Based on 

these differences, the International Agency for Research on Cancer which is the primary 

regulatory agency for monitoring the toxic compounds classified PAHs such as benzo [39] 

pyrene (Group 1), naphthalene, chrysene, benz [a] anthracene, benzo[k]fluoranthene and 

benzo[b]fluoranthene (Group 2B) as potential carcinogens to humans. Benzo [a] pyrene in 

particular, is recognized as a priority pollutant by the US Environmental Protection Agency 

as this compound has been shown to be one of the most potently carcinogenic of all known 

PAHs. 

Typically, the higher molecular weight and complex ring-structured PAHs are more 

mutagenic and carcinogenic in nature. On the other hand, lower molecular PAHs are non 

carcinogenic, but they have severe impact on the aquatic environment, disrupting the 

equilibrium of the ecosystem [3, 30, 40]. PAHs display a wide range of toxicity from 

moderate to high on aquatic life and birds. There are different factors that contribute to the 
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toxicitiy levels of PAHs such as ultraviolet light. The toxicity due to UV light is mediated 

through photo-oxidation and metabolism with respect to aquatic life forms [41]. 

 

 Figure 1.1: Dispersion of PAHs through the air, terrestrial and aquatic environments [42]. 

 

Due to these reasons, it is critical to accurately assess the differences that might occur in 

different mixtures of PAHs to gauge their potential toxicities. Therefore, understanding the 

dynamics of metabolism of PAHs along with the multiple breakdown products is absolutely 

necessary to evaluate their toxic effects. This will in turn guide us to understand the full 

impact of PAHs and further help us devise effective remediation strategies. 

There are many different remediation technologies that are constantly being developed and 

tested to remove these environmental contaminants. There are several distinct processes 

involved in the degradation of PAHs in the environment such as bioremediation, 

photooxidation, chemical oxidation, adsorption to soil particles, leaching and ultimately 

bioaccumulation [43]. Each of these processes has a different effect on individual PAHs. 

This is mainly attributed to the uniqueness of each PAH in terms of its structure and 

physical, chemical, and biological properties [44]. Although there are different processes of 

PAH degradation, bioremediation holds a lot of potential as a safe and cost-effective option. 
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Bioremediation is defined as the use of any biological organism and its metabolic 

machinery to remove the toxic components of pollutants. A mixture of different microbes 

that form an integral part of the contaminated ecosystem, consisting of bacteria, fungi and 

algae, can potentially metabolize and transform the PAHs present as toxic pollutants to a 

less harmful product [30, 45-48]. During the process, these soil microbes utilize the PAHs 

as a food source and metabolize them into harmless byproducts like carbon dioxide, water 

and fatty acids [49, 50]. Carbon dioxide in turn, gets consumed by plants for photosynthesis 

[51]. Further, this process leads to the growth of these microbes present at the site which 

consume these toxic contaminants and thus fastening the bioremediation process. They also 

naturally die once all the contaminants are degraded. Another advantage of this process is, it 

facilitates the decontamination of the pollutants in situ, thus significantly reducing the cost 

of transfer [52, 53] and also the associated human health hazards during transportation. 

Bioremediation such as in this case, can occur on its own and is termed as natural 

attenuation or intrinsic bioremediation but it can be spurred extrinsically also. Strategies to 

enhance bioremediation primarily focus on promoting the metabolism of microbes by 

optimizing different components such as air, water and nutrients. The process where 

nutrients and substrates such as sodium, potassium and phosphorus are added to enhance the 

native microbial population is called Biostimulation. Bioaugmentation can also effectively 

enhance bioremediation and in this process, often a microbial inoculum with well-

characterized pollutant catabolizing properties which is foreign to the contaminated 

environment is added. Bioremediation of PAH-contaminated soils, sediments, and water can 

be accomplished at the site of contamination itself (in situ) or can be treated at a special 

bioremediation plant elsewhere (ex situ) [54-59].  

As discussed earlier, the basic microbial metabolism can be described as the ability of 

microorganisms to utilize pollutants, in this case PAHs, for their own growth and 

reproduction. Along with acting as a carbon source, an essential building block for the 

growth, organic contaminants also provide electrons as an energy source. In other words, 

during the transformation process, the contaminant acts as an electron donor and loses 

electrons while the chemical catalyzing the breakdown process becomes an electron 

acceptor. By accepting the electrons, the chemical catalyst facilitates the microbes to gain 

energy through these electron transfers and the other electrons from the energy producing 
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chemical reaction utilizing carbon from the PAH to grow the new cells. In the above 

process, the electron donor and the electron acceptor act as primary substrates that are 

essential for the growth of the microorganisms and more importantly the bioremediation 

process [60] . 

Aerobic degradation is when molecular oxygen is used as an electron acceptor to oxidize the 

carbon present in the PAH to carbon dioxide and when the rest of the carbon is utilized by 

microorganisms to increase their biomass. The organisms using oxygen to thrive and aid in 

the bioremediation process are called aerobic organisms. Under aerobic conditions, the 

contaminant remediation is rapid with complete degradation and effective because of less 

free energy required for initiation and energy yield per reaction [60]. The key enzymatic 

reaction for aerobic metabolism is the activation and incorporation of oxygen into the 

substrate (PAH) catalyzed by oxygenases and peroxidases. Following this, the degradative 

pathways in the organism convert the oxidized PAH methodically into the intermediates of 

central intermediary metabolism (TCA cycle). The central precursor metabolites, energy 

generated by TCA cycle and the sugars from the gluconeogenesis are required for the 

biosynthesis of new cell mass. The aerobic organisms require oxygen at two places during 

the degradation process- one at the initial attack of the contaminant and other at the end of 

the respiratory cycle. The carbon dioxide, water and new biomass generated are the major 

byproducts of aerobic metabolism [61, 62]. 
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Figure 1.2. Main principle of aerobic degradation of hydrocarbons [61]. 

 

Another variation in the biodegradation process is co-metabolism, where the organic 

contaminant is transformed into a chemically modified form in the presence of a growth 

substrate without providing any direct nutritional benefit to the microorganism. The 

enzymes of the growing cells and the cofactors necessary for enzymatic reactions such as 

NADH (reducing equivalents, hydrogen donors for oxygenases) are essential to utilize the 

PAH as a co-substrate. During this process, even though the PAH is not assimilated, the 

modified form may serve as a substrate for the other organisms in the mixed culture [63-68]. 

Even though microbial agents like bacteria, fungi, yeast or actinomycetes are employed to 

clean up the xenobiotic compounds, several PAH contaminated soils and surroundings host 

active populations of PAH degrading bacteria [69-71]. Basically, a poly aromatic 

hydrocarbon is compromised of two or more benzene rings. Hence it is very critical to 

understand the degradation process of single benzene ring to get an overall idea of bacterial 
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degradation. The initial step of benzene oxidation is the hydroxylation mediated by the 

dioxygenase enzyme to form cis-dihydrodiols, which is later converted by dehydrogenase to 

catechol. As the name suggests, in the dioxygenase reaction, both oxygen atoms are 

incorporated into the substrate. The hydrolyxation and dehydrogenation are the initial 

reactions to degradative pathways by most of the bacterial species, even in the higher 

aromatic compounds [30, 72-74]. A few bacteria like Mycobacterium sp are capable of 

employing cytochrome P450 monooxygensase enzymes to initiate the attack by incorporation 

of one oxygen atom into the substrate, forming an arene oxide while the second atom is 

reduced to H20. Further, the hydrolysis reaction is carried out by epoxide hydrolase to form 

trans-dihydrodiols, which is further converted to catechol. However, this mechanism is 

minor when compared to dioxygenase enzymes [75-77]. The intermediates of central 

metabolism are obtained by the oxygenolytic cleavage of catechol either by the ortho fission 

or meta fission [78]. The metabolic strategy of intra diol o-cleavage pathway involves the 

cleavage between two hydroxyls group by incorporating an oxygen atom on each carbon 

bound hydroxyl by the process of factionization rather than hydration. Series of steps are 

-ketoadipate enallanco lactone which is further 

-ketaoadipate, which when esterifies coenzyme A serves as a suitable 

substrate for thiolytic fisson to form Acetyl coA and succinate. The extra diol m-cleavage 

pathway involves the ring cleavage between the carbon bound to hydroxyl group and the 

adjacent hydrogen bound carbon atom. Further, through a set of hydrolytic reactions, TCA 

cycle intermediates - Pyruvate and short chain aldehydes are formed [61, 79-81]. The choice 

of pathway is dependent on the microorganism species and/or the nature of the substrate. 

The vital enzymes of the degradation of aromatic substrates are induced and synthesized in 

significant amounts only if and when the substrate or structurally related compounds are 

present. The enzyme induction depends on the concentration of the inducing molecules [82]. 

growth by bacteria. Overall, inducible nature of the enzymes and their substrate specificity 

enable bacteria to adapt their metabolism leading to the effective utilization of substrate 

mixtures in polluted soils and to grow at a high rate [71, 83-86]. 
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Fungal Metabolism: 

Fungi are omnipresent in the biosphere. They are found in wide range of habitats like fresh 

water, sea, soil, in humans and plants. They are nature’s primary decomposers of waste 

matter and are major contributors for soil food web [87]. Fungi are the only organisms that 

break down non-living matter (like wood) into their respective molecular constituents. Most 

of the fungi exude powerful extracellular enzymes and acids to digest the surrounding 

energy sources. Further, these molecules are diffused towards the fungus through the 

substrate [88]. Due to their tolerance to persistent pollutants, mycelial capability to penetrate 

soil or any toxic domain and their rapid colonization abilities, certain fungi may have 

advantages over other microbial decomposers. In terms of PAH breakdown in heavily 

contaminated PAH zones, this characteristic properties of fungi help them thrive in low 

oxygen conditions and in non-aqueous environment. They can also degrade high molecular 

weight PAHs, whereas the bacterial decomposers are known to degrade comparatively low 

molecular weight PAHs. One of the reasons that fungi are effective in attacking PAHs is 

because of their ability to degrade a family of long chains of different aromatic compounds 

called Lignin, which are in structure similar to PAHs [89]. Lignin is one of the chief 

components of wood along with cellulose and hemicelluloses and is known to add strength 

and flexibility to cellulose [90]. Fungi produce extracellular enzymes, which cannot 

penetrate through cell wall of microbes and through the process of mineralization they 

degrade lignin to the final end product - carbon dioxide. Since fungal enzymes are non 

specific, they also mineralize PAHs in similar way to lignin in highly PAH contaminated 

areas. However, there are two main types of fungal metabolism of PAHs, lignolytic and 

non-lignolytic; can be differentiated by their ability to grow on wood and produce lignin 

peroxidase enzymes. As the name suggests, non-lignolytic fungi do not grow on wood and 

hence do not exude lignin peroxidase enzymes [91, 92]. Although it is reported that, some 

fungal species like Phanerochaete chrysosporium and Pleurotus ostreatus can produce both 

lignolytc and non-lignolytic enzymes, however it is not yet clear regarding set of enzymes 

that initiates the breakdown of PAH molecule [93, 94]. 

Lignolytic fungi metabolism: 

The breakdown of poly aromatic hydrocarbons by lignolytic fungi and their enzymatic 

metabolism has been extensively studied. As discussed earlier, lignolytic fungi also known 
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as white rot fungi are responsible for the oxidation and decomposition of lignin and other 

organic matter. Peroxidases and laccases are the two important clusters of extracellular 

liygnolytic enzymes that are secreted to oxidize the organic matter in non-specific radical 

based reactions [95]. Lignin 11uinines11es and manganese 11uinines11es are main types of 

peroxidases, capable of oxidizing PAHs based on their reducing substrate type [96]. Both 

peroxidases are ferric iron containing heme proteins requiring hydrogen peroxide for the 

function. On the other hand, laccases are copper blue phenol oxidase enzymes which use 

molecular oxygen for oxidizing the PAHs. Based on the lignin degradation study, both 

laccase and lignin 11uinines11es react with aromatic substrates, whereas the manganese 

11uinines11es acts as low molecular weight redox mediator, thus generating Mn
+3

 from 

Mn
+2

, which acts as substrate for the enzyme. All the three enzymes have common ability to 

catalyze oxidation by donation of one electron and facilitating the generation of free reactive 

hydroxyl radicals within the pollutant [73, 97]. Subsequently, these radicals undergo series 

of spontaneous reactions leading to the incorporation of oxygen, bond cleavages resulting in 

PAH- 11uinines and acids respectively, which can be further mineralized to carbon dioxide 

and water by ring fission employed by indigenous bacteria (discussed in bacterial 

metabolism) [78]. Overall, with their extracellular enzyme matrix and low substrate 

specificity, fungi can degrade most recalcitrant compounds by diffusing into deeper layers 

of soils or sediments and potentially oxidize the PAHs with low bioavailability [89]. 

Although, in natural conditions, decomposition of aromatic compounds by lignolytic fungi 

is doubtful as they mainly grow on wood, in acidic conditions rather than soil/sediments, 

that houses plethora of toxic PAHs. In certain pure cultures, increased lignolytic fungal 

remediation could result in the accumulation of toxic metabolites of PAHs [91, 98]. 

 

Non-lignolytic fungal metabolism: 

The metabolism of PAHs by non-lignolytic fungi is comparable to the mammalian 

metabolism of PAHs. The metabolic enzymes that catalyze biotransformation of toxic 

compounds in eukaryotes are classified into phase I and phase II enzymes. Cytochrome 

P450 monoxygenase and epoxide hydrolases are key oxidation enzymes for xenobiotic 

transformation that categorized under phase I  enzymes while the phase II enzymatic 
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reactions are carried out by glutathione S-transferases, NAD(P)H quinone oxidoreductases 

and UDP glucuronosyltransferases, among others [73, 78, 91, 99, 100]. 

Similar to few mycobacterial species, the initial step in the metabolism of PAHs is to 

oxidize the aromatic ring by cytochrome P450 monoxygenase enzyme by incorporating 

single oxygen atom to form arene oxides [73]. Subsequently, transdiols are formed by 

hydrolysis reaction via epoxide hydrolase enzyme [99]. Additionally through non-enzymatic 

rearrangement of arene oxides, phenol derivatives of PAH may be formed, which can act as 

substrates for further methylation or sulfation or conjugation with sugars or glucuronic acid 

catalyzed by phase II enzymes [101]. For the conversion of organic pollutants by non-

lignolytic fungi, the molecular structures need to pass through the cell wall of the fungi for 

the above membrane bound enzymes to catalyze the reactions [89]. Although complete 

mineralization of PAHs may not be achieved by non-lignolytic fungal metabolism, but the 

metabolites or conjugates of the compound are more soluble and hence less toxic when 

compared to the parent compounds [102]. Degradation studies suggest that complete 

mineralization of higher molecular weight PAHs can be achieved in combination of 

lignolytic and non-lignolytic enzymes [94]. 

 

Figure 1.3. Principal methods used by lignolytic fungi (extracellular oxidation) and non-

lignolytic fungi (intracellular oxidation) to degrade organic pollutants [89, 103]  

Laccase and peroxidase 
reactions and hydroxyl 
radical attack resulting in, 
e.g. 
• ether cleavage 
• quinoid products 
• hydroxylation 
• aromatic-ring fission 
• CO2 
• oxidative-coupling 
   products 
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The rate of bioremediation of a pollutant depends on a number of factors including 

environmental conditions, numbers and type of the microbes, and more importantly nature 

and chemical structure of the chemical compound being degraded. Thus, to devise an 

effective bioremediation strategy, a number of factors have to be accounted for. For 

bioremediation to be more efficient, the processes should be optimized to have the right 

microbial populations in the right place with the right environmental factors for degradation 

to occur. The list of factors to be taken into consideration for optimizing the extent and rate 

of biodegradation are given below: pH, temperature, oxygen, microbial population, degree 

of acclimation, accessibility of nutrients, chemical structure of the compound (energy 

sources (electron donors), electron acceptors), cellular transport properties, inhibitory 

substrates or metabolites and chemical partitioning in growth medium [63] 

 

For effective bioremediation, the PAHs must be available in a form that could be taken up 

by the indigenous microbes.  Due to their nonpolar nature, PAHs are bioavailable either in 

dissolved or vapor form and are biodegradable under the proper environmental conditions 

[5, 63] or in low salinity marine surroundings. However, the soil in the contaminated 

environment can act as a sink for several PAHs including both high molecular weight PAHs 

and low molecular weight PAHs [104] thus accounting for more than 90% of total PAHs in 

the environment [105].  These PAHs that are adsorbed onto soil particles are not available 

for biodegradation by bacteria as they are not accessible to the catabolic enzymatic 

machinery of bacteria which can use these PAHs as a carbon source [43]. Similar to 

bioremediation, the bioavailability of a given PAH is also complex and dependant on many 

factors. The most important factor that decides the bioavailability of PAHs is their solubility 

characteristics. The solubility of PAHs are in turn strongly influenced by their molecular 

weights and the structure arrangment [106]. For example, angular carbon ring arrangements 

are more stable compared to the open areas formed between the angled benzene rings which 

are more prone to enzymatic degradation making them more biodegradable. The higher the 

molecular weight of PAHs, the more are they recalcitrant to biodegradation. In addition, the 

duration of PAHs presence in the soil also decides the rate of biodegradation.  This is 

primarily due to the rate of desorption from the soil [43]. While initially, the PAHs are 

desorbed much faster, as time goes on, the rate of desorption significantly slows down 
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primarily due to the decrease in concentration gradient as the PAHs are desorbed hence 

following an inverse relationship [107]. As the individual PAHs reach aqueous solubility 

levels, the rate of desorption decreases because of the drop in concentration gradients 

between the sorbet and aqueous phases. In this case, the resistant non-biodegradable 

components can still pose a high risk to the immediate vicinity of the area in which they 

remain.  

Most of the polluted sites vary in temperature throughout the year, affecting the capability 

of the microbes in cleaning up the hydrocarbon contaminants. The solubility and 

bioavailabilty of PAH increases with an increase in temperature, while the metabolic ability 

of aerobic microorganisms decreases due to the decrease in oxygen solubility facilitating the 

anaerobic transformation [108]. Microorganisms at contaminated sites are adapted to carry 

out PAH breakdown even at extreme temperatures. For instance lignolytic fungal enzymes, 

laccase and manganese peroxidase, have been reported to actively degrade more than 90% 

of the PAH population at 50
o
C and >75

o
C respectively [109]. Even though there is a wide 

window of temperature range for the biodegradation to occur, most studies are currently 

focused at moderate temperatures (20
o
 and 45

o
C). 

 

Aerobic microbes constitute the major species occupying the majority of contaminated sites. 

The critical aspect of aerobic breakdown of PAH compounds is the availability of adequate 

levels of oxygen as mono-di-oxygenases heavily depend on oxygen to catalyze PAH 

catabolism [110]. As a direct consequence of this, in heavily contaminated areas, the oxygen 

concentration gets progressively depleted from the top layers of the soil during the process 

of aerobic metabolism, thus limiting the availability of oxygen for the deeper layers of the 

soil [111]. Although PAH could be potentially metabolized under both aerobic and 

anaerobic conditions, aerobic degradation is more efficient and faster than the anaerobic 

degradation due to the less free energy requirement for initiation. Another major 

disadvantage of in situ anaerobic bioremediation is that it alters the chemical composition of 

the soil due to the enforcement of reducing conditions which converts electron acceptors 

like ferric iron, nitrate and sulfate into toxic phosphate complexes reducing it to ferrous iron 

[111]. The toxicity of the phosphate arises from eutrophication and along with rapid 

oxidation of ferrous iron which ultimately results in acid drainage [112]. Further, anaerobic 
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bioremediation also leads to increases in pH which leaches trace metals [113]. Anaerobic 

conditions also contribute to potent greenhouse gases [114]. Because of the multiple 

considerations of anaerobic bioremediation, aerobic bioremediation is preferentially 

promoted by maintaining the oxygen levels either by simply aerating with compost turners 

to continue the PAH transformation or by adding hydrogen peroxide.  

 

In addition to oxygen, microbial metabolism of PAHs requires mineral nutrients such as 

nitrogen, potassium and phosphate for successful bioremediation to take place. In polluted 

areas where the degradable carbon source is abundantly available in the form of PAHs, the 

nutrient reserve gets depleted at higher rate as the biotransformation occurs [115]. The 

common practice in in situ bioremediation is to supplement the contaminated area with the 

nutrient source to stimulate and enhance the degradation [74, 116]. However it is crucial to 

maintain optimal ratio of nitrogen and phosphate with the carbon from the microbial mass 

[117]. The level also depends with the microbial type, as fungi recycle nitrogen and 

excessive high nitrogen content may inhibit the metabolism. Also studies suggest that 

oxidizing enzymes of lignolytic fungi are produced under low nutrient conditions [118]. 

Hence it is very crucial to assess the nutrient status of the contaminant site prior to any 

supplementation with nutrients. Even though temporary enhancement of metabolism is 

achieved, but in long term inhibition of functional capability of the organism may result in 

the failure of biodegradation of HMW-PAHs (like benzo[a]pyrene). 

 

The pH of the contaminated sites also plays crucial role in mediating the successful 

bioremediation by microbes. But often, sites contain significant amount of other pollutants 

such as metals or waste and leaching of these materials will perturb the pH of the native site 

conditions, leading to poor conditions for transforming the PAHs. Also the inter-chemical 

reactions between the variety pollutants, creates an acidic or alkaline environment which 

again is not ideal for microbial metabolism. For this reason, many in situ bioremediation 

sites are adjusted to optimal pH by adding countering substances [119]. Although it is 

feasible, but in cases of vast contaminated sites, the bioremediation costs are steeply 

escalated. Few studies suggest that the native microbes isolated from the contaminated sites 

are not only tolerant of harsh conditions, but also have the potential to alter the pH of the 
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growth medium in order to utilize the hydrocarbon as carbon source. These results propose 

that the identification, isolation and characterization of PAH degrading organisms from both 

acidic and alkaline environments, provide more insight for carrying out effectual 

degradation [120, 121]. 

 

The feasibility and cost-effectiveness of the bioremediation process becomes heavily 

dependent upon the number of rings of PAH, if the number is more than four rings, then 

bioremediation is not effective in degrading the toxic pollutant because of the longer 

duration for transformation and decreased efficiency [6, 38, 48, 74].  Often inefficient or 

incomplete transformation of PAH leads to the accumulation of intermediate products like 

oxy-PAHS, ketone-PAHs, quinones-PAHs, coumarins. These intermediate products are 

equally or even more detrimental to living organisms and with increasing time, these 

become highly refractory to breakdown when compared to their parent compounds [122, 

123]. Hence, it is imperative to monitor the metabolites throughout the remediation and 

assessing the toxicity of the site both before and after treatment. 

 

Even though in situ bioremediation has its own advantages such as minimal exposure of the 

pollutants to both public and site personnel with minimal disruption of the site, there are 

also inherent limitations to this technology. There is a significant risk of contaminant 

migration before it is degraded. The impact of seasonal variation on treatment sites also 

influences the remediation effectiveness as the bioremediation is largely dependent on 

previously discussed environmental factors such as temperature, oxygen supply and 

microbial population. In the case of vast contaminated sites, maintaining optimal levels of 

pH, nutrient supply, and moisture content may not be feasible. Addition of oxygen, nutrients 

and surfactants may become a tedious and cost-intensive process. Typically, in 

situ remediation requires longer time frames to achieve efficient remediation, which in turn 

translates into long term monitoring of above factors which escalates the costs. If 

intermediary toxic degradation products or any free products are left behind, they need to be 

extracted manually. All these limitations make in situ remediation less desirable creating an 

unmet need for a new generation bioremediation process [38, 48, 63, 73, 124]. 
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Many researchers have observed that the non-optimal performances in traditional in situ 

remediation were due to the slow/delayed degradation rate achieved by the indigenous 

microbial population present in contaminated site.  Studies suggest that when the microbial 

attenuation/mineralization was achieved in shorter time frames, the impact of natural 

environmental factors would be relatively lower [74, 125]. So the underlining strategy for 

the better remediation is to expedite the PAH degradation kinetics by exogenous addition of 

efficient PAH degrading strains (bioaugmentation). Typically, the process of 

bioaugmentation can be segmented into isolation and characterization of organisms 

followed by their optimization to carry out efficient degradation in natural settings [57, 

126]. Individual microbes are limited by their ability to metabolize only a select few PAHs 

and associated hydrocarbon substrates [127-129]. Hence, a rational arrangement of potent 

microbes in assemblage with comprehensive catabolic traits to degrade persistent PAH 

molecules helps tremendously in enhancing the rate of PAH removal several fold over a 

short time period. The success of this process is largely dependent on the selection and 

assembly of the efficient PAH degrading organisms [130]. Further, an extensive study, 

understanding the nature of the microorganisms and descriptors affecting their ability to 

utilize the specific PAH/ PAHs as carbon source is required to assemble an effective 

consortium [58, 131, 132]. Subsequently, before its application in field trial, several issues 

pertaining to optimization needs to be addressed. Primarily this study focuses on the 

identification of organisms isolated from PAH contaminated areas and designing a 

constructive consortia to degrade respective PAH molecules. Suggested that the application 

of ex situ bioremediation methods may be more useful for remediation of (1) soil/ sediments 

contaminated with high levels of recalcitratant pollutants, (2) clay-rich soil with low 

permeability of pollutant(s), (3) contaminated sites where environmental conditions are 

nonfavorable for biological processes and (4) where environmental release of 

microorganism(s) is not feasible because of regulatory reasons (Robles-Gonzalez 

et al., 200 

During the past decade, a variety of microorganisms from the contaminated sites has been 

isolated and characterized for the ability to degrade different PAHs. There are several 

advantages using these organisms as they are adapted for survival and proliferation in 

hydrocarbon contaminated environments.  Adapted communities, i.e., those which have 
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been previously exposed to hydrocarbons, exhibit higher biodegradation rates than 

communities with no history of hydrocarbon contamination.  When subjected to 

environmental stresses, the microbial species display different mechanisms of adaptation 

including selective enrichment of a particular species as well as genomic changes resulting 

in a net increase in the quality and quantity of PAH metabolizing organisms and also an 

associated enrichment of PAH catabolizing genes within the community [15, 130, 132-

136]. This benefit can be further amplified by the use of diverse microbial population from 

various contaminated sites which might impart selective characteristics to degrade any 

complex hydrocarbon assemblage within the ecosystem. Ability to produce a biofilm and/ 

or a biosurfactant is one such adaptive response of microbes that can be exploited as a 

selection criterion to identify organisms with ecological sustainability, which is a crucial 

element for successful bioremediation process [137, 138]. Under natural conditions, most of 

the microorganisms are found in multicellular aggregates encapsulated by slimy matter and 

adhered to a substrate or a matrix. The slimy coating produced by some bacteria is identified 

as microbial biofilm, an important adaptive trait of the microorganisms in natural settings 

[139, 140]. The physical characterization of biofilm structure revealed that 95% of biofilm 

is constituted with water or non-aqueous phase like substance, rendering a static nature yet 

mobile microbial environment [141-143]. This ability to move large distances at 

microscopic levels along with biofilm forming capabilities aid in dissolution of PAH in non-

phase liquid medium and thus enhancing pollutant bioavailability [143-145]. Another 

important adaptive characteristic of microorganisms to strongly impact the bioremediation 

process is their ability to produce biosurfactants. By nature, biosurfactants are amphiphilic 

compounds and are produced mostly on microbial cell surface. The formation of miscelles 

(Combination of hydrophobic and hydrophilic moieties) greatly decreases the surface 

tension and also interfacial tension amongst the individual molecules [146-148]. They are 

lipid containing molecules and are classified based on their chemical composition, mode of 

action and the organisms that produce it. Based on their chemical composition, they can be 

high or low molecular weight compounds, varying from phospholipids, glycolipids, 

lipopeptides, lipopolysaccharides or even mixture. Pathologically, biosurfactants has 

inherent anti-microbial property. Even though the physiological role of biosurfactants is 

unclear, studies suggest that the reduced surface/interfacial tension property can be 
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attributed to increased hydrocarbon availability, enhanced growth on hydrophobic substrate, 

cellular motility and even in biofilm formation [149, 150].  

 

Biosurfactants can enhance bioremediation by two different mechanisms. They do that by 

effectively increasing the surface area on the hydrocarbon substrate that is available for the 

microbes to grow on. This helps to maintain the organism on the exponential growth phase 

when the bioremediation process is at its peak. The second mechanism is by increasing the 

hydrophobicity of the cell wall so that they interact more readily with the hydrophobic PAH 

substrates. This factor plays a key role in deciding the capacity of a given microbial 

population to efficiently degrade PAHs and contribute to the differences in the rate of 

degradation. The more the hydrophobicity of the microbial cell surface the better is its 

ability to adhere to the hydrocarbon surface area and better is the bioremediation rate. This 

way, the microorganisms can regulate the rate of bioremediation by attaching or detaching 

to the hydrophobic PAH substrate. Biosurfactants are secreted on cellular surface or 

extracellularly predominantly when carbon source for microbial growth is from the 

hydrocarbon substrate. Correspondingly, the chemical composition of synthesized 

biosurfactant is largely influenced by the chemical structure of the hydrocarbon. It is also 

influenced by the nutrients present in the environment. This capability to alter the 

composition of biosurfactant molecule based on the PAH substrate and media composition 

can be exploited to produce specific compounds in industrial applications which accounts 

for overall reduced costs [151, 152]. Even though many microbial species with capability of 

degrading PAHs produce biosurfactant, bacteria are considered to be the best biosurfactant 

producers. Overall, it can be summarized that microbial strains with the ability to produce 

plentiful biosurfactants, can be of great assert in microbial remediation. 

 

Typically, the degradation capacity of an organism is evaluated in terms of percent decrease 

in target PAH/s concentration in a time dependant end point measurement. Alternatively, 

the biotransformation capabilities under the influence of factors like pH, temperature, 

substrate type/concentration, nutrients should also be assessed for the better understanding 

of the organism. Analogous to traditional insitu bioremediation, these factors hugely 

influence metabolic reactions involved in microbial degradation of PAH molecules and any 
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slight deviation from these optimal physio-chemical parameters results in the reduced 

efficacy of degradative process [63]. The mechanistic insights of PAH- breakdown can be 

elucidated by kinetics based degradation [153, 154]. Many analytical methods such as 

chromatographic and spectroscopic analyses aid in identification of intermediate metabolites 

and rapidly monitoring the removal of target pollutant [155-157].  The other indirect 

methods determining the target PAH removal rate are by growth response of PAH- 

degrading strain and enzymatic based quantification. The changes in microbial growth are 

directly dependant on organisms ability to sustain under stress and utilize PAH as sole 

carbon source.   

 

As discussed earlier, mixed populations can perform complicated functions that are 

impossible for individual populations [158]. The most attractive traits of the consortia are 

the intra- microbial communication and the combination of tasks carried out by individual 

species or sub-populations. The chemical cues amongst the microbial population are mainly 

achieved by synergistic exchange of metabolites between individual species or strains to 

carry out respective metabolically independent pathways, enabling the complete utilization 

of hydrocarbon substrate [159]. More importantly, the exchange of metabolites by species 

can act as positive or negative control by either assisting or compromising the other species 

present. Factors such as growth capabilities, availability of nutrients, changes in the 

concentration of inorganic nutrient, competition for limited resources, predation and 

parasitism are to be considered during the selection of microbial species over another [74]. 

 

For the degradation of complex and recalcitrant PAHs, a selective construction of two or 

more species with different adaptive characteristics and metabolic traits is very crucial. 

There exists a synergy between these different microbes in a contaminated site wherein the 

first species of microbes degrade the metabolites. Then the second species come in and 

degrades the half-degraded remnants left behind by the first microbe. This synergy leads to 

degradation capacity, which is more than the additive capabilities of the individual microbes 

making the total contaminant degradation much more effective. An example of such a 

synergy would be between bacteria and fungi especially for the bioredmediation of PAHs as 

this consortium has higher mineralization and degradation rates [160]. Microbial 
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characteristics and environmental matrix plays pivotal role in pollutant availability. For 

instance, bacterial species isolated from contaminated sites are known for their efficient 

mineralization of LMW PAHs due to their ability to utilize pollutants as source of their 

metabolic energy. However, in the presence of complex and persistent PAHs only, bacterial 

cultures were not entirely successful in utilizing HMW PAHs as substrate due to their low 

bioavailability. When the pollutant is unable to act as an electron donor (substrate), there 

shall be no electron transfer to further induce appropriate transport process of PAH into the 

cell or essential degradative enzymes for the transformation process [67]. Unlike bacteria, 

fungi do not utilize PAHs as carbon source and energy, rather they breakdown, large 

persistent molecules with their extracellular enzyme matrix and low substrate specificity. 

Their hyphal structures with rapid colonization capabilities and large surface area allow for 

better contact with the complex pollutants in any deep toxic domain allowing them to thrive 

in low oxygen and non aqueous environments. However, there is a potential risk of 

incomplete mineralization of PAHs by fungal cultures, producing toxic metabolites which 

are far detrimental than the parent compound. In bacterial and fungal co-cultures, the 

degradation of HMW PAHs is initiated by the breakdown of large molecules that are unable 

to pass through bacterial cell walls by fungal extracellular enzymes achieving the partial 

degradation of the PAHs [161].  Due to this initial benzene ring oxidation by fungal 

enzymes, the oxidized PAH metabolites have attained increase in bioavailability and 

reactivity, further facilitating the induction of bacterial enzymes for complete 

mineralization. This process not only addresses the incompetence of bacteria to transport the 

PAH molecule into the cell but also prevents the accumulation of toxic fungal metabolites. 

Also upon fungal growth, fungal hyphae aid in mobilization and displacement of bacteria in 

the soil [91]. Even though degradation strategies employed by fungal and bacterial cultures 

are dissimilar, inoculation of bacterial-fungal cocultures in PAH contaminated area could 

significantly enhance the bioremediation. 
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Figure 1.4: Fungal-Bacterial co-culture degradation of a HMW PAH (benzo[a]pyrene). 

To date 60 genera of bacteria and 80 genera of fungi have been associated with the 

degradation of hydrocarbons. Few studies showed bacteria to be dominant in marine 

ecosystems while fungi in fresh water and terrestrial environments [162]. According to 

other studies, fungi are active at acidic pH and bacteria at neutral pH [163]. Few studies 

indicated that certain species of soil bacteria have inhibitory affect on the growth of Ph. 

Chrysosporium under lab conditions, whilst other studies have shown the addition of white 

rot fungi to inhibit soil bacterial [164].  

 

 In fungal and bacterial cocultures, it is vital to understand the characteristics of microbes, 

their behavioral adaptations to stress, their degradative enzyme matrix in order to optimally 

select species that work in synergy. Bioremediation of PAHs in the environment through 

cocultures is a very complex process and it is essential to optimize the consortium in the 

laboratory level before scaling up. It is very critical to understand the microbial cultures and 

their degradative responses both individually and in combinations to the environment 

conditions like pH, temperature, oxygen, nature of substrate and concentration, nutrient 

availability. A key consideration in designing a multispecies innoculum for bioremediation 

is to ensure stable proportions of each species so that upon inoculation one species doesn’t 
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inadvertently affect the growth of the other species. This is extremely tricky because 

population stability is hard to maintain in a site as heterogeous as a contaminated site. 

Previous studies of microbial communities even in controlled environments such as 

bioreactors have shown such mixed communities are dynamic and unstable [165] . 

 

In addition to this, one more key consideration is to employ an extensive characterization of 

the indigenous microbial communities in the contaminated sites as they will also decide 

how efficiently the mixed innoculum bioaugments the contaminated site. Previously, 

microbial strains were selected solely based on specific characteristics such as their ability 

to metabolize the contaminant substrates along with the relative abundance in their natural 

environment. 

  

There are relatively few evidences in the literature where microorganisms have yielded 

consistent results in the efficient and reproducible degradation of high molecular weight 

PAHs. The work presented in this thesis systematically examines the microbial degradation 

of high molecular weight PAHs and the effect of co-culture combinations on the rate and 

extent of PAH degradation. 

 

 

 

 

 

 

 

 

 

 


