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Polycyclic aromatic hydrocarbons (PAHs) are a significant category of environmental 

contaminants formed due to incomplete combustion of fuels, garbage and other organic 

substances. There are increasing reports of their presence in air, soil and water as complex 

and long-entrenched mixtures, ensuing in the cumbersome breakdown process. Vast 

urbanization and industrialization resulted in the accumulation of a large quantity of PAHs 

in the natural environment. Their contamination is of environmental concern because of 

their carcinogenic, teratogenic and persistent nature. 

2.1 Polycyclic Aromatic Hydrocarbons 

PAHs are a class of organic compounds with varying number of carbon and hydrogen, made 

up of two or more fused benzene rings with different structural configurations [166]. 

Natural emission sources of PAHs into the atmosphere include emissions from forest fires 

and volcanoes while anthropogenic emission sources include combustion and industrial 

production. Atmospheric emissions arise from the processing of coal and petroleum 

products and incomplete combustion during industrial processes such as aluminium 

production and incineration. Incomplete combustion from motor vehicles, domestic heating 

and forest fires are the major sources of PAHs in the atmosphere. 

PAHs are usually divided into two groups based on their molecular weights. High 

molecular weight PAHs are compounds with four or more fused benzene rings (from 

chrysenes to coronenes, whereas low molecular weight compounds are comprised of two or 

three fused benzene rings (e.g., 2 - 3 ring group of PAHs such as naphthalene, fluorene, 

phenanthrene, and anthracene). Physical and chemical characteristics of PAHs vary with 

molecular weight. For instance, PAH resistance to oxidation, reduction and vaporization 

increases with increasing molecular weight while the aqueous solubility of these compounds 

decreases. As a result, PAHs differs in their behavior, distribution in the environment and 

their effects on biological systems. PAHs can be divided into two groups based on their 

physical, chemical and biological characteristics. The lower molecular weight PAHs (e.g., 2 

- 3 ring group of PAHs such as naphthalene, fluorene, phenanthrene, and anthracene) have 

significant acute toxicity to aquatic organisms, whereas the high molecular weight PAHs, 4 

to 7 rings (chrysene to coronene) do not. However, several members of the high molecular 

weight PAHs have been known to be carcinogenic [167]. 
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Although several hundred PAHs exist, most studies focus on the 16 PAHs listed by the 

US Environmental Protection Agency Viz Naphthalene (Nap), Acenapthylene (Acy), 

Acenapthene (Ace), Fluorene (Flu), Phenanthrene (Phe), Anthracene (Anth), Fluoranthene 

(Flu), Pyrene (Pyr), Benzo(a)Anthracene (BaA), Chrysene (Chy), 

Benzo(b)Fluoranthene(BbF), Benzo(k)Fluoranthene (BkF), Benzo(a)Pyrene (BaP), 

Dibenzoanthracene (DBA), Benzo(ghi)Perylene (BghiP) and Indeno (123-cd) Pyrene (IND) 

[168]. Seven of them are mutagenic, carcinogenic, and teratogenic [169, 170] as they are 

suspected to be involved in lung, skin, bladder and intestinal cancers. PAHs are modified by 

the cytochrome P450 in the liver, transforming them into molecules that react with DNA 

and proteins and causing mutagenic damages to cells. The structures of 16 PAHs are shown 

in figure 2.1. 

PAHs are less soluble in water, because of the high melting and boiling point as given in 

Table 2.1. With polycyclic aromatic hydrocarbons, the main health issue of concern is their 

carcinogenic nature. In animals, significant evidence related to their carcinogenicity was 

available, whereas in humans limited information is accessible. United Stated 

Environmental Protection Agency reported that out of 25 polycyclic aromatic hydrocarbons 

studied, 14 are probable human carcinogens (Table 2.2) and the remaining was not, due to 

inadequate human and animal evidence. 
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Figure 2.1: Structure and molecular formula of 16 Polcyclic Aromatic Hydrocarbons 

classified as priority pollutants by the USEPA [6] 
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Table 2.1: Physical and Chemical Properties of USEPA 16 Priority Polycyclic Aromatic 

Hydrocarbons 

(Adapted from IPCS, 1998, with information from [171] and [172]) 

Compound Number Melting Boiling Vapour Density n-Octanol: Solubility 

 of Rings Point Point Pressue  water 

in Water 

at 

 6 (
o
C) (

o
C) (Pa at  Partition 25

o
C 

 member   25
o
C)  Coefficient (7g/litre) 

 (5     (log Kow)  

 member)       

Naphthalene 2 81 217.9 10.4 1.154 3.4 3.17x10
4
 

Acenaphthylene 2 (1) 92-93  8.9x10
-1

 0.899 4.07  

Acenaphthene 2 (1) 95 279 2.9x10
-1

 1.024 3.92 3.93x10
3
 

Fluorene 2 (1) 115-116 295 8.0x10
-2

 1.203 4.18 1.98x10
3
 

Anthracene 3 216.4 342 8.0x10
-4

 1.283 4.5 73 

Phenanthrene 3 100.5 340 1.6x10
-2

 0.98 4.6 1.29x10
3
 

Fluoranthene 3 (1) 108.8 375 1.2x10
-3

 1.252 5.22 260 

Pyrene 4 150.4 393 6x10
-4

 1.271 5.18 135 

Benz[a]anthracene 4 160.7 400 2.8x10
-5

 1.226 5.61 14 

Chrysene 4 253.8 448 8.4x10
-5

 1.274 5.91 2.0 

    (20
o
C)    

Benzo[b]fluoranthene 4 (1) 168.3 481 6.7x10
-5

  6.12 1.2 (20
o
C) 

    (20
o
C)    

Benzo[k]fluoranthene 4 (1) 215.7 480 1.3x10
-8

  6.84 0.76 

Benzo[a]pyrene 5 178.1 496 7.3x10
-7

 1.351 6.5 3.8 

Benzo[g,h,i]perylene 6 278.3 545 1.4x10
-8

 1.329 7.1 0.26 

Indeno[1,2,3-

cd]pyrene 5 (1) 163.6 536 1.3x10
-8

  6.58 62 

Dibenzo[a,h]anthrace

ne 5 266.6 524 1.3x10
-8

 1.282 6.5 0.5 (27
o
C) 
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According to few mortality and epidemiology studies, exposure of humans to PAHs 

mixtures intensifies the risk of cancer. Recent epidemiology and clinical studies showed 

increased mortality due to lung, genitourinary and other cancers, in subjects who have more 

exposure to cove oven emission [173, 174]. Along with PAHs mixtures, disclosure to 

chemicals like coal tar, coal tar pitch volatiles and bitumen’s show high potential of lung 

cancer and skin tumors in humans exposed to coal tar and shale oils containing polycyclic 

aromatic hydrocarbons 

 

Table 2.2: Summary of results of tests for genotoxicity and carcinogenicity for the 33 

Polycyclic Aromatic Hydrocarbons studied. 

(Adapted from IPCS, 1998 with information from [171] and USEPA, 2004) 

 Compound Genotoxicity Carcinogenicity Carcinogenic 

    Activity 

 Acenaphthene (?) ? 0 

 Acenaphthylene (?) No studies ? 

 Anthanthrene (+) + I 

 Anthracene - - 0 

 Benz[a]anthracene + + I 

 Benzo[b]fluoranthene + + C 

 Benzo[j]fluoranthene + + C 

 Benzo[175]fluoranthene (+) (-) 0 

 Benzo[k]fluoranthene + + C 

 Benzo[a]fluorine (?) (?) 0 

 Benzo[b]fluorine (?) (?) I 

 Benzo[175]perylene + - C 

 Benzo[c]phenanthrene (+) (+) 0 

 Benzo[a]pyrene + + C 

 Benzo[e]pyrene + ? I 

 Chrysene + + I 

 Coronene (+) (?) I 

 Cyclopenta[cd]pyrene + + C 

 Dibenz[a,h]anthracene + + C 
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 Dibenzo[a,e]pyrene + + C 

 Dibenzo[a,h]pyrene (+) + C 

 Dibenzo[a,l]pyrene (+) + C 

 Fluoranthene + (+) C 

 Fluorene - - 0 

 Indeno[1,2,3-cd]pyrene + + C 

 Naphthalene - (?) 0 

 Perylene + (-) 0 

 Phenanthrene (?) (?) 0 

 Pyrene (?) (?) 0 

 Triphenylene + (-) 0 

 

Carcinogenicity and Mutagenicity: + = positive, - = negative, ? = questionable ( ) = results 

derived from a small database. Carcinogenic Activity: 0 = inactive, I = initiator, C = 

complete carcinogen. 

 

2.2 Fate of PAHs in the environment 

PAHs are ubiquitous pollutants and are present in all environmental components. In the 

environment, they can oxidize, photolyze, volatilize, biodegrade, bind to suspended 

particles or accumulate in aquatic organisms [176]. Specifically, the presence of PAHs has 

been reported in the marine environment like sea water, sediments [177-181] and plankton, 

seaweed and filter feeding organisms etc. These pollutants can enter in to the oceans by 

many ways like petroleum spills, runoff from roads, sewage, effluents from industrial 

processes and fallout from the atmosphere. During the cooling of exhaust emissions from 

combustion processes, PAHs are incorporated into particles through condensation and 

adsorption processes. Thus, they are normally associated with particulate matter, although a 

significant amount remains in the vapour phase. 

 

PAHs enters the atmosphere as an aerosol, small vaporized pieces invisible for human eye. 

Once released into the environment, PAH can partition between air, water, soil or sediments 

[182-184]. In the soil, these enter mostly through the dust. Deposition of PAH in surface 

and ground waters can take place from a variety of sources such as airborne PAH, municipal 



31 
 

 
 

wastewater discharge, effluents from wood treatment plants and other industries, oil spills 

and petroleum pressing. These environmental contaminants are found in significant levels in 

drinking water, food and the air. Once taken up by plants and marine/fish, PAH can find 

their way into the food chain and be consumed by the human population. Although 

significant concentration of PAH have been detected in many common foods, leafy plants 

such as lettuce, spinach, tea and tobacco show the highest levels of these polyarenes [185, 

186] as a result of the atmospheric contamination. High levels of PAH found in smoked 

meat, fish and charbroiled meats are suspected to increase the risk of cancer. In soils and 

sediments, PAHs are transferred, degraded and sequestered. (Table 2.3) describes the fate of 

the PAHs in the environment that can vary due to their structure susceptibility to physical, 

chemical or biological decomposition. 

 

Volatile PAHs with lower molecular weight mainly attain to the form of dry gaseous 

deposition, while non-volatile PAHs predominantly accumulate on plant surfaces in the 

form of dry particulates [187]. The main source of PAHs contamination on surface water is 

from deposition of air borne PAHs while the other sources mainly constitute municipal 

wastewater discharge, run off from coal storage areas, effluents from wood treatment plants 

and other industries, oil spills and petroleum processing. PAHs in drinking water range from 

4 to 23 ng L
-1

 [188].  PAHs degradation in water and soil occurs primarily though microbial 

metabolism within weeks or months. In environments sections like soil, air and water PAHs 

half lifes vary with respect to the medium and the type of PAH (Table 2.4). 
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Table 2.3 Movement and fate of organic chemicals, such as PAHs, in the environment. 

[adapted from [189]] 

Process Consequence Factors 

Transfer (processes that relocate PAHs without  altering their structure) 

Volatilization Loss of PAHs due to evaporation 

from soil, plant or aquatic 

ecosystems. 

Vapor pressure, wind speed, 

temperature. 

Absorption Uptake of PAHs from plant roots or 

animal ingestion.  

Cell membrane transport, contact 

time, susceptibility, plant species. 

Leaching Translocation of PAH either 

laterally or downward through 

soils. 

Water content, macropores, soil 

texture, clay and organic matter, 

content, rainfall intensity, irrigation. 

Erosion Movement of PAH by water or 

wind action. 

Rainfall, wind speed, size of clay and 

organic matter particles with 

adsorbed PAH on them. 

Degradation (Processes that alter the PAH structure) 

Biological Degradation of PAHs by 

microorganisms, biodegradation 

and cometabolism. 

Environmental factors (pH, moisture, 

temperature, oxygen), nutrient status, 

organic matter, content, PAH 

bioavailability, microbial community 

present, molecular weight of PAH 

(LMW or HMW). 

Chemical Alteration of PAHs by chemical 

processes such as photochemical 

(i.e. UV light) and oxidation-

reduction reactions. 

High and low pH, structure of PAH, 

intensity and duration of sunlight, 

exposure to sunlight, and same 

factors as for microbial degradation. 

Sequestration (processes that relocate PAHs into long-term storage without altering 

structure) 

Adsorption Removal of PAHs from 

bioavailable pools through 

Clay and organic matter, content, 

clay type, moisture. 
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interaction with soils and 

sediments. 

Diffusion Diffusion of PAH into soil 

micropores where it is unavailable 

for microbial 

degradation 

Hydrophobic nature of micropores 

and PAH. 

 

Table 2.4- Suggested Half-lifes of Polycyclic Aromatic Hydrocarbons in various 

Environmental Compartments (IPCS, 1998) (Half life classifications 1-8 were assigned to 

individual PAHs based on half life estimates in air, water, soil and sediment) 

Class Half-life Mean (Hrs) Range (Hrs) 

1 17 10-30 

2 55 30-100 

3 170 100-300 

4 550 300-1000 

5 1700 1000-3000 

6 5500 3000-10000 

7 17,000 10000-30000 

8 55,000 > 30000 

 

Compound Air Water Soil Sediment 

Acenaphthylene 2 4 6 7 

Anthracene 2 4 6 7 

Benz (a)anthracene 3 5 7 8 

Benzo (a) pyrene 3 5 7 8 

Benzo (k) fluoranthene 3 5 7 8 

Chrysene 3 5 7 8 

Dibenz (a,h) anthracene 3 5 7 8 

Fluoranthene 3 5 7 8 

Fluorene 2 4 6 7 
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Naphthalene 1 3 5 6 

Perylene 3 5 7 8 

Phenanthrene 2 4 6 7 

Pyrene 3 5 7 8 

 

2.3 Isolation of PAHs degrading microrganisms 

Numerous microbial naturalists have isolated and selected discrete potent hydrocarbon 

degrading microbial species from different PAHs contaminated sites. PAHs from 

naphthalene to coronene can be oxidized by the enzyme potential of bacteria, fungi, yeasts, 

diatoms, cyanobacteria and eukaryotic algae. The ability of the microorganisms to quench 

its cell growth and energy needs is the incentive in the hydrocarbon degradation. Mixed 

cultures and inherent microbial communities degrade hydrocarbons effectively compared to 

individual or pure cultures [190, 191]. Microorganisms employ various metabolic pathways 

with different degradation rates based on the medium they exist (Soil or water). Table 2.5 

and 2.6 is an overview of the microbial PAHs diversion from different environments. 

 

Application of the desired contaminant degrading microorganisms to a polluted 

environment is called bioaugmentatation [192, 193]. Introduction of PAHs degrading 

microorganisms into the contaminated sites is a recommended approach for 

bioaugmentation. 
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Table 2.5 An overview of bacterial PAHs dissipation in various substrates and media[92] 

Genera PAH dissipated  Substrate or environment 

Achromobacter spp. Pyrene Sea sediments 

Achromobacter Phenanthrene Soil 

Xylosoxidans   

Acidovorax delafieldii P4-1 

Phenanthrene, acenaphthene, anthracene, 

fluorene, fluoranthene, naphthalene, 

pyrene 

Mineral salts medium 

Acinetobacter anitratus Chrysene Soil 

Aeromonas sp. Phenanthrene, Pyrenees Soil 

Alcaligenes spp. Naphthalene, anthracene Soil near an oil refinery 

Alcaligenes eutrophus Anthracene Tropical soil 

Alcaligenes faecalis Chrysene Soil 

 

Alcanivorax spp. 
Pyrene Sea sediments 

Aquamicrobium defluvium Phenanthrene Soil 

Arthrobacter sp. Naphthalene Soil 

Arthrobacter oxydans Total hydrocarbons Soil 

Arthrobacter sulphureus RKJ4 
Phenanthrene, acenaphthene, anthracene, 

fluorene 
Mineral salts medium 

 

       fluoranthene, naphthalene, 

       pyrene 

         

 

Bacillus sp. 
Naphthalene, fluorene, phenanthrene, 

pyrene, 
Deep-sea mud 

         chrysene, 1,2-benzopyrene  

Bacillus subtilis Anthracene Tropical soil 

 Total hydrocarbons Soil 

Bacillus cereus Total hydrocarbons Soil 

Bacillus thermoleovorans Naphthalene Aqueous medium at 45
o
C 

Beijerinckia mobilis Phenanthrene, naphthalene Soil 

Brevibacterium sp. HL4 
Phenanthrene, acenaphthene, anthracene, 

fluorene 
Mineral salts medium 

 
       fluoranthene,  

       naphthalene,    pyrene 
 

Brevibacterium casei Benzo[b]fluoranthene, indeno[1,2,3-cd] Soil 
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pyrene 

Burkholderia sp VUN10013 Anthracene Acidic soil 

Burkholderia spp. 
Fluoranthene, pyrene, chrysene, 

coronene, 
Soil 

 benz[a]anthracene, dibenz[a,h]anthracene  

Cellulomonas sp. Pyrene Mangrove sediments 

Comamonas sp. Phenanthrene, anthracene Soil 

Comamonas testosterone GZ42 Phenanthrene Soil and sediment 

Corynebacterium sp. Naphthalene Soil 

Cycloclasticus sp. P1 Pyrene Deep-sea sediments 

Cycloclasticus sp. A5 
Naphthalene, dibenzothiophene, 

phenanthrene, 
Marine sediments 

 fluorene  

Cycloclasticus sp. Chrysene Soil 

Dietzia maris Naphthalene Mangrove sediments 

Exiguobacterium sp. Phenanthrene Sea sediments 

Flavobacterium spp. Pyrene Deep-sea sediments 

 Chrysene Soil 

 
Phenanthrene, benz[a]anthracene, 

fluoranthene, 
Soil 

 pyrene, chrysene  

Gordonia Fluoranthene Mangrove sediments 

polyisoprenivorans   

Gordonia rubripertincta Total hydrocarbons Soil 

Halomonas sp. Pyrene Deep-sea sediments 

Kocuria rosea Total hydrocarbons Soil 

Leucobacter 
Naphthalene, dibenzothiophene, 

phenanthrene 
Soil 

Marinobacter sp. Pyrene Mangrove sediments 

Methylomonas sp. Phenanthrene Sea sediments 

Methylobacterium Phenanthrene Soil 

Rhizobium   

Microbulbifer arenaceous Fluoranthene Mangrove sediments 

Micrococcus spp. Naphthalene, anthracene Soil near an oil refinery 

Micrococcus luteus Anthracene Tropical soil 

 Total hydrocarbons Soil 
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Micrococcus varians Chrysene Soil 

Moraxela sp. Naphthalene Soil 

Mycobacterium Anthracene Agar, agarose, and soil 

frederiksbergense LB501T   

Mycobacterium gilvum VM552 Phenanthrene Agar, agarose, and soil 

Mycobacterium 
A wide range of high molecular weight 

PAH 
Soil and mineral salts medium 

Vanbalenii   

Mycobacterium sp. JS14 Fluoranthene Soil 

Novosphingobium spp. Pyrene Deep-sea sediments 

Novosphingomonas Pyrene Deep-sea sediments 

aromaticivorans F199   

Paracoccus sp. Phenanthrene, fluoranthene, pyrene Mangrove sediments 

Parvibaculum sp. Pyrene, phenanthrene, fluoranthene River sediments 

Pseudomonas spp. Naphthalene, anthracene Soil near an oil refinery 

 
N-alkanes from C5 to C12, toluene, 

naphthalene 
Arctic soil 

 Naphthalene, phenanthrene, fluorene Antarctic soil 

 Total hydrocarbons Soil 

   

Pseudomonas aeruginosa Anthracene Tropical soil 

Pseudomonas fluorescens 

LP6a 
Phenanthrene Soil 

Pseudomonas putida Phenanthrene, naphthalene, pyrene Mineral salts medium 

Pseudomonas vesicularis Phenanthrene, pyrene Soil 

Pusillimonas sp. Pyrene, phenanthrene, fluoranthene River sediments 

Ralstonia sp. Pyrene Deep-sea sediments 

Rhizobium aetherovorans Phenanthrene Soil 

Rhizobium galegae Phenanthrene Soil 

Rhodococcus spp. Phenanthrene Soil 

Rhodococcus aetherovorans Phenanthrene Soil 

Rhodococcus rhodochrous 

VKM 
Pyrene Liquid media 

B-2469   

Rhodococcus sp. IC10 Anthracene, phenanthrene, pyrene Soil 
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Roseovarius spp. Pyrene Sea sediments 

Sphingomonas spp. Naphthalene, phenanthrene, fluorene Antarctic soil 

Schewanella sp. Phenanthrene Sea sediments 

Sphingomonas sp. LB126 Fluorene, phenanthrene, fluoranthene, Soil 

 anthracene, dibenzothiophene  

Sphingomonas paucimobilis 

EPA 505 
Naphthalene, fluoranthene, Soil 

 2-methylphenanthrene, 2,  

 3-dimethylnaphthalene, fluorene,  

 3-chlorodibenzofuran, anthracene,  

 phenanthrene, pyrene, dibenzofuran  

Spingomonas paucimobilis 

ZX4 
Phenanthrene Soil 

Sphingomonas yanoikuyae 

(previously 
Toluene Mineral salts medium 

Beijerinckia B1)   

Staphylococcus sp. PN/Y Phenanthrene Soil 

Stappia sp. Pyrene, phenanthrene, fluoranthene River sediments 

Stenotrophomonas 

acidaminiphila 
Phenanthrene Soil 

Stenotrophomonas maltophilia Pyrene, fluoranthene, benz[a]anthracene, Soil 

VUN 10,003 benzo[a]pyrene, dibenz[a,h]anthracene,  

 coronene  

Terrabacter spp. Three- to four-ring PAH Mangrove sediments 

Vibrio cyclotrophicus 
Naphthalene, 2-methylnaphthalene, 

phenanthrene 
Marine sediments 
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Table 2.6 An overview of fungal PAHs dissipation in various substrates and environments 

[92] 

Genera PAH dissipated 
Substrate or 

environment 

Absidia cylindrospora Fluoranthene Wetlands 

Absidia fusca Anthracene Soil 

Agrocybe aegerita 

Benzo[a]anthracene, 

benzo[a]pyrene, 

dibenzo[a,h]anthracene Soil 

Alternaria tenuis Phenanthrene Soil 

Aspergillus sp. Creosote Soil 

Aspergillus carneus Total hydrocarbons Soil 

Aspergillus niger Pyrene, benzo[a]pyrene Soil 

Aspergillus ochraceus 

Anthracene, benz[a]anthracene, 

benzo[a]pyrene, Many environments 

 

fluoranthene, fluorene, 

naphthalene, phenanthrene, 

pyrene  

Aspergillus sydowii Total petroleum hydrocarbons Soil 

Aspergillus terreus 

Anthracene, phenanthrene, 

pyrene Soil 

Bjerkandera adusta Phenanthrene Soil 

Bjerkandera sp BOS55 

Dibenzothiophene, fluoranthene, 

pyrene, chrysene Soil 

Candida sp. 

PAH of low and high molecular 

weight Soil 

Cladosporium 

sphaerospermum Fluoranthene Wetlands 

Cladosporium herbarum Anthracene Soil 

Coriolopsis gallica 

Anthracene, pyrene, 

phenanthrene Bran flakes medium 

Crinipellis stipitaria Pyrene Liquid medium 

Cryptococcus sp. Phenanthrene Coastal sediments 

Cunninghamella elegans Benzo[a]pyrene Soil 

Cyclothyrium sp. Pyrene Estuarine sediments 

Daedaela quercina Phenanthrene, anthracene, Soil 
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pyrene, fluorene, fluoranthene 

Flammulina velutipes 

Phenanthrene, anthracene, 

pyrene, fluorene, fluoranthene Soil 

 Phenanthrene, pyrene Soil 

Fusarium sp. Pyrene, benzo[a]pyrene, chrysene Soil 

Glomus intraradices Anthracene Soil 

Irpex lacteous 

Phenanthrene, anthracene, 

fluoranthene, pyrene, chrysene, Soil 

 benzo[b]fluoranthene, 

benzo[k]fluoranthene, 

benzo[a]pyrene, 

dibenzo[a]anthracene, 

benzo[g,h,i]perylene, 

indeno[1,2,3-cd]pyrene 

 

  

  

Kuehneromyces mutabilis Pyrene Soil 

Laetiporus sulphureus 

Phenanthrene, anthracene, pyrene, 

fluorene, fluoranthene Soil 

Lentinus tigrinus Phenanthrene Soil 

Marasmiellus sp. 

Phenanthrene, anthracene, pyrene, 

fluorene, fluoranthene Soil 

Mucor sp. Benzo[a]pyrene Immobilized on 

     maize cob 

Nematoloma frowardii Phenanthrene and pyrene Liquid and 

  solid cultures 

Penicillium sp. Anthracene, phenanthrene, pyrene Soil 

Penicillium funiculosum Total petroleum hydrocarbons Soil 

Penicillium janthinellum 

VUO 10,201 

Pyrene, fluoranthene, 

benz[a]anthracene, benzo[a]pyrene, Soil and liquid media 

 dibenz[a,h]anthracene  

Penicillium simplicissimum Pyrene Estuarine sediments 

Phanerochaete 

chrysosporium 

Acenaphthene, anthracene, 

phenanthrene, fluoranthene, pyrene Soil 

Pichia sp. 

PAH of low and high molecular 

weight Soil 

Psilocybe sp. Pyrene Estuarine sediments 

Pleurotus ostreatus Phenanthrene, anthracene, Soil 
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fluoranthene, pyrene, chrysene, 

 

benzo[b]fluoranthene, 

benzo[k]fluoranthene, 

benzo[a]pyrene,  

 

dibenzo[a]anthracene, 

benzo[g,h,i]perylene, indeno[1,2,  

 3-cd]pyrene  

Polyporus sp Chrysene Mineral salt medium 

Rhizopus sp. Total petroleum hydrocarbons Soil 

Rhodotorula 

PAH of low and high molecular 

weight Soil 

Sporidiobolus sp. 

PAH of low and high molecular 

weight Soil 

Stropharia coronilla 

Benzo[a]anthracene, benzo[a]pyrene, 

dibenzo[a,h]anthracene Soil 

Stropharia rugosoannulata 

Benzo[a]anthracene, benzo[a]pyrene, 

dibenzo[a,h]anthracene Soil 

Syncephalastrum racemosum 

Anthracene, benz[a]anthracene, 

benzo[a]pyrene, fluoranthene, Many environments 

 

fluorene, naphthalene, phenanthrene, 

pyrene  

Torulopsis Phenanthrene Coastal sediments 

Trametes versicolor 

Phenanthrene, anthracene, pyrene, 

fluorene, fluoranthene Soil 

Trichoderma sp. Pyrene, benzo[a] pyrene Soil 

Trichoderma viride Phenanthrene Soil 

Trichosporon sp. Phenanthrene Coastal sediments 

Ulocladium chartarum Fluoranthene Wetlands 

   

2.4 Microbial Degradation 

Microbial degradation represents the major route responsible for the ecological recovery of 

PAH-contaminated sites. Hydrocarbons in the environment are biodegraded primarily by 

bacteria, yeast and fungi. Microbial degradation pathways shows broad substrate specificity 

and occurs both aerobically and anerobically [194]. The alteration of contaminants in the 

environment via biodegradation tends to occur through four general mechanisms [195]: 
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 Intra/Extracellular Enzyme Attack - where PAH is used as a source of carbon and 

energy. 

 Enzymatic Attack as a Defensive Measure - PAH is altered in a way that enables it 

to be mobilized and removed from the cell's vicinity or detoxified (e.g. O-

methylation). 

 Enzymatic Attack  - also known as cometabolism, where the contaminant is 

degraded as a auxillary result of another cell process 

 Non-Enzymatic Attack – Attains degradation as a result of other processes. 

 

Many bacterial and fungal species capable of degrading a variety of PAHs have been 

isolated (Table 2.7 and 2.8). Though bacteria are the most active agents of bioremediation, 

fungi with their strong oxidative enzymes plays a key role in degrading complex polymers 

and xenobiotic chemicals [196]. Lignolytic fungus due to their non-specific enzyme systems 

can degrade PAHs effectively. In degradation of high molecular weight PAHs using 

cocultures, it has been put forward that the degradation is initiated by the release of fungal 

extracellular enzymes that break down molecules which were too large to pass through 

bacterial cell walls, attaining a partial oxidative degradation of the PAH [197]. It was 

reported that [192] fungal Exo-enzymes diffuse and initiates the degradation of HMW 

PAHs, which facilitates PAHs degradation by bacterial communities. Several research 

reports affirmed PAHs biodegradation using Fungi [67, 164, 198, 199]. Both lignonolytic 

and non-ligninolytic fungi engage in degradation of PAHs. Whatsoever, bacteria or fungi as 

biodegrading sources, in vitro studies ordinarily include isolation of microbes as pure 

cultures, followed by elicitation of the metabolic pathways through which microbes degrade 

PAHs. On the other hand degradation of PAHs in the natural environment is quite complex 

as both high molecular weight and low molecular weight PAHs are present. This further 

becomes more complex by the presence of a broad range of the microbial population in the 

environment. 
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Table 2.7 Bacteria genera that contain PAHs degrading microorganisms [200] 

Achromobacter Azobacter Escherichia Phorm 

Acidovorax Bacillus Flavobacterium Proteus 

Acinetobacter Beijerinckia Gordona Pseudomonas 

Actinomyces Beneckea Klebsiella Rhodococcus 

Aerobacter Brevibacterium Lactobacillus Sarcina 

Aeromonas Clavibacter Leucothrix Serratia 

Agmenellum Clostridium Marinobacter Spherotilus 

Agrobacterium Coccochloris Micrococcus Sphingomonas 

Alcaligenes Comamonas Microcoleus Spirillum 

Alteromonas Corynebacterium Moraxella Streptomyces 

Anabaena Curtobacterium Mycobacterium Thermoleophilum 

Aphanocapsa Cycloclasticus Nocardia Vibrio 

Arthrobacter Cytophaga Nostoc Xanthomonas 

Aureobacterium Enterobacter Oscillatoria  

Azospirillum Erwinia Peptococcus  

 

Table 2.8 Fungal genera that contain PAHs degrading microorganisms [200] 

Absidia Cunninghamella Mucor Saccharomyces 

Acremonium Debaromyces Neurospora Saccharomycopsis 

Allescheria Dendryphiella Oidiodendrum Saprolegnia 

Aspergillus Emericellopsis Paecilomyces Scedosporium 

Aureobasidium Epicoccum Panaeolus Scopulariopsis 

Basidiobolus Eupenicillium Penicillium Smittium 

Bjerkandera Fusarium Peronospora Sordaria 

Botrytis Gilbertella Pestalotia Sporobolomyces 

Candida Gliocladium Phanerochaete Syncephalastrum 

Cephalosporium Gonytrichum Phlyctochytrium Talaromyces 

Choanaphera Graphium Phycomyces Tetracoccosporium 

Circinella Hansenula Phytophthora Thamnidium 

Cladosporium Heliocostylum Pichia Torulopsis 

Claviceps Helminthosporium Pleurotus Trametes 

Cokeromyces Humicola Psilocybe Trichoderma 

Conidiobolus Hypochchytrium Ramaria Trichosporon 

Coriolopsis Lephotrichus Rhiophlyctis Varicospora 

Corollaspora Linderina Rhizopus Verticillium 

Crinipellis Luiworthia Rhodosporidium Zoophthora 

Cryptococcus Mortierella Rhodotorula Zygorhyncus 
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Better results can be achieved by employing consortium instead of pure culture, facilitating, 

degradation of both high and low molecular weight PAHs where, both bacteria and fungi 

work in synergy. This increased performance of microbes is due to the fact that some 

microbes degrade primary PAHs while some react with intermediate metabolites thereby 

resulting in complete degradation [201]. Works by [160, 202, 203] emphasized usage of 

consortium for complex PAHs degradation. PAHs degradation is influenced by the 

environmental factors (P
H
, temperature, nutrient availability, oxygen concentration), 

microbial population characteristics and physical and chemical properties of the PAHs 

[188].  

 

2.5 Bioavailability of PAHs 

Though biodegradation using microbes as an entity is proved to be advantageous for soil 

contaminants, there exist several limitations for the same to remove contaminants in water. 

Factors like solubility, dissolution rate, partition coefficient, viscosity etc hampers the usage 

of the cell as a whole for biodegradation of PAHs in water. The bioavailability can be 

enhanced by using biosurfactants which favors biodegradaion by enhancing oil dispersion 

into the aqueous phase, which further decreases the volatilization of low carbon 

hydrocarbons. The most important factor in efficient microbial degradation of PAHs is their 

bioavailability to the degrading microorganisms. 

Bacterial adhesion to hydrocarbon increases hydrocarbon solubility and promotes their 

degradation by excreting biosurfactants, extracellular polymeric substances, or by biofilm 

formation, which accumulates the organic contaminant for subsequent degradation [204, 

205]. Many microorganisms show chemotaxis towards PAHs, which results in increased 

degradation by reducing the distance between the microorganism and the contaminant [206-

208]. 

 

Biofilm is “a structured community of microorganisms encapsulated within a self-developed 

polymeric matrix and adherent to a living or inert surface”. In biofilms, microorganisms 

secrete extracellular polymeric substances (EPS) enveloping the cell aggregates together 

building the structural biofilm matrix frame. This matrix shields the inside bacterial cells 

from environmental constraints by working as a physical barricade. The steps involved in 
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biofilm formation and development are 1) conditioning film development on the surface 2) 

early adhrenence of the bacterial cells 3) irreversible attachment of the bacterial cells 4) 

biofilm maturation and 5) detachment. In naturally formed biofilms, microbial species mold 

into a composite discriminate populations with greatly perplexing structures, partitioned by 

a network of water channels. [209].  

 

EPS will vary in its composition and thus the physical and chemical properties. EPS 

preoduced from microbes contains carbohydrate, protein, uronic acid and phosphate or 

sulphate [210]. Biofilms consists of water (> 97%) as the major element, followed by EPS 

or organicmatter (90%) and cells, entrapped particles and precipitates, sorbed ions, polar 

and apolar organic molecules as minor elements [211]. EPS is possessed of 40-95% 

polysaccharides, 1-60% proteins, 1-10% nucleic acids and 1-40% lipids [212]. The EPS 

architecture differs with the microbial consortium combination and environmental 

conditions [213]. 

 

Biofilm systems were used profitably in the treatment of industrial waste water employing 

various mechanisms like biosorption, bioaccumulation, biomineralization and 

bioaugmentation [57, 214]. For morphological observation, characterization of biofilms, to 

study the formation and interactions of micro communities inside the biofilms, electron 

microscopy was used as one of the method, specifically Scanning electron microscopy 

(SEM) [210, 215]. Also, biofilm mediated enhanced growth and degradation of Pyrene, 

crude oil and hydrocarbons by Pseudomonas species was reported [216-218]. Furthermore, 

employment of biofilm producing organisms in the consortium development and biofilm 

application will aid in the bioremediation of PAHs contaminated soil and water.  

 

Biosurfactants (BS) and bioemulsifiers (BE) are amphiphilic molecules, mainly produced 

by microorganisms including bacteria, yeasts, fungi. Bio surfactants are amphiphilic 

compounds produced on living surfaces, mostly microbial cell surfaces or excreted 

extracellularly and contain hydrophobic and hydrophilic moieties that reduce surface 

tension and interfacial tension between individual molecules at the surface and interface 

respectively. In aqueous solution, surfactant monomers will assemble to form micelles when 
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the concentration of the surfactant surpasses a threshold known as the critical micelle 

concentration (CMC). At this point, the hydrophobic moieties are integrated into the 

hydrophobic cores of the micelles, called solubilization. After solubilization, mass transfer 

takes place from micelle to the cell in a series of steps. The first step is the transfer of 

micelles with solubilized substrate to the cell surroundings or enzymes by mingling, 

followed by interchange of the filled micelles with the surfactant molecules, hemicellar 

layer formed around the cell and the delivery of substrate from the hemi-micelle to the cell 

[219]. Enhanced biodegradation rates were observed for presolubilized individual and PAHs 

mixture in comparision with crystal form suggesting that the solubilization can improve the 

PAHs bioavailability [220, 221]. 

 

Bioavailability depends upon the substrate concentration that the cell membrane encounters 

with and the mass transfer rate from likely bioavailable phase (non-aqueous) to the direct 

bioavailability phase (surfactant-aqueous). The mechanism for PAH bioavailability 

enhancement using surfactants are: 

 

 Direct uptake of  PAH from partial micelle 

 Uptake of  PAH from aqueous phase after release from  the partial micelle 

 Facilitated direct uptake of PAH via cell-surfactant-PAH contact 

 Hypothesized non-micellular biosurfactant enhancement of PAH solubilization [222, 

223]. 

 

Bio surfactant producing microorganisms are naturally present in oil contaminated soil and 

numerous scientists reported the isolation and characterization of biosurfactant producing 

microorganisms from various sources [224-230].  The oil contaminated environment 

contains large amount of hydrocarbons. i.e., aliphatic and aromatic hydrocarbons. 

Microorganisms exhibit emulsifying activity by producing bio surfactants and utilize the 

hydrocarbons as substrate often mineralizing them or converting them into harmless 

products [231]. 
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In aqueous solutions contaminated with hydrophobic compounds, microorganisms produces 

biosurfactants as the metabolites with surface activity [232]. Bio surfactants are mainly 

categorized by their chemical composition and microbial origin. Generally their structures 

include a hydrophilic moiety consisting of amino acids or peptides, mono-di or 

polysaccharides and hydrophobic moiety comprising unsaturated or saturated fatty acids. 

Accordingly, the major classes of bio surfactants include glycolipids, lipopeptides, 

lipoproteins, phospholipid, fatty acids, polymeric biosurfactant and particulate 

biosurfactants [232-234] (Table 2.9) Pseudomonas is well known for its capabality of 

glycolipids production which were classified as rhamnolipids [235] followed by Bacillus 

subtilis  renowned for its lipopeptide called surfactin or subtilisin [149, 236], lichenysin by 

Bacillus licheniformis, which was stable in different temperatures, pH and salt 

concentrations [237], glycolipids or lipopeptides by Bacillus megatherium [238], can reduce 

the surface tension and can enhance the degradation rate. 

 

Table 2.9: Biosurfactant producing organisms and their uses [239] 

Microorganism Type of biosurfactant                             Uses 

Rhodococcus erythropolis 3C-9 
Glycolipid and  

Trehalose Lipid 

Oil spill cleaning 

operations 

Pseudomonas aeruginosa S2 Rhamnolipid 

Bioremediation of places 

contaminated by 

petroleum 

Pseudozyma siamesis CBS 

9960 
Mannosylerythritol lipid 

Promising yeast 

biosurfactant 

Pseudozyma graminicola CBS 

10092 
Mannosylerythritol lipid 

Washing detergent 

Pseudomonas libanesis M9-3 Lipopeptide 
Environmental and 

biomedical uses 

Bacillus subtilis ZW-3 Lipopeptide 

Pharmaceutical, 

environment protection, 

cosmetics and petroleum 
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recovery 

Rhodococcus sp. TW53 Lipopeptide 
Bioremediation in sea 

environment 

Pseudozyma hubeiensis Glycolipid 
Bioremediation in sea 

environment 

R. wratislaviensis BN 38 Glycolipid Bioremediation uses 

Bacillus subtilis BSS Lipopeptide 

Bioremediation of places 

contaminated by 

hydrocarbon 

Azobacter chroococcum Lipopeptide Environmental uses 

Pseudomonas aeruginosa BS20 Rhamnolipid 

Bioremediation of places 

contaminated by 

hydrocarbon 

Micrococcus luteus BN56 Trehalose tetraester 

Bioremediation of places 

contaminated by 

petroleum 

Bacillus subtilis HOB2 Lipopeptide 

Petroleum recovery, 

bioremediation of soil and 

sea environments and 

food industry 

P. aeruginosa UFPEDA 614 Rhamnolipid Bioremediation 

Nocardiopsis alba MSA10 Lipopeptide Bioremediation 

Pseudoxanthomonas sp. PNK-

04 
Rhamnolipid 

Environmental uses 

Pseudozyma parantarctica Mannosylmannitol lipid 
Detergent or washing 

emulsifiers 

Pseudomonas alcaligenes Rhamnolipid Environmental uses 

Pseudomonas koreensis Lipopeptide Biologic control agent 

Pseudomonas fluorescens BDS Lipopeptide 
Bioremediation and 

Biomedicine 
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Candida bombicola Sorolipídeos Environmental uses 

Brevibacterium aureum MSA13 Lipopeptide Petroleum recovery 

Nocardiopsis 

lucentencisMSA04 
Glycolipid 

Bioremediation in sea 

environment 

Bacillus velezensis H3 Lipopeptide 
Industrial strain for 

lipopeptide production 

Calyptogena soyoae Mannosylerythritol lipid 
Bioremediation in sea 

environment 

Burkholderia plantari DSM 

9509 
Rhamnolipid 

Pharmaceutical and 

detergent industries 

 

Biosurfactant mediated biodegradation of PAHs eventuate by the mechanisms; 1) 

Enhancement of bioavailibity of hydrophobic substrate with simultaneous reduction of 

surface tension and interfacial tension 2) By promoting contact between biosurfactant and 

cellsurface, favoring membrane modifications and hydrocarbon adherence lowering the the 

lipopolysaccharide index of the cell wall and 3) Devoid of destructing the cell wall [235]. 

Also, the difference in the biodegradation efficiency with and without biosurfactant addition 

was studied (Table 2.10). The improved degradation rate of oil sludges to 98% after 8 

weeks by a mixed culture of Pseudomonas aeruginosa and Rhodococcus sp was observed 

[240]. 

 

Table 2.10: A list of studies on biosurfactant aided bioremediation [241] 

Type of 

biosurfactant 

Pollutant Relevant 

biomediator 

Established 

effect 

Removal efficiency 

Rhamnolipids Phenanthrene Sphingomonas sp. 

monoculture 

 

+ve solublization 99 % after 10 days compared 

to 84 % without 

biosurfactant (IC—10 g/l) 

Rhamnolipids Anthracene Sphingomonas sp. 

and 

Pseudomonas sp. 

monocultures 

+ve solublization 52 % after 18 days compared 

to 32 % without 

biosurfactant for 

Pseudomonas (IC—25 mg/l) 

Rhamnolipids Hexadecane Candida tropicalis +ve / -ve 93 % after 4 days compared 
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monoculture to 78 % without 

biosurfactants (IC—500 

mg/l) 

Rhamnolipids, 

emulsan and 

indigenous 

biosurfactants 

Pyrene Pseudomonas 

fluorescens 

monoculture 

+ve / -ve 98 % after 10 days compared 

to 91 % without emulsan 

(IC—50 mg/l) 

Rhamnolipids PAHs Alfalfa + arbuscular 

mycorrhizal fungi + 

microbial 

consortium of PAH 

degraders 

+ve solublization 61 % after 90 days compared 

to 17 % with only 

phytoremediation (IC—

12.85 g/kg of soil) 

Rhamnolipids 

(Monorhamnolipid) 

Phenol Candida tropicalis 

monoculture 

+ve enhanced 

cell growth 

99 % after 30 h compared to 

87 % without biosurfactant 

(IC—500 mg/l) 

Rhamnolipids 

 

Crude oil 

hydrocarbons 

Autochthonous 

marine microflora 

 

+ve increased 

bioavailability 

96 % for C19–C34 alkane 

fraction after 18 days 

compared to 10 % without 

amendment (IC—5 g/l) 

Rhamnolipids 

 

Crude oil 

hydrocarbons 

Autochthonous 

marine microflora 

 

+ve/ no effect Up to 25 % for alkanes after 

5 days with biosurfactant 

alone and 59 % when used 

with nutrients (IC—823 

mg/l) 

Rhamnolipids Phenanthrene Sphingomonas sp. 

and Paenibacillus 

sp. monocultures 

-ve 23 % after 8 days compared 

to 74 % 

without biosurfactant 

Rhamnolipids Phenanthrene Pseudomonas 

putida ATCC 

17484 monoculture 

+ve / no effect 91 % after 10 days compared 

to 68 % 

without biosurfactant (IC—

approx. 500 mg/kg of soil) 

Rhamnolipids Phenanthrene Sphingomonas sp. 

monoculture 

 

+ve mobilization 47 % after 70 days compared 

to 36 % 

without biosurfactant (IC—

approx. 

200 mg/kg of soil) 
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Rhamnolipids Diesel oil and 

biodiesel blends 

Microbial 

consortium 

+ve/ no effect 77 % after 7 days compared 

to 58 % 

without biosurfactants for 

blends 

(IC—approx. 15 g/l) 

Rhamnolipids Phenanthrene 

and Pyrene 

Ryegrass +ve increased 

uptake 

Uptake of phenanthrene and 

pyrene into ryegrass roots 

was at 435 and 

380 mg/kg, respectively, 

compared 

to 77 and 158 mg/kg without 

biosurfactant 

Rhamnolipids Cadmium Vibrio fischeri, 

Pseudomonas 

fluorescens, P. 

aeruginosa, 

Escherichia coli 

and Bacillus 

subtilis 

monoluctures 

+ve/ -ve Rhamnolipids were toxic at 

higher 

concentrations (>45 mg/l), 

however at 40 mg/l their 

presence inhibited the 

toxicity of cadmium ions by 

reducing their bioavailability 

Rhamnolipids and 

organic acids 

Copper Indian mustard and 

rye grass 

+ve mobilization Application of rhamnolipids 

and other 

amendments notably 

increased copper uptake by 

both plants 

Sophorolipid Hydrocarbon 

mixture 

Autochthonous soil 

microflora 

 

+ve 

solubilization 

and mobilization 

Respectively: 95 % after 2 

days, 97 % after 6 days and 

85 % after 

6 days (IC- 6 mg/g of soil) 

Not Specified p,p'-DDE 

 

Cucurbita 

subspecies 

+ve / -ve Biosurfactant amendment 

enhanced p,p′-DDE 

accumulation, however a 60 

% biomass reduction was 

observed for ovifera 

subspecies 

Not Specified Petrochemical Mixed bacterial +ve potential 91 % of the aliphatic fraction 
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oily sludge cultures solubilization and 52 % of the aromatic 

fraction after 40 days 

Not Specified Diesel oil 

hydrocarbons 

Autochthonous soil 

microflora 

+ve / no effect 77 % of aliphatic 

hydrocarbons after 

15 days compared to 9 % 

without biosurfactant (IC—

450 mg/l) 

Not Specified Pyrene Bacillus subtilis and 

Pseudomonas 

aeruginosa 

monocultures 

 

+ve 

solubilization 

48 % for Bacillus and 32 % 

for Pseudomonas after 4 

days 

 

2.6 Microbial metabolism of PAHs 

Bacteria capable of degrading PAHs utilize the PAH as the sole carbon and energy source, 

where as fungi metabolizes them to hydrophilic compounds. Microorganisms follow 

different metabolic pathways based on the substrate and can happen both aerobically and 

anaerobically [194]. The degradation process associates the catabolism of hydrocarbons to 

H2O, CO2 (aerobic) and CH4 (anaerobic) or to lower complex metabolites through 

biotransformation. The metabolism of PAHs by bacteria may result in the organisms 

growth, PAH mineralization without detectable growth and/or conversion of PAH to simple 

compounds [188]. The steps involved in the microbial transformation process are  

 Biodegradation (PAH as a substrate for growth) 

 Cometabolism (PAH gets converted by metabolic reactions with out acting 

as an energy source) 

 Polymerization or conjugation  

 Accumulation (PAH is assimilated into the microorganism) 

 Collateral effects of microorganisms [63, 242-245]. 

Also, the transformation depends upon existence of the multiple mechanisms resulted from 

the mixed effects of many organisms [245]. Application of aerobic bacteria in the 

bioremediation process with enzymatic and genetic studies has been reviewed thoroughly to 

achieve effective degradation. Cometabolism plays an important role in the degradation of 
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HMW PAHs and mixture of PAHs [63]. Fungi and bacteria have divergent pathways 

(Figure 2.2) of which fungal pathways are identical to human and mammalion systems. 

Fungus oxidizes the PAHs to epoxides or arene oxides through P450 monooxygenase 

enzyme system and non-enzymatically to phenols and trans dihyrodiols, conjoined and 

eliminated from the microorganism. Also, fungal enzymes like laccase and ligninperoxidase 

(LiP) oxidizes PAHs to quinones and to phthalicacids, eventually to CO2 [91, 246] (Figure 

2.6). Bacterial degradation starts with the action of dioxygenases, oxidizing PAHs to cis 

dihydrodiols there upon to catechol which undergoes ring cleavage, either ortho or meta 

fission to intermediary compounds penetrating the bacterial central metabolic pathways [30, 

247, 248]. 

 

 

Figure 2.2 A generalized pathway of PAHsdegradation by bacterial, fungal co-cultures 

adapted from Cerniglia, 1992 [30]. PAHs (Red); fungal lignolytic system (Blue) – both 

fungal and bacterial non-lignolytic system; intermediates (Green) – bacterial system. 

 

PAHs also get transformed into products like alkanes, alkenes and cycloalkanes. The 

degradation pathway for alkanes, cycloalkanes includes subsequent formation of alcohol, 

aldehyde and fattyacid (Figure 2.3, 2.4 and 2.5). Fattyacids undergo β oxidation forming 

Acetyl Co-A entering into the intermediary metabolism. Alkanes of low molecular weight 

(LMW) (< C30 to C40) are transformed into CO2 and water in few months while alkanes of 

more than C40 remains for years [249]. Degradation of n-alkanes by Bacillus sp and species 
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of fungus like Aspergillus and Fusarium through subterminal oxidation was studied [250] 

(Figure 2.6). 

 

Figure 2.3 Peripheral pathways of  alkane degradation [61]. 
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Figure.2.4. Peripheral metabolic pathway of cycloaliphatic compounds [61] 
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Figure 2.5. The different pathways of aerobic degradation of aromatic compounds (ortho 

and meta cleavage) [61] 
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Figure 2.6: Oxidation of PAHs from wood-rotting fungi [Cerlinga 1997 [91]] 

 

In microbial metabolic pathways, enzymes play an important role during the transformation 

process and elucidation of the biochemical pathway will aid in the understanding of the 

degradation process. Metabolites produced during the degradation process can be identified 

by GC-MS method [251, 252]. Identification of these metabolites and the enzymes involved 

in their production will help in the better understanding and elucidation of the pathway.  

 

2.7 Enzyme Systems 

In PAHs degradation by microorganisms, the main enzymes involved in degradation and 

which can act as the biocatalysts are oxygenases, dehydrogenases and lignolytic enzymes. 

Laccases, lignin peroxidases and manganese peroxidases are the lignolytic enzymes 

produced extacellularly by fungus [253]. Lignolytic enzymes executes one radical oxidation 

generating cation radicals from contaminants succeeding the advent of quinines [254]. In 

bacteria, extracellular enzymes include oxidoreductases and hydrolases that can convert 

PAHs to partially oxidized or degraded products aiding the cells consumption [255] (Figure 

2.6) . For cell-conversion of hydrophobic substances like PAHs, the initial productive step is 

the reaction catalyzed by extracellular enzymes.  
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Figure 2.7: Roles of extracellular enzymes in cell metabolism 

Oxygenase enzyme systems: 

Fungi and bacteria contain various oxygenase systems in them to attain PAHs degradation. 

Ring oxidation reactions are arbitrated by dioxygenases in bacteria and monooxygenases in 

fungi whereas microorganisms like Mycobacterium employed both monooxygenases and 

dioxygenases during the degradation of pyrene [256]. Aerobic catabolism through oxidation 

i.e, the addition of two oxygen atoms into the aromatic nucleus by dioxygenase forming 

dihydrodiol is the first step of PAHs degradation followed by the subsequent conversion 

(ortho and meta cleavage) of diols to dihydroxylated intermediates resulting in the 

production of protocatechuates and catechols and finally to tricarboxylic acid intermediates 

for cellular components construction and energy generation [195]. Some of the different 

classes of oxygensases involved in the degradation of various substrates are listed in the 

table. 
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Cytochrome P450-oxygenases are heme-containing monooxygenases which plays an 

important role in the metabolism and degradation of PAHs and xenobiotic compounds 

producing trans-dihydrodiols [257]. The enzyme system is found in fungi like 

Cunninghamella elegans, Aspergillus ochraceus, A. fumgatus, A.niger, Chrysosporium 

pannorum, Morierella verrucosa, Neurospora crasssa and Penicillium sp and Pleurotus 

ostreatus and also in non-white rot fungus like Fusarium solanii [258-260] isolated from 

fuel contaminated soil was able to mineralize benzo (a) pyrene via P450 pathway [261]. 

Also, in some fungi the involvement of both lignolytic and P450 enzymes was reported 

during PAHs degradation where the initial process was taken up by the P450 enzymes 

followed by the degradation of the PAH derivative by the lignolytic system [262].  

 

Table 2.11: Enzyme classes involved in the degradation of alkanes [263] 

Enzymes Substrates Degrading Microorganisms 

Soluble methane 

monooxygenases 

C
1
–C

8 
alkanes alkenes 

and cycloalkanes 

Methylococcus sp., 

Methylosinus sp., 

Methylocystis sp., 

Methylomonas sp., 

Methylocella sp. 

Particulate methane 

monooxygenases 

C
1
–C

5 
(halogenated) 

alkanes and 

cycloalkanes 

Methylobacter sp., 

Methylococcus sp., 

Methylocystis sp. 

AlkB related alkane 

hydroxylases 

C
5
–C

16 
alkanes, fatty 

acids, alkyl benzenes, 

cycloalkanes 

Pseudomonas sp,. 

Burkholderia sp,. 

Rhodococcus sp., 

Mycobacterium sp 

Eukaryotic P450 C
10

–C
16 

alkanes, fatty 

acids 

Candida maltose, 

Candida tropicalis, 

Yarrowia lipolytica 

Bacterial P450 oxygenase 

system 

C
5
–C

16 
alkanes, 

cycloalkanes 

Acinetobacter sp., 

Caulobacter, 

Mycobacterium 

Dioxygenases C
10

–C
30 

alkanes Acinetobacter sp. 
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Lignolytic Enzymes 

The main sources of these enzymes are from fungi like wood degrading basidiomycetes, 

terricolous basidiomycetes, ectomycorrizal fungi, soil-borne microfungi and actinomycetes 

[264]. The advantages of these fungi are their omnipresence in natural environments, 

presence of lignin degrading enzyme system, economical, can reach the pollutant with 

hyphae and biosurfactant production. Hypholoma fasciculare enhanced pyrene degradation 

by solublizing the PAH with biosurfactant production [265]. White rot fungi can degrade 

PAHs through both lignolytic and non-lignolytic pathways [194]. LiP is an H2O2 dependent 

enzyme producing aryl cation radicals whereas MnP catalyzes the oxidation of Mn(II) to 

Mn(III) and laccases (copper dependent enzyme) can oxidize both phenolic and non 

phenolic compounds (mediator) in presence of oxygen to quinones [255]. MnP shows more 

activity for high molecular weight PAH degradation and simultaneous removal of 16 PAHs 

by the purified enzyme [264]. The application of these enzymes in waste water treatment 

and degradation of various contaminants was shown in table.   

Table 2.12: Enzymes and their promising applications [266] 

Enzymes Source Applications 

Lignin 

peroxidase 

Phanerochaete 

chrysosporium 

Chrysonilia sitophila 

Aspergillus terreus 

Aspergillus fumigates 

Polyporus sp. S133 

Polyporus sulphureus 

Aromatic compounds degradation 

[175, 267, 268] phenolic materials 

degradation [266] 

Kraft effluent remediation [269] 

Kraft effluent decontamination [270-

272] 

PAHs degradation [273] 

Anthracene degradation [274] 

Chrysene degradation [275] 

PAHs degradation [276] 

Manganese 

peroxidase 

Phanerochaete 

chrysosporium 

Nematolona frowardii 

Phebia radiate 

Phenols and lignin degradation [277-

279] Pentacholorophenol degradation 

[280] dyes degradation [266, 280] 

Lignins degradation [281] 
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Lentinula edodes 

Phellinus sp 

Anthracophyllum discolor 

Cholorophenol degradation [282, 283] 

diuron degradation [284] 

PAHs degradation [276] 

Phenanthrene, Anthracene, Pyrene, 

Fluoranthene, Benzo (a)pyrene 

degradation [285] 

 

Laccase 

Trametes hispida 

Pyricularia oryzae 

Trametes versicolor 

Cerrena unicolor 

Pycnoporus cinnabarinus 

Polyporus sp. S133 

Fusarium solani 

Ganoderma lucidum 

Analytical biosensors [286-288] Dyes 

decolroration [289] 

Azo dyes degradation [290] 

Textile effluent degradation, 

chlorophenols [291, 292] Urea 

derivatives degradation [293] 

Phenol detoxifying [294] 2,4-

dichlorpenol degradation 

[266, 295] 

Benzopyrenes degradation [296] 

Chrysene degradation [275] 

Anthracene and Benz (a)anthracene 

degradation [251] 

Pyrene and Phenanthrene degradation 

[297] 

Catechol 

dioxygenases 

Comamonas testosteroni 

Pseudomonas 

pseudoalacaligenes 

Consortium of Pseudomonas 

aeruginosa PSA5 and 

Rhodococcus sp. NJ2 

Bacterial strains 

Pseudomonas BP10, 

Rhodococcus NJ2 and P2 

Biosensor catechol determination 

[298] 

Chlorophenol oxidation [299], diuron 

degradation [266] 

Polychlorinated biphenyls, 

chlorothanes [300-302] 

Fluoranthene degradation [303] 

 

Pyrene, crude oil degradation [304, 



62 
 

 
 

Citrobacter sp. SA01 305] 

 

Phenanthrene degradation [306] 

Phenol-oxidase 

like 

Gloeophyllum trabeum 

Trametes versicolor 

Phanerochaete 

chrysosporium 

 

Kraft effluent decontamination [266] 

Cholrinated compounds degradation 

[307] 

Kraft effluent [308, 309] 

Eukaryotic P450 

(CYP52, Class 

II) 

Candida maltosa, Candida 

tropicalis, Yarrowia 

lipolytica 

C10–C16 alkanes, fatty acids 

degradation [310] 

 

Bacterial P450 

oxygenase 

systems 

(CYP153, class 

I) 

Acinetobacter, Alcanivorax, 

Caulobacter, 

Mycobacterium, 

Rhodococcus, 

Sphingomonas, 

C5–C16 alkanes, (cyclo)-alkanes, 

alkylbenzenes, etc [311] 

 

 

The ability of fungal bacterial cocultures to utilize PAHs in soil and liquid medium, with a 

potential to reduce toxicity was studied [160]. From previous literature, the capability of the 

consortium in the degradation of HMW PAHs has not yet completely explored. Also, the 

multiple enzyme systems and biosurfactant production efficacy of bacterial and fungal 

cocultures has to be analyzed apart from the successful application of cocultres in PAHs 

bioremediation, reported from the former studies. The current study in the thesis 

investigates the HMW PAHs and mixtures of PAHs degradation by the microorganisms and 

the consequence of various co-culture combinations on the degree of degradation rate.  

Inaddition, the contribution of individual microorganisms in the consortium for effective 

degradation of PAHs was studied. The objectives designed for the present study are:  
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2.8 AIM AND SCOPE OF THE WORK 

To develop an effective microbial consortium using biofilm and biosurfactant producing 

organisms for degradation of low, high molecular weight and mixture of PAHs, that can be 

applied for the bioremediation of PAHs contaminated sites. 

 

2.9 OBJECTIVES 

1. To develop PAHs degrading Microbial consortium with biofilm and biosurfactant 

producing microorganisms.  

2. To evaluate the degradation capability of the selected microbial consortium with 

different PAHs as a sole carbon source.  

3. To illustrate the mechanistic approach of PAHs degradation. 

4. To study the effect of different PAHs on the consortium biosurfactant production 

capacity during degradation. 

 

 

 

 

 

 


