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Abiogenic Deep Origin of Hydrocarbons  
and Oil and Gas Deposits Formation 

Vladimir G. Kutcherov 

Additional information is available at the end of the chapter 
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1. Introduction 
The theory of the abiogenic deep origin of hydrocarbons recognizes that the petroleum is a 
primordial material of deep origin [Kutcherov, Krayushkin 2010]. This theory explains that 
hydrocarbon compounds generate in the asthenosphere of the Earth and migrate through 
the deep faults into the crust of the Earth. There they form oil and gas deposits in any kind 
of rock in any kind of the structural position (Fig. 1). Thus the accumulation of oil and gas is  

 
Figure 1. A scheme of genesys of hydrocarbons and petroleum deposits formation. 
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considered as a part of the natural process of the Earth’s outgrassing, which was in turn 
responsible for creation of its hydrosphere, atmosphere and biosphere. Until recently the 
obstacles to accept the theory of the abyssal abiogenic origin of hydrocarbons was the lack of 
the reliable and reproducible experimental results confirming the possibility of the synthesis 
of complex hydrocarbon systems under the conditions of the asthenosphere of the Earth. 

2. Milestones of the theory of abiogenic deep origin of hydrocarbons 
According to the theory of the abyssal abiogenic origin of hydrocarbons the following 
conditions are necessary for the synthesis of hydrocarbons:  

 adequately high pressure and temperature;  
 donors/sources of carbon and hydrogen;  
 a thermodynamically favorable reaction environment.  

Theoretical calculations based on methods of modern statistical thermodynamics have 
established that: 

 polymerization of hydrocarbons takes place in the temperature range 600-1500 degrees 
C and at pressures range of 20-70 kbar [Kenney et al., 2002];  

 these conditions prevail deep in the Earth at depths of 70-250 km [Carlson et al. 2005]. 

Thermobaric conditions 

The asthenosphere is the layer of the Earth between 80-200 km below the surface. In the 
asthenosphere the temperature is still relatively high but the pressure is greatly reduced 
comparably with the low mantle. This creates a situation where the mantle is partially 
melted. The asthenosphere is a plastic solid in that it flows over time. If hydrocarbon fluids 
could be generated in the mantle they could be generated in the asthenosphere zone only. In 
the paper [Green et al. 2010] published in Nature the modern considerations about 
thermobaric conditions on the depth down to 200 km are shown (Fig. 2).  

Composition 

Donors of carbon 

Mao et al., 2011 demonstrate that the addition of minor amounts of iron can stabilize 
dolomite carbonate in a series of polymorphs that are stable in the pressure and temperature 
conditions of subducting slabs, thereby providing a mechanism to carry carbonate into the 
deep mantle. In [Hazen et al., 2012] authors suggest that deep interior may contain more than 
90% of Earth's carbon. Possible sources of the carbon in the crust are shown on the Fig. 3. 

Donors of hydrogen 

Experimental data published in Nature recently [Green et al. 2010] shows that water-storage 
capacity in the uppermost mantle “is dominated by pargasite and has a maximum of about 
0.6 wt% H2O (30% pargasite) at about 1.5 GPa, decreasing to about 0.2 wt% H2O (10% 
pargasite) at 2.5 GPa”. Another possible source of hydrogen is hydroxyl group in some 
minerals (biotite, muscovite). 
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Figure 2. Thermobaric conditions in the depth [Green et al. 2010]. 

 
Figure 3. Sources of the carbon in the crust (adapted from images by R. Coggon and K. Nakamura). 
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The conclusion from the presented data is the following.  

On the depth of 100 km temperature is about 1250 K and pressure is 3 GPa. On the depth of 
150 km temperature is about 1500-1700 K and pressure is 5 GPa.  

Both donors of carbon (carbon itself, carbonates, CO2) and hydrogen (water, hydroxyl group 
of minerals) are present in the asphenosphere in sufficient amounts. Thermodynamically 
favorable reaction environment (reducing conditions) could be created by a presence of FeO. 
The presence of several present of FeO in basic and ultra-basic rocks of asthenosphere is 
documented.  

Thus, abiogenic synthesis of hydrocarbons can take place in the basic and ultra-basic rocks 
of the asthenosphere in the presence of FeO, donors/sources of carbon and hydrogen. The 
possible reaction of synthesis in this case could be presented as follows:  

 reduced mantle substance + mantle gases → oxidized mantle substance + hydrocarbons or  
 combination of chemical radicals (methylene (CH2), methyl (CH3). Different 

combinations of these radicals define all scale of oil-and-gas hydrocarbons, and also 
cause close properties and genetic similarity of oils from different deposits of the world. 

Major element composition of various mantle materials is presented in Table 1 [Carlson et al., 
2005]. 

  Fertile Oceanic Massif Off-Craton Low-T Craton High-T Craton 
SiO2 45.40 44.66 44.98 44.47 44.18 44.51 
TiO2 0.22 0.01 0.08 0.09 0.02 0.11 
Al2O3 4.49 0.98 2.72 2.50 1.04 0.84 
FeO 8.10 8.28 8.02 8.19 6.72 8.08 
MgO 36.77 45.13 41.15 41.63 46.12 44.76 
CaO 3.65 0.65 2.53 2.44 0.54 1.08 

Table 1. Major element composition of various mantle materials 

3. Experimental results 

One of the first reliable and reproducible experimental results confirming the possibility of 
hydrocarbons synthesis under upper mantle conditions were published by [Kutcherov et al., 
2002]. The authors used a CONAC high-pressure chamber. The stainless-steel and platinum 
capsules with the volume of 0.6 cm3 were used for the experiments. The filled capsule was 
placed into the high-pressure chamber, pressurized and then heated to certain pressure and 
temperature. The treatment in the chamber for the necessary time was followed by 
quenching to room temperature at a rate of the order of 500 K/s, whereupon the pressure 
was decreased to normal pressure. The composition of the reaction products was studied by 
mass spectroscopy, gas chromatography, and X-ray. The initial reactants in the synthesis 
were chemically pure FeO (wustite), chemically pure CaCO3 (calcite), and double distilled 
water. Tentative experiments showed that the synthesis is described by the reaction: 
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 3 2 2 3 4 2 2(9 3) (2 1) ( ) (3 1) n nnCaCO n FeO n H O nCa OH n Fe O C H           (1) 

where n≤11. 

[Scott et al., 2004] used the diamond anvil cell method with laser and resistive heating to 
investigate in-situ the behaviour of the system CaCO3-FeO-H2O at a pressure of 5-11 GPa 
and for a temperature range of 800 – 1500 K. Raman spectrometry and X-ray synchrotron 
diffraction methods were used for the analysis. In general, the reaction scheme proposed by 
[Kutcherov et al., 2002] was confirmed by Scott et al.’s experimental results: 

 3 2 3 4 412 4CaCO FeO H O CaO Fe O CH      (2) 

A comparison of [Kutcherov et al., 2002] and [Scott et al., 2004] experimental results, where 
the same initial reactants and thermobaric conditions were used, shows us the following. In 
the case of Raman spectrometry in the diamond anvil cell [Scott et al., 2004] only methane 
was found. In [Kutcherov et al., 2002] the mixture of hydrocarbons up to hexane was 
detected. The difference may be explained by different reasons. Quantities of saturated 
hydrocarbons heavier than methane, on an analogy with [Kutcherov et al., 2002] should 
decrease dramatically with an increase in molecular weight of hydrocarbons. The sensitivity 
of the Raman spectrometry method in the DAC is not enough to detect the saturated 
hydrocarbons in comparison with relatively large volume experiments in the CONAC 
chamber with gas chromatography. Also fluorescence from iron-containing materials in the 
cell could be the obstacle to analyze these saturated hydrocarbons dispersed in the diamond 
anvil cell. 

To check the above-mentioned explanation the behaviour of pure methane at pressure range 
1-14 GPa at the temperature interval 900-2500 K was studied [Kolesnikov et al., 2009]. The 
experiments have shown that methane is stable at temperature below 900 K in the above-
mentioned pressure range. In the temperature interval 900-1500 K at 2-5 GPa the formation 
of heavier alkanes (ethane, propane, and butane) from methane was observed: 

 4 2 6 3 8 4 10 2CH C H C H C H H       (3) 

At temperature higher that 1500 K methane dissociates to carbon (graphite) and molecular 
hydrogen: 

 4 2CH C H     (4) 

In [Kolesnikov et al., 2009] the the redox conditions of the mantle were also modeled by 
introducing into a system of magnetite (Fe3O4), which was partially transformed to iron (0) 
forming a redox buffer. 

The introduction of Fe3O4 did not affect the thermobaric conditions of methane 
transformation. Pure iron and water were detected in the reaction products. This gives us 
the possibility to suggest the following pathway of reactions: 

 4 3 4 2 6 2CH Fe O C H Fe H O       (5) 
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 4 3 4 2CH Fe O C Fe H O     (6) 

The experimental results confirming the possibility of synthesis of natural gas from 
inorganic compounds under the upper mantle conditions were published in [Kutcherov et al., 
2010]. The experimental results received in CONAC high-pressure chamber and in a split-
sphere high-pressure device [6] are shown in Table 2. The gas chromatography and X-ray 
technique were used to analyze the reaction products.  

If the carbon donor was CaCO3 (experiments 1 and 2), the methane concentration in the 
produced mixture was as that in “fat” (rich in heavy hydrocarbons) natural gas (as at the 
Vuktilskoe gas field). If the carbon donor was individual carbon (experiments 3 and 4), the 
hydrocarbon composition corresponded to “dry” (methane-rich) natural gas (as at the 
Severo - Stavropolskoe gas field). Rapid cooling (quenching) fixes CH4 and C2H6/C2H4 in the 
reaction products. After cooling for 4 h (experiment 4), the amount of CH4 and C2H6/C2H4 in 
the reaction products increases by a factor of tens, and heavier hydrocarbons up to 
C4H10/C4H8 emerge. Thus, the time of cooling of the fluid forming at high pressure (e.g., in 
the course of its jet migration to the surface) has a significant effect on the final composition 
of the fluid. A decrease in the rate of cooling of the initial fluid results in synthesis of heavier 
saturated hydrocarbons in the mixture. Then, at the first stage, in case of quenching 
(experiment 3), the reaction is the following:  

 2 2Fe H O FeO H     (7) 

and in case of slow cooling (experiment 4), the reaction is  

 2 3 4 23 4 4Fe H O Fe O H            (8) 

At the second stage, in both cases, hydrocarbons can be assumed to form from carbon and 
hydrogen by the reactions 

 2 2 2( 1) n nnC n H C H      (9) 

 2 2n nnC nH C H   (10) 

Cooling shifts the equilibrium of the reaction between Fe(0) and water toward the formation 
of hydrogen and stronger iron oxidation. The fact that reaction (8) involves more hydrogen 
than reaction (7) does results in an increase in the amounts of hydrocarbons in reactions (9) 
and (10). However, although the influence of the quenching time is obvious, the full 
explanation of this effect requires further investigation.  

4. Formation of oil and gas deposits in the light of the abiogenic deep 
origin of hydrocarbons 

The theory of the abiogenic deep origin of hydrocarbons denies the lateral migration of oil 
and gas in their reservours unless a hydrodynamic (hydraulic) fluid movement exists.  
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Experiment, 
reagents (mg), 

cooling rate 

Concentration, mol.% 
CH4, 
μmol 

СО2 N2 СО СН4 С2Н4 

С2Н6 

С3Н6 

С3Н8

С4Н8 

С4Н10

С5Н10 
С5Н12 

 Toroidal high-pressure apparatus (CONAC) 

experiment A quenching          
CaCO3(104.5)+Fe(174.6)+ 

H2O(45.3) 
0.0 tr. 0,0 71.4 25.8 2.5 0.25 0 6.28 

          
experiment B quenching          
CaCO3(104.7)+Fe(174.6)+ 

D2O(42.6) 0.0 tr. 0.0 71.1 25.3 3.2 tr. tr. 4.83 

          

 Split-sphere high-pressure device (BARS) 

experiment C quenching          
C(24.5)+Fe(60.2)+H2O(10.1) 0 0 0 96.1 3.84 0 0 0 0.23 

          
experiment D 4 h. cooling          
C(21.3)+Fe(98.6)+H2O(15.1) 0 0 0 93.2 6.21 0.42 0.16 0 5.4 

          
Severo-Stavropolskoe gas 

field
0.23 - - 98.9 0.29 0.16 0.05 -  

Vuctyl’skoe gas field 0.1 - - 73.80 8.70 3.9 1.8 6.40  

Table 2. The experimental results received in CONAC high-pressure chamber and in a split-sphere 
high-pressure device 

Capillary forces which are related to the pore radius and to the surface tension across the 
oil-water (or gas-water) interface (the process is decribed by Laplace’s Equation) are, 
generally, 12-16 thousand times stronger than the buoyancy forces of oil and gas (according 
to NavierStockes Equation) in the natural porous, permeable media of subsurface. 
According to the theory of the abiogenic deep origin of hydrocarbons oil and gas 
accumulations are born as follows. Rising from sub-crust zones through the deep faults and 
their feather joints or fissures the deep petroliferous fluid is injected under high pressure 
into any rock and distributed there. The hydrocarbon composition of oil and gas 
accumulations formed this way depends on cooling rate of the fluids during their injection 
into the rocks of the Earth’s Crust. When and where the further supply of injected 
hydrocarbons from the depth stops, the fluids do not move further into any forms of the 
Earth Crust (anticline, syncline, horizontal and tilted beds) without the re-start of the 
injection of the abyssal petroliferous fluids. The most convincing evidence of the above-
mentioned mechanism of oil and gas deposit formations is the existence of such giant gas 
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 4 3 4 2CH Fe O C Fe H O     (6) 
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 2 3 4 23 4 4Fe H O Fe O H            (8) 
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 2 2 2( 1) n nnC n H C H      (9) 

 2 2n nnC nH C H   (10) 
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fields as Deep Basin (Figure 3), Milk River and San Juan (the Alberta Province of Canada 
and the Colorado State, U.S.A.) The formation of these giant gas fields questions the 
existence of any lateral migration of oil and gas during the oil and gas accumulation process. 
Those giant gas fields occur in synclines where gas must be generated but not be 
accumulated, according to the hypothesis of biotic petroleum origin and hydrodynamically 
controlled migration. The giant gas volumes (12.51012 cu m in Deep Basin, 935109-cu m in 
San Juan, 255109 cu m in Milk River) are concentrated in the very fine-grained, tight, 
impermeable argillites, clays, shales and in tight sandstones and siltstones [Masters, 1979]. 
These rocks are usually accepted as source rocks cap rocks/seals rocks in petroleum geology 
but by no means of universally recognized reservoir rocks of oil and natural gas. All the gas-
saturated tight rocks here are graded updip into coarse-grained, highly-porous and highly-
permeable aquifers with no visible tectonic, lithological and stratigraphic barriers to prevent 
updip gas migration. Therefore, the tremendous gas volumes of above-mentioned gas fields 
have the tremendous buoyancy but it never overcomes capillary resistance in pores of the 
water-saturated reservoir rocks. Gas is concentrated in the tight impermeable sand which is 
transformed progressively and continuously updip into the coarse-grained, high-porous 
and high-permeable sand saturated by water. 

5. Natural gas and oil in the recent sea-floor spreading centers 

Petroleum of abyssal abiogenic origin and their implacement into the crust of the Earth can 
take place in the recent sea-floor spreading centres in the oceans. Igneous rocks occupy 99 % 
of the total length (55000 km) of them while the thickness of sedimentary cover over the 
spreading centres does not exceed 450-500 m [Rona, 1988]. Additionally sub-bottom 
convectional hydrothermal systems discharge hot (170-430 degrees C) water through the sea 
bottom’s black and white “smokers”. Up to now more than 100 hydrothermal systems of 
this kind have been identified and studied by in scientific expeditions using submarines 
such as «ALWIN», «Mir», «Nautile», and «Nautilus» in the Atlantic, Pacific and Indian 
oceans respectively. Their observations pertaining to the deep abiogenic origin of petroleum 
are as follows: 

 the bottom “smokers” of deepwater rift valleys vent hot water, methane, some other 
gases and petroleum fluids. Active “plumes” with the heights of 800-1000 m venting 
methane have been discovered in every 20-40 km between 12oN and 37oN along the 
Mid-Atlantic Ridge (MAR) over a distance of 1200 km. MAR’s sites – TAG (26oN), 
Snake Pit (23oN), Logatchev (14o45'N), Broken Spur (29oN), Rainbow (37o17'N), and 
Menez Gwen (37o50'N) are the most interesting.  

 At the Rainbow site, where the bottom outcrops are represented by ultramafic rocks of 
mantle origin the presence of the following substances were demonstrated (by 
chromatography/mass-spectrometry): CH4; C2H6; C3H8; CO; CO2; H2; H2S, N2 as well as 
petroleum consisted of n-C16−n-C29 alkanes together with branched alkanes, diaromatics 
[Charlou et al., 1993, 2002]. Contemporary science does not yet know any microbe which 
really generates n-C11 – n-C22 alkanes, phytan, pristan, and aromatic hydrocarbons. 
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 At the TAG site no bottom sediments, sedimentary rocks [Simoneit, 1988; Thompson et 
al., 1988], buried organic matter or any source rocks. The hydrothermal fluid is very hot 
(290/321 degree C) for any microbes. There are the Beggiatoa mats there but they were 
only found at some distances from “smokers”.  

 Active submarine hydrothermal systems produce the sulfide-metal ore deposits along the 
whole length of the East Pacific Rise (EPR). At 13oN the axis of EPR is free of any sediment 
but here aliphatic hydrocarbons are present in hot hydrothermal fluids of black 
“smokers”. In the sulfide-metal ores here the methane and alkanes higher than n-C25 with 
prevalence of the odd number of carbon atoms have been identified [Simoneit, 1988].  

 Oil accumulations have been studied by the «ALVIN» submarine and by the deep 
marine drilling in the Gulf of California (the Guaymas Basin) and in the Escanaba 
Trough, Gorda Ridge [Gieskes et al., 1988; Koski et al., 1988; Kvenvolden et al., 1987; 
Lonsdale, 1985; Peter et al., 1988; Simoneit, 1988; Simoneit et al., 1982; Thompson et al., 1988] 
of the Pacific Ocean. These sites are covered by sediments. However, petroleum fluids 
identified there are of hydrothermаl origin according to Simoneit, Lonsdale [1982] and no 
source rocks were yet identified there.  

 As for other sites over the Globe, scientific investigations with the submarines have 
established that the methane “plumes” occur over the sea bottom “smokers” or other 
hydrothermal systems in Red Sea, near Galapagos Isles, in Mariana and Tonga deepwater 
trenches, Gulf of California, etc. [Baker et al., 1987; Blanc et al., 1990; Craig et al.1987; Evans et 
al., 1988; Horibe et al., 1986; Ramboz et al., 1988]. Non-biogenic methane (105-106 cu m/year) 
released from a submarine rift off Jamaica [Brooks, 1979] has been also known. 

 

 
Figure 4. Cross section of Alberta showing gas-saturated sands of Deep Basin [Masters 1979]. 
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A recent investigation along the Mid-Atlantic Ridge 2,300 miles east of Florida confirms that 
the hydrogen-rich fluids venting at the bottom of the Atlantic Ocean in the Lost City 
Hydrothermal Field were produced by an abiotic synthesis of hydrocarbons in the Mantle of 
the Earth (Fig. 3) [Proskurowski et al., 2008]. Quantitatively speaking the sea-floor spreading 
centres may vent 1.3109 cu m of hydrogen and 16107 cu m methane annually [Welhan et al., 
1979].  

Data discussed below confirm the following: 

1. Source rocks accounting for the volume of the petroleum venting described are not 
available; 

2. The natural gas and petroleum fluids in the recent sea-floor spreading centres can be 
explained as a result of the vertical migration of the Mantle fluids. 

6. Bitumen and hydrocarbons in native diamonds 

A presence of bitumen and hydrocarbons in native diamonds, carbonado and kimberlites 
could be taking into a consideration as the evidence confirming the abyssal petroleum 
origin. Studying the native diamonds, carbonado and kimberlites under the microscope 
many scientists from several countries have found the numerous primary fluid inclusions 
which have been opened due to the specific methods. Fluid contents of primary fluid 
inclusions have been recovered without any contamination and studied by mass-
spectrometry/gas-chromatography. Results of such investigations carried-out on the 
samples from Africa, Asia, Europe, North and South America can be summarized as 
follows. 

The well-known diamond-producing mines such as the Dan Carl, Finsh, Kimberley, and 
Roberts Victor are located in the kimberlite pipes of the South Africa. There the African 
shield is characterized by the remarkable disjunctive dislocations and non-orogenic 
magmatism which has produced a great number of the carbonatite and kimberlite intrusions 
and explosion pipes in the area around Lake Tanganyika, Lake Malawi and Lake Victoria 
between 70 Ma and 3000 Ma ago [Irvine, 1989]. These lakes are in the Great East-African Rift 
Valley. The Valley’s margins and disjunctive edges consist of the African shield crystalline 
rocks. 258 samples of diamonds from this area have been investigated under the microscope 
[Deines et al., 1989]. The investigation has shown the presence of primary fluid inclusions in 
all samples investigated. These samples have been disintegrated into the small particles in 
vacuum of about 1.310-6 Pa and 200 degrees C. The gas mixture from each sample was 
received. Mass-spectrometric/gas-chromatographic studies of the mixtures are shown in 
Table 3.  

The same hydrocarbons and gases mixtures were detected in natural diamonds from 
Congo, Brazil [Melton et al., 1974] and Zaire [Giardini et al., 1982] (Table 3). 

The composition of the primary fluid inclusions composition has been studied by mass-
spectrometer in seven native Arkansas diamonds. The result of investigation has confirmed 
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the presence of the different kinds of hydrocarbon in all samples (Table 3) [Melton et al., 
1974].  

In a Brazil carbonado primary fluid inclusions comprise a set of heavy hydrocarbons (Table 
3). Pyrope (Mg3Al2(SiO4)3) and olivine which were recovered from diamond crystals and 
kimberlites of the Mir, Ruslovoye, and Udatchnoye Eastern diamond-bearing pipes, East 
Siberia, Russia contain a number of different hydrocarbons (Table 3) [Kulakova et al., 1982; 
Kaminski et al., 1985]. According to Makeev et al. [2004] 9-to-27 forms of metallic films were 
found and studied upon the crystal faces of diamonds from Brazil and from the Middle 
Timan, Ural and Vishera diamonds in the European part of Russia. These films consist of 
aluminum, cadmium, calcium, chrome, cerium, copper, gold, iron, lanthanum, lead, 
magnesium, neodymium, nickel, palladium, silver, tin, titanium, ytterbium, yttrium, zinc, 
zirconium and of precious metals including even Au2Pd3. The thickness of these films is 
from fractions of micrometer to several micrometers. These films are the evidences for the 
growth of diamonds from carbon dissolved in the melt of gold and palladium [Makeev, 
Ivanukh, 2004]. The coarseness of the diamond crystals in kimberlite and lamprophyre pipes 
depends on the sizes of precious metal droplets in the respective zone – in the Earth’s upper, 
transitional, and lower Mantle. 

 
Region Gas mixture concentration, vol. % 

Africa 
Diamonds 

CH4, C2H4, C3H6, solid hydrocarbons, C2H5OH, Ar, CO, CO2, H2, 
O2, H2O, and N2 

Congo, Brazil, Zaire 
Diamonds 

5.8 of CH4; 0.4 of C2H4; 2.0 of C3H6; traces of C4H8; C4H10 and solid 
hydrocarbons 

Arkansas, U.S.A. 
diamonds 

0.9-5.8 of CH4; 0.0-5.2 of CH3OH; 0.0-3.2 of C2H5OH; 1.2-9.4 of 
CO; 5.3-29.6 of CO2; 1.5-38.9 of H2; 2.9-76.9 of H2O; 0.0-87.1 of N2; 
0.0-0.2 of Ar 

Brazil carbonado the homologies of naphthalene (C10H8), phenanthrene (C14H10), 
and pyrene (C16H10). Total concentration varies from 20 to 
38.75 g/t 

East Siberia, Russia 
diamonds and 
kumberlites 

C6H6; C12H10; C20H12; C16H10, and other polynuclear aromatic 
hydrocarbons. Total concentration is about 0.136 g/t 

Table 3. Results of Investigation of Gas Mixtures from Native Diamonds, Carbonado and Kumberlites 

Investigation primary fluid inclusions in diamonds have shown a presence of bitumen in 
diamonds. The primary inclusions preserved in natural diamonds are bitumen inclusions 
and contain mantle hydrocarbons. This evidences that the source materials for the abyssal, 
natural synthesis of diamonds were the hydrocarbon fluids which have saturated the 
outgassing mantle and enabled mantle silicates to be reduced to native metals. The Brazil 
natural diamonds were sampled from the Juine kimberlite pipe field of the Mato Grosso 
State, Brazil. The Juine Later Cretaceous kimberlites contain five mineral associations related 
to the different facies and depths which are reflected in Table 4. One of the Juine diamonds 
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the presence of the different kinds of hydrocarbon in all samples (Table 3) [Melton et al., 
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Table 3. Results of Investigation of Gas Mixtures from Native Diamonds, Carbonado and Kumberlites 

Investigation primary fluid inclusions in diamonds have shown a presence of bitumen in 
diamonds. The primary inclusions preserved in natural diamonds are bitumen inclusions 
and contain mantle hydrocarbons. This evidences that the source materials for the abyssal, 
natural synthesis of diamonds were the hydrocarbon fluids which have saturated the 
outgassing mantle and enabled mantle silicates to be reduced to native metals. The Brazil 
natural diamonds were sampled from the Juine kimberlite pipe field of the Mato Grosso 
State, Brazil. The Juine Later Cretaceous kimberlites contain five mineral associations related 
to the different facies and depths which are reflected in Table 4. One of the Juine diamonds 
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sampled near Sao Luis Creek was the lower Mantle diamond and comprised the primary 
fluid inclusions with the lower Mantle bitumens [Makeev et al., 2004]. 

13C for 213 diamonds from the different pipes was analyzed. 13C is ranged from -1.88 to -
16 ‰ [Deines et al., 1989]. The chemical and isotope peculiarities of natural diamonds reflect 
the different Mantle media and environments. Diamonds with 13C from -15 to -16 ‰ come 
from the region at a lower depth than the natural diamonds with 13C from -5 to -6 ‰.  

Conclusions: 

1. No doubt, that diamonds, carbonado and kimberlites are formed at great depths. 
2. Presence of the inhibited primary hydrocarbon inclusions in diamonds, carbonado and 

kimberlites testifies that hydrocarbon Mantle fluids were a material for synthesis of 
these minerals in the Mantle.  

3. Presence of abiotic hydrocarbon fluids in the Mantle of the Earth is scientifically proved 
evidence. 

7. Petroleum in meteor impact craters 

Petroleum reserves in meteor impact craters posses a great potential. At the present moment 
there are about 170 meteor impact craters identified in all continents and in the world ocean 
bottom. Impact fracturing can occur to depths of 35-40 km and penetrate into the Earth’s 
mantle. The impact fractures are the result of impacts of asteroids, bolides, comets on the 
Earth. When a massive cosmic object impacts the Earth surface with the velocity in the range 
from 15 to 70 km/s it accompanies the explosion. According to experiments devoted to 
mechanisms and models of cratering in the Earth media, the hyper fast impact creates 
temperature of 3000 degrees C and pressure of 600-900 kbar in the rocks of different 
compositions and generates their disintegration, pulverization, vaporization/exhalation, 
oxidation and hydrothermal transformation. As the result of the above-mentioned events 
and processes the meteorite (comet) impact transforms any non-reservoir rock into a porous 
and permeable reservoir rock [Curran et al., 1977; Masaitis et al., 1980; Donofrio, 1981]. 

Petroleum reserves were found in onshore and offshore meteor impact craters carbonate, 
sandstone and granite rocks over the world [Donofrio, 1998; India, 2006] (Table 4). Granites 
compose the crystalline basement of meteor impact craters whereas the carbonates and 
sandstones compose the sedimentary infill of the crater. Their producing depth is 
determined from 61 to 5185 m; the total production is from 4.8 to 333,879 m3/d of oil and 
from 7363 m3/d to 39.6106 m3/d of gas; the total proven reserves are from 15,899 m3 to 
4770106 m3 of oil, 48106 m3 of condensate and from 56.6106 to 424.8109 m3 of gas [Donofrio, 
1998].  

The richest petroleum meteor impact crater Cantarell is in Mexico. Its cumulative 
production exceeds 1.1109 m3 of oil and 83109 m3 of gas. The current remnant recoverable 
reserves are equal to 1.6109 m3 of oil and 146109 m3 of gas in three productive zones. They 
produce currently 206,687 m3/d of oil, and 70 % of it is recovered from carbonate breccia 
only. Its porosity is 8-12 % and the permeability is 3000-5000 millidarcies. Occurring at the  
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Impact crater Country Age, Ma Diameter, km 
Akreman (onshore) Australia 600 100 
Ames (onshore) oil&gas deposits in 
carbonates and granites 

U.S.A. 470±30 15 

Avak (onshore) gas deposits in sandstones U.S.A. 3-95 12 
Can-Am (onshore) Canada and 

U.S.A. 
500 100 

Calvin (onshore) oil deposits in carbonates U.S.A. 450±10 8.5 
Chicxulub (offshore) oil&gas deposits in 
carbonates 

Mexico 65 240 

Kara (onshore) Russia 60 65 
Marquez (onshore) oil&gas deposits in 
carbonates and sandstones 

U.S.A. 58±2 12.7 

Newporte (onshore) oil&gas deposits in 
carbonates and sandstones 

U.S.A. <500 3.2 

Popigai (onshore) Russia 39 100 
Red Wing Creek (onshore) oil&gas 
deposits in carbonates  

U.S.A. 200±25 9 

Sierra Madera (onshore) gas deposits in 
carbonates  

U.S.A. <100 13 

Shiva (offshore) India 15 500 
South Caribbean crater (offshore) Colombia 65 300 
South Cuban crater (offshore) Cuba 65 225 
Steen River (onshore) oil deposits in 
carbonates and granites  

Canada 91±7 25 

Viewfield (onshore) oil&gas deposits in 
carbonates  

Canada 190±20 2.5 

Wredefort (onshore) South Africa 1970 140 

Table 4. Parameters of the biggest and petroleum productive impact craters 

Tertiary Cretaceous boundary this breccia is genetically related to Chicxulub impact crater 
the diameter of which is now measured to be 240 km [Grajales-Nishimura et al., 2000]. 

Calculating with an average porosity, permeability and water saturation of the over crater 
breccia and fracturity of the undercrater crystalline Earth Crust together with the rocks 
which arround the crater the petroleum potential of the single meteor impact crater having 
the diameter of 20 km can exceed the total proven oil-and-gas reserves of the Middle East 
[Donofrio, 1981]. Donofrio [1981] also estimates that during the last 3000 Ma the meteorite-
comet bombardment of the Earth must have created 3060 onshore meteor impact craters of 
similar diameters. Krayushkin [2000] calculates with 7140 submarine meteor impact craters 
can be equal to about 121014 m3 of oil and 7.41014 m3 of gas. 
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can be equal to about 121014 m3 of oil and 7.41014 m3 of gas. 
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The oil and gas in the meteor impact craters cannot be biogenic according since: 

1. Any intercrater source rocks are destroyed, disintegrated, melted and pulverized 
together with all the other rocks at the site of the meteorite impact [Masaitis et al.,  
1980];  

2. After the impact any lateral petroleum migration from the non-crater zones into the 
crater through the concentric ring uplifts of 100-300 m high and concentric ring trenches 
of 100-300 m deep which surround the central uplift of the crater is not enabled.  

8. Oil and gas deposits in the Precambrian crystalline basement 

Crystalline crust of the Earth is the basement of 60 sedimentary basins with commercial oil 
and gas deposits in 29 countries of the world. Additionally, there are 496 oil and gas fields in 
which commercial reserves occur partly or entirely in the crystalline rocks of that basement. 
55 of them are classified as giant fields (>500 Mbbls) with 16 non-associated gas, 9 gas-oil 
and 30 undersaturated oil fields among them (Table 5). 

 
Deposit Country Proven reserves 

Achak (gas field) Turkmenistan 155109 cu m 
Gugurtli (gas field) Turkmenistan 86109 cu m 

Brown-Bassett (gas field) UK 73109 cu m 
Bunsville (gas field) U.S.A. 85109 cu m 
Gomez (gas field) U.S.A. 283109 cu m 

Lockridge (gas field) U.S.A. 103109 cu m 
Chayandinskoye (gas field) Russia 1,240109 cu m 

Luginetskoye (gas field) Russia 86109 cu m 
Myldzhinskoye (gas field) Russia 99109 cu m 
Durian Mabok (gas field) Indonesia 68.5109 cu m 

Suban (gas field) Indonesia 71109 cu m 
Gidgealpa (gas field) Australia 153109 cu m 
Moomba (gas field) Australia 153109 cu m 
Hateiba (gas field) Libya 411109 cu m 

Bach Ho (oil and gas field) Vietnam 
600106 t of oil and 37109 cu m of 

gas 

Bombay High (oil and gas field) India 1640106 t of oil and 177109 cu m of 
gas 

Bovanenkovskoye (oil and gas) Russia 
55106 t of oil and 2400109 cu m of 

gas 

Tokhomskoye (oil and gas field) Russia 
1200106 t of oil and 100109 cu m of 

gas 
Coyanosa (oil and gas field) U.S.A. 6106 t of oil and 37109 cu m of gas 

 
Abiogenic Deep Origin of Hydrocarbons and Oil and Gas Deposits Formation 15 

Deposit Country Proven reserves 

Hugoton-Panhandle (oil and gas) U.S.A. 223106 t of oil and 2000109 cu m of 
gas 

Peace River (oil and gas field) U.S.A. 19000106 t of oil and 147109 cu m 
of gas 

Puckett (oil and gas field) U.S.A. 87.5106 t of oil and 93109 cu m of 
gas 

La Vela (oil and gas field) Venezuela 54106 t of oil and 42109109 cu m of 
gas 

Amal (oil field) Libya 583106 t 
Augila-Nafoora (oil field) Libya 178106 

Bu Attifel (oil field) Libya 90106 
Dahra (oil field) Libya 97106 
Defa (oil field) Libya 85106 
Gialo (oil field) Libya 569106 

Intisar “A” (oil field) Libya 227106 
Intisar “D” (oil field) Libya 182106 

Nasser (oil field) Libya 575106 
Raguba (oil field) Libya 144106 

Sarir (oil field) Libya 1150106 
Waha (oil field) Libya 128106 
Claire (oil field) UK 635106 

Dai Hung (oil field) Vietnam 60-80106 
Su Tu Den (oil field) Vietnam 65106 
Elk Basin (oil field) U.S.A. 70106 

Kern River (oil field) U.S.A. 200.6106 
Long Beach (oil field) U.S.A. 121106 
Wilmington (oil field) U.S.A. 326106 
Karmopolis (oil field) Brazil 159106 

La Brea-Pariñas-Talara (oil field) Peru 137106 
La  Paz  (oil field) Venezuela 224106 

Mara (oil field) Venezuela 104.5106 
Mangala (oil field) India 137106 

Renqu-Huabei (oil field) China 160106 
Shengli (oil field) China 3230106 

Severo-Varieganskoye (oil field) Russia 70106 
Sovietsko-Sosninsko-

Medvedovskoye (oil field) 
Russia 228106 

 

Table 5. Giant and Supergiant Petroleum Deposits in the Precambrian Crystalline Basement 
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Table 5. Giant and Supergiant Petroleum Deposits in the Precambrian Crystalline Basement 
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They contain 9432109 m3 of natural gas and 32,837106 tons of crude oil, i.e., 18 % of the total 
world proven reserves of oil and about 5.4 % of the total world proven reserves of natural 
gas. 

In the crystalline basement the depths of the productive intervals varies of 900-5985 m. The 
flow rates of the wells is between 1-2 m3/d to 2,400 m3/d of oil and 1000-2000 m3/d to 
2.3106 m3/d of gas. The pay thickness in a crystalline basement is highly variable. It is 320 m 
in the Gomez and Puckett fields, the U.S.A.; 680 m in Xinglontai, China; 760 m in the DDB’s 
northern flank. The petroleum saturated intervals are not necessarity right on the top of the 
crystalline basement. Thus, oil was discovered at distance of 18-20 m below the top of 
crystalline basement in La Paz and Mara fields (Western Venezuela), 140 m below the 
basement’s top in the Kazakhstan’s Oimasha oil field. In the Baltic Shield, Sweden the 1 
Gravberg well produced 15 m3 of oil from the Precambrian igneous rocks of the Siljan Ring 
impact crater at the depth of 6800 m. In the Kola segment of the Baltic Shield several oil-
saturated layers of the Precambrian igneous rocks were penetrated by the Kola ultra-deep 
well at the depth range of 7004-8004 m. 

One of the most success stories of the practical application of the theory of the abyssal 
abiogenic origin of petroleum in the exploration is the exploration in the Dnieper-Donetsk 
Basin (DDB), Ukraine [Krayushkin et al. 2002]. It is a cratonic rift basin running in a NW-SE 
direction between 30.6oE-40.5oE. Its northern and southern borders are traced from 50.0оN-
51.8oN and 47.8oN-50.0oN, respectively. In the DDB’s northern, monoclinal flank the 
sedimentary sequence does not contain any salt-bearing beds, salt domes, nor 
stratovolcanoes and no sourse rocks. Also this flank is characterized by a dense network of 
the numerous syn-thethic and anti-thethic faults. These faults create the mosaic fault-block 
structure of crystalline basement and its sedimentary cover, a large number of the fault traps 
(the faulted anticlines) for oil and natural gas, an alternation uplifts (horsts) and troughs 
(grabens). The structure of the DDB’s northern flank excludes any lateral petroleum 
migration across it from either the Donets Foldbelt or the DDB’s Dnieper Graben. 

Consequently, the DDB’s northern flank earlier was qualified as not perspective for 
petroleum production due to the absence of any “source rock of petroleum” and to the 
presence of an active, highly dynamic artesian aquifer. However, after a while the 
perspectivity of this area was re-interpreted, re-examined in compliance with the theory of 
the abyssal abiogenic origin of petroleum starting with the detailed analysis of the tectonic 
history and geological structure of the crystalline basement in the DDB’s northern 
monoclinal flank. Subsequently respective geophysical and geochemical procpecting 
programmes were accepted primarily for exploring deep-seated petroleum. 

Late 1980’s-early 1990’s 61 wells were drilled in the DDB’s northern flank. 37 of them 
proved commercially productive (the exploration success rate is as high as 57 %) 
discovering commercial oil and gas strikes in the Khukhra, Chernetchina, Yuliyevka, and 
other areas. A total of 12 oil and gas fields discovered worth $ 4.38 billion in the prices of 
1991 and $ 26.3 billion in the prices of 2008. For the discovery of these new oil and gas 
accumulations I.I.Chebanenko, V.A.Krayushkin, V.P.Klochko, E.S. Dvoryanin, V.V.Krot, 
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P.T.Pavlenko, M.I.Ponomarenko, and G.D.Zabello, were awarded the State Prize of Ukraine in 
the Field of Science and Technology in 1992 [Chebanenko et al., 2002]. 

Today there are 50 commercial gas and oil fields known in the DDB’s northern flank. Data 
obtained from drilling in many of these areas shows that the crystalline basement of 
northern flank consists of amphibolites, charnockites, diorites, gneisses, granites, gra-
nodiorites, granito-gneisses, migmatites, peridotites, and schists. 32 of commercial fields 
have oil and/or gas accumulations in sandstones of the Middle and Lower Carboniferous 
age. 16 other fields contain reservoirs in the same sandstones but separately from them - in 
amphibolites, granites and granodiorites of crystalline basement as well. Two fields contain 
oil pools in the crystalline basement only.  

An exploration drilling in the DDB’s northern flank has discovered five petroleum 
reservoirs in the Precambrian crystalline basement rock complex at the depths ranging from 
several meters to 336 meters below the top of crystalline basement. Gas- and oil-shows have 
been found in the Precambrian crystalline basement rocks as deep as 760 m below the top of 
crystalline basement. The seal rock for the reservoirs in the Carboniferous period sand-
stones are shallower shale formations. This is typical for petroleum pools in sedimentary 
beds. The cap rock for the reservoirs in the Precambrian crystalline basement is the 
impervious, non-fractured, essentially horizontal, layer-like zones of crystalline rock which 
alternate with the fractured, un-compacted, bed-like zones of granite, amphibolite and the 
other crystalline rocks mentioned above [Krayushkin et al., 2001]. 

The exploration drilling in the DDB’s northern flank is still in progress and continues to yield 
success in the 100x600 km petroliferous strip of the DDB’s northern flank. Its proven 
petroleum reserves are already equal to 289106 tons ($230 billion at 50 USD/bbl oil prices). The 
DDB’s northern flank is even more attractive with its total perspective “in place” petroleum 
resources which amounts to about 13,000106 tons (~80,000 bbls) of oil equivalent in an area of 
48,000 sq km. The petroleum potential of the DDB’s southern flank should not be neglected 
either with a total “in place” prognostic petroleum resources of about 6000106 tons of oil 
equivalent in an area of 22,000 sq km. Here several promising leads with oil-shows can be 
found in the crystalline basement and its sedimentary cover [Chebanenko et al., 1996]. 

Abyssal abiogenic petroleum has been discovered in China as well: the giant Xinjiang gas 
field contains about 4001012 m3 of abiogenic natural gas [Zhang, 1990]. Chinese petroleum 
geologists estimated this quantity in volcanic island arcs, trans-arc zones of mud volcanism, 
trans-arc rift basins, trans-arc epicontinental basins, deep fault zones and continental rift 
basins. 

Conclusions: 

1. According to the traditional biotic petroleum origin hypothesis the DDB’s northern 
flank was qualified as possessing no potential for petroleum production.  

2. Based on the theory of the abyssal abiogenic origin of petroleum 50 commercial gas and 
oil deposits were discovered in this area. This is the best best evidence confirming the 
theory.  
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P.T.Pavlenko, M.I.Ponomarenko, and G.D.Zabello, were awarded the State Prize of Ukraine in 
the Field of Science and Technology in 1992 [Chebanenko et al., 2002]. 
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nodiorites, granito-gneisses, migmatites, peridotites, and schists. 32 of commercial fields 
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Abyssal abiogenic petroleum has been discovered in China as well: the giant Xinjiang gas 
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Conclusions: 
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theory.  
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9. Deep and ultra-deep petroleum reservoirs 

In this part of the chapter we discuss how far the distribution, location and reservoir 
conditions in the deep and ultra-deep petroleum deposits can be explained by the 
traditional biotic petroleum origin. The key points are as follows:  

 deep and ultra-deep petroleum fields are below “the main zone of petroleum 
formation” determined by the traditional biotic petroleum origin hypothesis i.e the 
depth of 2-4 km and in exceptional cases – on the depth down to maximum 8 km. 

 reservoir temperature of these fields is much higher than the optimal temperature range 
of the traditional biotic hypothesis of petroleum formation;  

 the biotic hypothesis suggests that with growing depth and temperature hydrocarbons 
are destructed, reservoir rock porosity drops, thus petroleum reserves should be 
significantly reduced. A presence of more than 1000 petroleum deposits at the depth 5-
10 km all over the world contradicts to these points –a seen below:  

There are more than 1000 commercial petroleum fields producing oil and/or natural gas 
from sedimentary rocks at the depths of 4500-10,685 m. These fields were discovered in 50 
sedimentary basins over the world. 

Russia. A number of oil-and-gas fields have been discovered in the depth of 4000-4600 m in 
Russia. The cumulative production of these fields is equal to 421106 t of oil, 45.5109 m3 of 
the associated oil gas and 641106 m3 of natural gas. Although these fields are not 
“ultradeep” reservoirs, but they are interesting from our points of view: they are associated 
with deep faults intersecting the whole sedimentary rock sequence. The “roots” of these 
deep faults extend underneath the basement part of lithosphere. The roots form vertical 
columns-(“pipes”) of high permeability/petroleum saturation and chains of oil and gas 
accumulations are connected to them. It was established that the traces of petroleum 
migration are entirely absent outside of anticline crests [Istratov, 2004]. 

Ukraine. 17 giant and supergiant gas fields were discovered in the Lower Carboniferous age 
sandstones of the Dnieper-Donets Basin at the depth range of 4500-6287 m. At these depths, 
the total proven reserves of natural gas is 142.6109 cu m. The total recoverable reserves of 
condensate is 2.3106 t [Gozhik et al., 2006]. 

U.S.A. In the U.S.A. more than 7000 boreholes with TD deeper than 4575 m were drilled 
between 1963-1979. In the Mesozoic-Cenozoic rift system of the Gulf of Mexico a regional of 
the deep-to-ultra-deep (the Upper Cretaceous) sands have been observed. With a width of 
32-48 km and a length of 520 km this trend extends along the Gulf of Mexico from New 
Orleans to the borderline between Louisiana and Texas. Many oil and gas fields were found 
in this formation over the area indicated at the depths of 4500-6100 m. Most of them have 
anomalously high reservoir temperature (Freeland field: 232 degrees C) what is much higher 
than the optimal temperature of petroleum formation from ancient organic materials. The 
total proven reserves of natural gas in the Tsucaloosa trend are equal to 170109 m3 but there 
is an opinion that only the central portion of  it contains potential resources as much as 
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850109 m3 of natural gas and 240106 m3 of condensate. [King, 1979; Matheny, 1979; Pankonien, 
1979; Sumpter, 1979]. 

 In 2009 BP has discovered the Tiber crude oil deposit in the Mexican Gulf. The well, 
located in Keathley Canyon block 102, approximately 400 kilometres south east of 
Houston, is in 1,259 metres of water. The Tiber well was drilled to a total depth of 
10,685 metres. The Tiber deposit holds between 4 billion and 6 billion barrels of oil 
equivalent, which includes natural gas (the third biggest find in the US) 
(http://www.bp.com/genericarticle.do?categoryId=2012968&contentId=7055818). 

10. Supergiant oil and gas accumulations 

One of the main problems of the traditional biotic petroleum origin hypothesis is the 
identification of biotic sources and material balance of the hydrocarbon generation for most 
of supergiant oil and gas fields.  

Middle East. In the Middle East proven recoverable reserves are equal to 101109 t of oil and 
75.81012 m3 of gas respectively as of the end 2010 [BP, 2011]. Saudi Arabia’s proven reserves 
are 36109 t of oil and 81012 m3 of natural gas [BP, 2011]. Most of these reserves are located in 
ten supergiant gas and oilfields (Table 6) [International, 1976; Alhajji, 2001, The List, 2006]. 
These giant oil fields give oil production from the Jurassic-Cretaceous granular carbonates. 
All these crude oils have very similar composition referring to a common source. Such 
source is the Jurassic-Cretaceous thermally mature, thin-bedded organic rich carbonate 
sequence (3-5 mass %). Organic material is concentrated in dark, 0.5-3.0 mm thin beds 
alternating with the lightly colored, similarly thin beds poor in organics. Let’s make a 
calculation of the oil might have been generated inside the basins of Saudi Arabia with an 
estimated “original-oil-in-place” of 127109 m3 [BP, 2011]. Areas within the sedimentary 
basins where the kerogen is mature (i.e. H/C ratio is 0.8-1.3), were mapped [Ayres et al., 1982] 
and multiplied by the thickness of the source zones. This simple calculation gives a volume 
of petroleum source rocks as high as 5000 cubic km. If we accept that 

 the volume of kerogen is equal to 10 % of the petroleum source rocks volume,  
 the coefficient of transformation of kerogen into bitumen is equal to 15 %, 
 that 10 % of this bitumen can migrate out of the petroleum source rocks, 

we come to the conclusion, that only 7.5109 m3 of oil could migrate out of the petroleum 
source rocks. This is less than 6 % of Saudi Arabia’s estimated “in place” oil reserves. Note, 
that if the kerogen transformation parameters are twice as high as taken here (i.e. 20%, 30% 
and again 20% respectively), the OOIP is still 60·109m3 i.e. half of the booked value. 

Where did 94 % of Saudi Arabia’s recoverable oil come from? This question is not a 
rhetorical one because any other source of beds of petroleum is absent in the subsurface of 
Saudi Arabia as well as of all countries mentioned above, according to Ayres et al. [1982], and 
Baker et al. [1984]. Bahrain, Iran, Iraq, Kuwait, Oman, Qatar, Saudi Arabia, Syria, United 
Arab Emirates and Yemen occur in the same sedimentary basin – the Arabian-Iranian Basin, 
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where Dunnington [1958; 1967] established the genetic relationship, i.e. the single common 
source of all crude oils. 

Canada. The West Canadian sedimentary basin attracts a great attention also. There is the 
unique oil/bitumen belt extended as the arc-like strip of 960 km length from Peace River 
through Athabasca (Alberta Province) to Lloydminster (Saskatchewan Province). This belt 
includes such supergiant petroleum fields as Athabasca (125 km width, 250 km length), 
Cold Lake (50 km, 125 km), Peace River (145 km, 180 km) and Wabaska (60 km, 125 km). 
Here the heavy (946.5-1.029 kg/m3)  and  viscous  (several hundred-several million cP) oil 
saturates the Lower 

 
Deposit Estimated reserves 

Ghawar 10.2109-11.3109 t of oil 
1.51012 m3 of gas 

Safaniyah 4.1109 t of oil 
Shaybah 2.0109 t of oil 
Abqaiq 1.6109 t of oil 

Berri 1.6109 t of oil 
Manifa 1.5109 t of oil 
Marjan 1.4109 t of oil 
Qatif 1.3109 t of oil 

Abu Safah 0.9109 t of oil 
Dammam 0.7109 t of oil 

Table 6. Supergiant Oil and Gas Deposits in Saudi Arabia 

Cretaceous sands and sandstones. These fields contain the “in place” oil reserves equal to 
92109-187109 m3 in Athabasca, 32109-75109 m3 in Cold Lake, 15109-19109 m3 in Peace River, 
4.5109-50109 m3 in Wabaska, and 2109-5109 m3 of oil/bitumen in Lloydminster, totally 
170109-388109 m3 [Vigrass, 1968; Wennekers, 1981; Seifert et al., 1985; Sincrude, 1992; Warters et 
al., 1995].  

The conventional understanding is, that the oil of Athabasca, Cold Lake, Lloydminster, 
Peace River and Wabasca generated from dispersed organic matter buried in the 
argillaceous shales of the Lower Cretaceous Mannville Group only. It is underlain by the 
Pre-Cretaceous regional unconformity and its thickness varies from 100 to 300 m. Its total 
volume is about 190103 cubic km with a 65 % shale content. Having the data of  the total 
organic carbon concentration (TOC), the hydrocarbon index (HI), constant of transformation 
(K), and all other values from the accepted geochemical model of the oil generation from the 
buried organic matter dispersed in clays-argillites, it was concluded that the Mannville 
Group could only give 71.5109 m3 of oil. It is in several times less than the quantity of oil 
(see above) which was totally estimated before 1985 in Athabasca, Cold Lake, Lloydminster, 
Peace River and Wabasca oil sand deposits [Moshier et al., 1985].  
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If  we accept other estimations of the volume of oil/bitumen “in place” in Athabasca, 
Wabasca, Cold Lake and Peace River area (~ 122,800 sq km) conducted by Alberta Energy 
Utilities Board (AEUB) and the National Energy Board (NEB), Canada the gap between the 
booked and organically generated quantities is even wider  (Table 12). AEUB estimated 
270109 m3 of bitumen “in place”, while NEB – 397109 m3 [Canadian, 1996].  

In the above-mentioned area there additionally are 200109-215109 m3 of heavy (986-
1030 kg/cu m) and viscous (106 cP under 16 degrees C) oil at the depth range of 75-400 m in 
the Upper Devonian carbonates (Grosmont Formation). They occur in the area of 70103 km2 
beneath the Athabasca/Cold Lake/Lloydminster/Peace River/Wabasca oil sand deposits 
[Wennekers, 1981; Seifert et al., 1985; Hoffmann et al., 1986].  

The total estimated reserves of bitumen “in place” in the above-mentioned area are between 
370109 and 603109 m3. If besides the Mannville clays and shales which could give 
71.5109 m3 of oil only there is no any other petroleum source rock, where is a biotic source 
for the rest of 82-88% of oil in this area?  

Venezuela. Something similar can be observed in the Bolivar Coastal oil field in Venezuela. 
According to Bockmeulen et al. [1983] the source rock of petroleum here is the La Luna 
limestone of the Cretaceous age. The estimated oil reserves are equal to 4.8109 m3 [The List, 
2006] with an oil density of 820-1000 kg/m3. The same kind of calculations that were done 
for Saudi Arabia above gives us the following result. One m3 of the oil-generating rock 
contains 2.510-2 m3 of kerogen which can generate 2.510-3 m3 bitumen giving 1.2510-4 m3 of 
oil within the accepted geochemical model of biotic petroleum origin. Having  this oil-
generating potential and the 4.8109 m3  of estimated oil reserves of the Bolivar Coastal field 
as a starting point, the necessary volume of oil source rock would be equal to 3.841013 m3. 
This is consistent with the oil-generating basin area of 110 km across if the oil source rock is 
1,000 m thick. The average thickness of La Luna limestone is measured with only 91 m 
[Bockmeulen et al., 1983). The diameter of the oil-generating basin would be therefore equal to 
370 km and area of this basin is equal approximately 50% of the territory of Venezuela what 
is geologically highly un-probable. 

11. Gas hydrates: the greatest source of abiogenic hydrocarbons 

Gas hydrates are clathrates. Looking as ice they consist of gas and water where the 
molecules of hydrate-forming gas (e.g., Ar, CH4, C2H6, C3H8, i-C4H10, Cl, CO, CO2, He, H2S, 
N2, etc.) are squeezed under the pressure of 25 MPa and more into the interstices of the 
water (ice) crystalline cage without any chemical bonding between molecules of water and 
gas. As a result thawing 1 m3 of gas hydrate at the sea level produces 150-200 m3 of gaseous 
methane and 0.87 m3 of fresh water. Naturally, the formation of gas hydrates takes place 
under the great velocity of fluid movement and under the certain combination of pressure 
and temperature. For example, methane hydrate arises under conditions of -236 degrees C 
and 210-5MPa; 57 degrees C and 1,146 MPa (Klimenko, 1989; Makogon, 1997; Lowrie et al., 
1999; Makogon et al., 2005). There are also the data that the formation of gas hydrate from the 
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N2, etc.) are squeezed under the pressure of 25 MPa and more into the interstices of the 
water (ice) crystalline cage without any chemical bonding between molecules of water and 
gas. As a result thawing 1 m3 of gas hydrate at the sea level produces 150-200 m3 of gaseous 
methane and 0.87 m3 of fresh water. Naturally, the formation of gas hydrates takes place 
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CH4/C3H8/CO2/H2O/H2S-mixture proceeds under such the high temperature increasing/such 
the high pressure decreasing that the gas hydrate of composition, above, arises and exists 
really in sea-bottom sediments where the depth of sea is only 50 m, e.g., in Caspian Sea 
[Lowrie et al., 1999].  

Visually the gas hydrates (“combustible ice”) are the aggregate growths of transparent and 
semitransparent, white, gray or yellow crystals. They can partially or entirely saturate the 
natural porous media, adding the mechanical strength and acoustic hardness to sediments 
and sedimentary rocks. Boreholes  and seismic surveys have established that methane 
hydrates occur in the polar regions of Asia, Europe, North America (fig. 10), where the 
“combustible ice” always  is underlain with natural gas [Trofimuk et al., 1975; Panaev, 1987; 
Collett, 1993; Dillon et al., 1993; Kvenvolden, 1993; Modiris et al., 2008]. 

The gas hydrates represent a huge unconventional resource base: it may amount from 
1.51016 m3 [Makogon et al., 2007] to 31018 m3 [Trofimuk et al., 1975] of methane. Thus, natural 
gas reserves which could be obtained from “combustible ice” are enough for energy support 
for our civilization for the next several thousand years.  

Top of the supergiant gas hydrate/free natural gas accumulations occur at a depth of 0.4-
2.2 m below the sea bottom in the Recent sediments of the world ocean. The bottom of these 
accumulations is sub-parallel to the sea-bottom surface and intersects beds with anticlinal, 
synclinal, and tilted forms. This geometry,  the geographical distribution of hydrates in the 
world ocean, their Recent to Pleistocene age and fresh water nature of “combustible ice” 
could not be explained by terms (source rocks, diagenesis and katagenesis/metagenesis of 
any buried, dispersed organic matter, lateral migration of natural gas) used in the traditional 
biotic petroleum origin hypothesis. 

According to the theory of the abyssal abiogenic origin of petroleum all gas hydrate/free 
natural gas accumulations were formed due to the “one worldwide act” i.e. an upward 
vertical migration of abyssal abiogenic  mantle fluid through all the faults, fractures, and 
pores of rocks and sea-bottom sediments. In that time, not more than 200 thousand years 
ago those faults, fractures, and pores were transformed by a supercritical geo-fluid (mixture 
of supercritical water and methane) into a conducting/accumulating/intercommunicating 
media. Acting as the natural “hydrofracturing” the abyssal geo-fluid has opened up the 
cavities of cleavage and interstices of bedding in the rocks and sediments as well. According 
to Dillon et al. [1993] the vertical migration of natural gas still takes place today on the 
Atlantic continental margin of the United States. Along many faults there the natural gas 
continues to migrate upwards through the “combustible ice” as through “sieve” that is 
distinctly seen as the torch-shape vertical strips in the blanking of seismographic records.  

On April 10, 2012 Japan Oil, Gas and Metals National Corporation and ConocoPhillips have 
announced a successful test of technology dealing with safely extract of natural gas from 
methane hydrates. A mixture of CO2 and nitrogen was injected into the formation on the 
North Slope of Alaska. The test demonstrated that this mixture could promote the 
production of natural gas. This was the first field trial of a methane hydrate production 
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methodology whereby CO2 was exchanged in situ with the methane molecules within a 
methane hydrate structure.  

12. Conclusions 

1. Geological data presented in this chapter do not respond to the main questions related 
to the hypothesis of biotic petroleum origin. Only the theory of the abiogenic deep 
origin of hydrocarbons gives convincing explanation for all above-mentioned data.  

2. The experimental results discussed in the chapter confirm that the CaCO3-FeO-H2O 
system spontaneously generates the suite of hydrocarbons in characteristic of natural 
petroleum. Modern scientific considerations about genesis of hydrocarbons confirmed 
by the results of experiments and practical results of geological investigations provide 
the understanding that a part of the hydrocarbon compounds could be generated at the 
mantle conditions and migrated through the deep faults into the Earth’s crust where 
they are formed oil and gas deposits in any kind of rocks and in any kind of their 
structural position.  

3. The experimental results presented place the theory of the abiogenic deep origin of 
hydrocarbons in the mainstream of modern physics and chemistry and open a great 
practical application. The theory of the abiogenic deep origin of hydrocarbons confirms 
the presence of enormous, inexhaustible resources of hydrocarbons in our planet, allows 
us to develop a new approach to methods for petroleum exploration and to reexamine 
the structure, size and location of the world’s hydrocarbons reserves (www.jogmec.go.jp).  

 
Figure 5. Inferred (63), recovered (23), and potential (5) hydrate locations in the world [Kvenvolden and 
Rogers, 2005]. 
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1. Introduction 

Mud volcanoes are surface expressions of mud accompanied by water and gas originated 
from deep underground. They are found all over the world. The locations of mud volcanoes 
resemble magmatic volcanoes, that is, they are concentrated in areas of compressional 
tectonic settings such as accretionary complexes and subduction zones (Dimitrov, 2002, 
2003; Kholodov, 2002; Kopf, 2002). Recent developments in seismic exploration and seafloor 
imaging have led to the discovery of mud volcanoes not only onshore, but also offshore. The 
fact that mud volcanoes are found along the compressional area suggests that eruptions are 
related to the occurrence of volcanic and earthquake activity. Mud extrusion is a 
phenomenon wherein fluid-rich, fine-grained sediments accompanying the gases ascend 
within a lithologic succession through conduits from pressurized reservoirs because of their 
buoyancy. The factors controlling the occurrence of mud volcanoes are considered to be (i) 
recent tectonic activity, particularly in a compressional regime; (ii) rapid loading of rocks 
due to fast sedimentation, accretion, or overthrusting; (iii) active hydrocarbon generation; 
and (iv) existence of thick, fine-grained, soft sediments deep in the sedimentary succession 
(Dimitrov, 2002). The main factor in mud volcano formation is considered to be a gravitative 
instability in low-density sediments below high-density rocks induced by fast 
sedimentation. 

The major differences between mud volcano and normal (magmatic) volcano are as follows: 
(i) mud volcano only releases, as suggested by its name, mud associated with water, 
whereas magmatic volcano releases ash and high-temperature lava; and (ii) most of the 
gases released from the former are methane (CH4), whereas the latter releases CO2 and N2, 
except for water vapor. With regard to difference (i), one may think that the mud volcano is 
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(i) mud volcano only releases, as suggested by its name, mud associated with water, 
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not serious as a natural disaster. On the contrary, in Indonesia for example, more than 
30,000 people lost their homes due to the eruption of mud (Mazzini et al., 2007). The 
eruption of an enormous amount of mud (170,000 m3 per day at the maximum) with the 
temperature close to 100 ºC buried the Sidoarjo village in Northeast Java (Mazzini et al., 
2007). Thus, it is important to understand the eruption mechanism from the view of the 
disaster caused by the eruption. Difference (ii) is also important, considering that CH4 has a 
larger global warming potential than CO2 (IPCC, 2001). According to the IPCC report (2001), 
the global warming potential of CH4 is 62 times higher than that of CO2 in 20 years and 23 
times higher in 100 years. The reported CH4 concentration released from mud volcanoes all 
over the world shows that CH4 dominates more than 90% for most mud volcanoes (Table 1). 
Furthermore, even if mud volcanoes are in the quiescent period, they constantly release 
gases into the atmosphere. Considering that magmatic volcanoes are not active in the 
quiescent period, the consecutive release of CH4 from mud volcanoes is potentially an 
important problem. Therefore, understanding the source, abundance, and cause of CH4 
release from mud volcanoes is necessary to evaluate the global warming and potential 
resource as energy. 

Both the concentration and CH4 flux from mud volcanoes to the atmosphere are important. 
Thus far, several estimates for global emission have been done, including 10.3 Tg y−1 to 12.6 
Tg y−1 (Dimitrov, 2002), 5 Tg y−1 to 10 Tg y−1 (Etiope and Klusman, 2002), 5 Tg y−1 (Dimitrov, 
2003), and 6 Tg y−1 to 9 Tg y−1 (Etiope and Milkov, 2004). The estimates include several 
assumptions that can have large uncertainty in their flux estimation because it is almost 
impossible to determine the quantity of CH4 released from each mud volcano on Earth. 
More recently, it has also been reported that gases from mud volcanoes not only originate 
from visible bubbling in the crater of mud volcanoes but also from soils around mud 
volcanoes. For example, Etiope et al. (2011) performed flux measurements from soils around 
mud volcanoes in Japan and showed that total output from soils is comparable with that 
from vents in the mud volcanoes. Their calculation suggests that global CH4 flux from mud 
volcanoes is between 10 and 20 Tg y−1 (Etiope et al., 2011). These estimates mean that mud 
volcanoes represent an important natural source of atmospheric CH4 considered in global 
greenhouse gas emission inventories. 

Understanding the origin of CH4, namely, microbial origin from acetate fermentation, 
microbial from carbonate reduction, thermogenic, and inorganic, provides information on 
the process and environment responsible for its generation. The interpretation of the origins 
of gas is generally based on its stable carbon and hydrogen isotopes (13C and D, 
respectively), and on the chemical composition of its gaseous alkanes (C1–C4; methane, 
ethane, propane, and butane). In particular, identifying the gas source is accomplished by 
plotting the stable carbon isotope ratio of C1 (13C1) versus the light gas composition 
(Bernard et al., 1978), and the 13C1 versus D1 (Schoell, 1983). Post-genetic alterations that 
can affect isotopic and molecular composition of gas should also be considered. The 
processes include (i) aerobic and anaerobic microbial oxidation of CH4, (ii) abiogenic 
oxidation, (iii) isotopic fractionation by diffusion, (iv) molecular fractionation by advection, 
(v) gas mixing, and (vi) anaerobic biodegradation of petroleum and secondary 
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methanogenesis. In this respect, both the chemical and isotopic compositions of 
hydrocarbons and of CO2 can be useful. In this chapter, we attempt to improve our 
understanding of the origin of gases released from terrestrial mud volcanoes and seepages 
by summarizing published data. Further knowledge will allow researchers to use seepage 
gases as a tracer for hydrocarbon reservoirs and as an indicator of geodynamic processes, 
hazards, and importance in global changes. 

2. Database 

The database used in this chapter includes all terrestrial mud volcanoes and other seeps 
for which all the following parameters are reported: CH4 stable isotopes (13C1 and D1), 
compositional ratio of hydrocarbons [C1/(C2 + C3)], and concentration and stable carbon 
isotope ratio of CO2. The data which satisfy these restrictions are listed in Table 1. From 
more than 200 data, only 27 data from five countries consisted of all five parameters: 14 
mud volcanoes from Azerbaijan, 7 from China, 1 from Georgia, 2 from Japan, and 3 from 
Turkmenistan; all other data lacked at least one parameter (Valyaev et al., 1985; Etiope et 
al., 2011; Nakada et al., 2011). Numerous studies have reported on at least one of the 
parameters above and/or the data of gases collected from the same mud volcanoes in 
different periods. However, the discussion should be performed using all the parameters 
above reported in one study, because (i) gases released from mud volcanoes have a 
complicated history, including secondary alterations, and (ii) compositions and stable 
isotope ratio can be fluctuated with time even in the same vent. Meanwhile, data from 
peats, recent sediments in freshwater environments, anthropogenically induced seeps 
from coal mines, coal-bed CH4 production, and submarine mud volcanoes are not 
considered. 

3. Results and discussion 

3.1. The “Bernard” and “Schoell” diagrams 

All the data listed in Table 1 are plotted in the “Bernard” and “Schoell” diagrams, namely, 
13C1 versus C1/(C2 + C3) (Bernard et al., 1978; Faber and Stahl, 1984), and 13C1 versus D1 
(Schoell, 1983). The former plot, which is widely used for the discrimination of thermogenic 
and microbial C1, was originally developed by Bernard et al. (1978) through their analysis of 
hydrocarbons from Texas shelf and slop sediments. In 1984, Faber and Stahl collected 
sediment samples from the North Sea and modified the Bernard plot by adding the 
maturation trends of type II and type III kerogen. Figure 1 shows that all the gases released 
from mud volcanoes in China and Japan fall within or close to the thermogenic field. One of 
three data in Turkmenistan also falls within the thermogenic field, while two data from 
Turkmenistan and Georgia are in the intermediate region of the thermogenic and microbial 
fields. The rest of the data, all from Azerbaijan and one-third from Turkmenistan, fall in the 
region A, an ambiguous sector above the thermogenic field and right to the microbial. Gases 
from mud volcanoes do not appear to originate from microbial activities. However, gases 
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not serious as a natural disaster. On the contrary, in Indonesia for example, more than 
30,000 people lost their homes due to the eruption of mud (Mazzini et al., 2007). The 
eruption of an enormous amount of mud (170,000 m3 per day at the maximum) with the 
temperature close to 100 ºC buried the Sidoarjo village in Northeast Java (Mazzini et al., 
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important problem. Therefore, understanding the source, abundance, and cause of CH4 
release from mud volcanoes is necessary to evaluate the global warming and potential 
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volcanoes. For example, Etiope et al. (2011) performed flux measurements from soils around 
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(Bernard et al., 1978), and the 13C1 versus D1 (Schoell, 1983). Post-genetic alterations that 
can affect isotopic and molecular composition of gas should also be considered. The 
processes include (i) aerobic and anaerobic microbial oxidation of CH4, (ii) abiogenic 
oxidation, (iii) isotopic fractionation by diffusion, (iv) molecular fractionation by advection, 
(v) gas mixing, and (vi) anaerobic biodegradation of petroleum and secondary 
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methanogenesis. In this respect, both the chemical and isotopic compositions of 
hydrocarbons and of CO2 can be useful. In this chapter, we attempt to improve our 
understanding of the origin of gases released from terrestrial mud volcanoes and seepages 
by summarizing published data. Further knowledge will allow researchers to use seepage 
gases as a tracer for hydrocarbon reservoirs and as an indicator of geodynamic processes, 
hazards, and importance in global changes. 

2. Database 

The database used in this chapter includes all terrestrial mud volcanoes and other seeps 
for which all the following parameters are reported: CH4 stable isotopes (13C1 and D1), 
compositional ratio of hydrocarbons [C1/(C2 + C3)], and concentration and stable carbon 
isotope ratio of CO2. The data which satisfy these restrictions are listed in Table 1. From 
more than 200 data, only 27 data from five countries consisted of all five parameters: 14 
mud volcanoes from Azerbaijan, 7 from China, 1 from Georgia, 2 from Japan, and 3 from 
Turkmenistan; all other data lacked at least one parameter (Valyaev et al., 1985; Etiope et 
al., 2011; Nakada et al., 2011). Numerous studies have reported on at least one of the 
parameters above and/or the data of gases collected from the same mud volcanoes in 
different periods. However, the discussion should be performed using all the parameters 
above reported in one study, because (i) gases released from mud volcanoes have a 
complicated history, including secondary alterations, and (ii) compositions and stable 
isotope ratio can be fluctuated with time even in the same vent. Meanwhile, data from 
peats, recent sediments in freshwater environments, anthropogenically induced seeps 
from coal mines, coal-bed CH4 production, and submarine mud volcanoes are not 
considered. 

3. Results and discussion 

3.1. The “Bernard” and “Schoell” diagrams 

All the data listed in Table 1 are plotted in the “Bernard” and “Schoell” diagrams, namely, 
13C1 versus C1/(C2 + C3) (Bernard et al., 1978; Faber and Stahl, 1984), and 13C1 versus D1 
(Schoell, 1983). The former plot, which is widely used for the discrimination of thermogenic 
and microbial C1, was originally developed by Bernard et al. (1978) through their analysis of 
hydrocarbons from Texas shelf and slop sediments. In 1984, Faber and Stahl collected 
sediment samples from the North Sea and modified the Bernard plot by adding the 
maturation trends of type II and type III kerogen. Figure 1 shows that all the gases released 
from mud volcanoes in China and Japan fall within or close to the thermogenic field. One of 
three data in Turkmenistan also falls within the thermogenic field, while two data from 
Turkmenistan and Georgia are in the intermediate region of the thermogenic and microbial 
fields. The rest of the data, all from Azerbaijan and one-third from Turkmenistan, fall in the 
region A, an ambiguous sector above the thermogenic field and right to the microbial. Gases 
from mud volcanoes do not appear to originate from microbial activities. However, gases 
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from mud volcanoes in Azerbaijan, Italy, Papua New Guinea, and Russia (Taman Peninsula) 
fall in the microbial area (Valyaev et al., 1985; Baylis et al., 1997; Etiope et al., 2007). The data 
listed in Table 1 are selected ones that show all five parameters described in the previous 
section. Hence, the data lacking in other parameters, such as D1 or 13CCO2, are not 
considered in the present work. Then, it should be noted that not all the gases released from 
mud volcanoes are of thermogenic origin. 
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Figure 1. Carbon isotope ratio of CH4 vs. hydrocarbon molecular composition diagram (Bernard plot; 
Bernard et al., 1978). 

The “Schoell” plot, developed by Schoell (1983) through a summary of the genetic 
characterization of natural gases from several basins and areas including Gulf of Mexico, 
German Molasse, and Vienna (references therein), also shows that the data summarized 
here do not fall in the microbial field (Fig. 2). Likewise, no data are plotted in the dry 
thermogenic field (TD). Most of the data fall in the thermogenic field associated with oil or 
the mixed field. The gases collected in Japan were plotted in the thermogenic field with 
condensate. Similar to the discussion for the Bernard diagram, the data selected in this work 
do not cover all the reported data on gases released from mud volcanoes. Actually, gases 
released from mud volcanoes in Papua New Guinea and Italy fall in the microbial field 
(Baylis et al., 1997; Etiope et al., 2007). However, until now, any combination of 13C1 and 
D1 is not reported for the gas samples that fall on the dry thermogenic area released from 
mud volcano, though gases from water seeps and dry seeps sometimes fall on the dry 
thermogenic field (Etiope et al., 2006; 2007, Greber et al., 1997). 
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Figure 2. Carbon and hydrogen isotope diagram of CH4 (Schoell plot; Schoell, 1983); To: thermogenic 
with oil; Tc: thermogenic with condensate; TD: dry thermogenic. 

The above figures suggest that thermogenic hydrocarbons are the main component of gases 
released from mud volcanoes. Considering that about half the gases from Azerbaijan fall in 
the thermogenic field in the Schoell plot, the reason gases plotted in region A in the Bernard 
diagram may be due to the fact that mixing between thermogenic and microbial or 
compositional ratio of hydrocarbons changed during post-genetic alteration. Considering 
13C1 values alone, gases from Azerbaijan can be regarded as thermogenic, whereas Bernard 
ratios, namely, C1/(C2 + C3), are in the range of microbial origin. Therefore, it can be natural 
to consider that the data indicate mixing of the gases with two origins. When combining the 
origins, however, both Bernard ratios and 13C1 values are high enough to assume mixing 
between thermogenic and microbial, because the mixing trend generally tracks high 13C1 
value with low Bernard ratio to low 13C1 value with high Bernard ratio and vise versa. This 
empirical rule suggests that gases from Georgia and one-third from Turkmenistan are 
regarded as tracking the mixing trend. On the other hand, gases from Azerbaijan and 
another one-third from Turkmenistan are not tracking the mixing trend, suggesting that the 
gases plotted in region A are not due to the mixing of thermogenic and microbial 
components. The data fall in region A in the Bernard diagram, therefore indicating post-
genetic alteration such as (i) aerobic and anaerobic microbial oxidation of CH4, (ii) abiogenic 
oxidation, and (iii) anaerobic biodegradation of petroleum and secondary methanogenesis. 
In this respect, discussion using only isotope and compositional ratios of hydrocarbon is not 
sufficient; CO2 data provide useful information. 
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(Baylis et al., 1997; Etiope et al., 2007). However, until now, any combination of 13C1 and 
D1 is not reported for the gas samples that fall on the dry thermogenic area released from 
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Thermogenic Methane with Secondary Alteration in Gases Released from Terrestrial Mud Volcanoes 33 

-80

-70

-60

-50

-40

-30

-20
-300 -250 -200 -150 -100

Azerbaijan
China
Georgia
Japan
Turkmenistan

1
3 C

1 [
‰

 P
D

B
]

D1 [‰ SMOW]

Microbial

Mixed

TO

TC TD

 
Figure 2. Carbon and hydrogen isotope diagram of CH4 (Schoell plot; Schoell, 1983); To: thermogenic 
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The above figures suggest that thermogenic hydrocarbons are the main component of gases 
released from mud volcanoes. Considering that about half the gases from Azerbaijan fall in 
the thermogenic field in the Schoell plot, the reason gases plotted in region A in the Bernard 
diagram may be due to the fact that mixing between thermogenic and microbial or 
compositional ratio of hydrocarbons changed during post-genetic alteration. Considering 
13C1 values alone, gases from Azerbaijan can be regarded as thermogenic, whereas Bernard 
ratios, namely, C1/(C2 + C3), are in the range of microbial origin. Therefore, it can be natural 
to consider that the data indicate mixing of the gases with two origins. When combining the 
origins, however, both Bernard ratios and 13C1 values are high enough to assume mixing 
between thermogenic and microbial, because the mixing trend generally tracks high 13C1 
value with low Bernard ratio to low 13C1 value with high Bernard ratio and vise versa. This 
empirical rule suggests that gases from Georgia and one-third from Turkmenistan are 
regarded as tracking the mixing trend. On the other hand, gases from Azerbaijan and 
another one-third from Turkmenistan are not tracking the mixing trend, suggesting that the 
gases plotted in region A are not due to the mixing of thermogenic and microbial 
components. The data fall in region A in the Bernard diagram, therefore indicating post-
genetic alteration such as (i) aerobic and anaerobic microbial oxidation of CH4, (ii) abiogenic 
oxidation, and (iii) anaerobic biodegradation of petroleum and secondary methanogenesis. 
In this respect, discussion using only isotope and compositional ratios of hydrocarbon is not 
sufficient; CO2 data provide useful information. 
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3.2. Large variation in 13CCO2 from mud volcanoes 

In contrast to the 13C1 values, 13CCO2 from mud volcanoes show a large variation, from -
36.9‰ to +29.8‰ (Table 1). Furthermore, the 13CCO2 values of the gases from Azerbaijan 
and China, which were plotted on a narrow range in the Bernard diagram, varied to a large 
degree. The 13C1 values of Azerbaijan show a variation of 11.1‰ (from -52.2‰ to -41.1‰), 
whereas the variation of 13CCO2 values is 51‰ (from -36.9‰ to +14.1‰). Similar to 
Azerbaijan, gases from seven mud volcanoes in China show a small variation in 13C1 (7.3‰, 
from -45.9‰ to -38.6‰) and a large variation in 13CCO2 (41.3‰, from -11.5‰ to +29.8‰). 
Besides the data selected there, similar characteristics also present in other reported data of 
gas released from mud volcanoes. Seven mud volcanoes in Georgia have a variation of 
14.4‰ in 13C1 values and a 28.7‰ variation of 13CCO2 (Valyaev et al., 1985). Six vents of a 
mud volcano in Italy have a range of 13C1 in 4.3‰ with 29.1‰ variation of 13CCO2 values 
(Favara et al., 2001). Thirteen mud volcanoes with 20 reported isotopic ratios in Russia 
(Taman Peninsula) show a variation of 31.3‰ in 13C1 and a variation of 41.9‰ in 13CCO2 
(Valyaev et al., 1985; Lavrushin et al., 1996). Twelve mud volcanoes with 15 vents in 
Trinidad display a variation of 21.6‰ in 13C1 and a 32.4‰ variation in 13CCO2 (Deville et 
al., 2003). Turkmenistan, with six available data of mud volcanoes, shows a variation of 
12.5‰ in 13C1 with 32.1‰ variation in 13CCO2 (Valyaev et al., 1985). Eleven reported data 
from Ukraine show a 16.8‰ variation in 13C1 and a 40.9‰ variation in 13CCO2 (Valyaev et 
al., 1985). Seven mud volcanoes in Taiwan, in contrast, display a variation of 27.3‰ in 13C1 
with 17.3‰ in 13CCO2 (Etiope et al., 2009). These facts clearly indicate that terrestrial mud 
volcanoes show a large variation in the isotopic ratio of CO2, though most of their 13C1 
values are within a thermogenic range. 

In general, the 13CCO2 value ranges from -25‰ to -5‰ for natural thermogenic and/or 
kerogen decarboxylation (Jenden et al., 1993; Kotarba, 2001; Hosgormez et al., 2008). In 
addition, Jenden et al. (1993) suggested that the upper limit of 13CCO2 value due to the 
alteration of marine carbonates is +5‰. Therefore, CO2 released from mud volcanoes with 
13CCO2 value above that threshold can be called 13C-enriched CO2. Surprisingly, 14 mud 
volcanoes in the 28 listed in Table 1 release 13C-enriched CO2. Considering the 134 mud 
volcanoes described in the previous paragraph (data not shown), 66 (49%) of them show the 
13C-enriched value. 

Before assessing the relationship between 13C-enriched CO2 and composition and isotopes of 
carbon in hydrocarbon gas, it is necessary to note that a large variability of the 13CCO2 value 
can be found within a mud volcano, both in space (gas samples from different vents) and in 
time (same vents analyzed in different time). For example, according to Nakada et al. (2011), 
four mud volcanoes (sites 1–4) are located very close to one another. The chemical 
compositions of mud and water, as well as relative abundances and stable isotopes of 
various hydrocarbons, are very similar. In particular, sites 2 to 4 are located within a 500 m 
distance, suggesting that their reservoir can be the same. Among these sites, however, only a 
gas released from site 2 has 13C-enriched CO2 (+16.2‰), whereas CO2 from sites 1 and 4 are 
within a range of kerogen decarboxylation, -8.0‰ and -11.5‰, respectively (gases from site  
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Name 13C1 D1 13CCO2 CH4 (%) CO2 (%) C1/(C2+C3) Reference 
Azerbaijan 
Airantekyan –44.9 –236 +13.9 96.9 3.04 2423 Valyaev et al. (1985)  
Akhtarma Pashaly –47.9 –159 –7.2 99.1 0.68 825 Valyaev et al. (1985)  
Chukhuroglybozy –41.1 –215 +1.7 99.5 0.42 2488 Valyaev et al. (1985)  
Dashgil –42.2 –200 –6.4 99.0 0.93 2476 Valyaev et al. (1985)  
Galmas –47.7 –167 +13.7 97.4 2.06 2435 Valyaev et al. (1985)  
Goturlyg –42.7 –198 –15.4 98.9 0.99 989 Valyaev et al. (1985)  
Gyrlykh –49.3 –204 +0.6 98.4 1.54 3280 Valyaev et al. (1985)  
Inchabel –48.9 –158 –30.9 94.4 5.53 1573 Valyaev et al. (1985)  
Kichik Kharami –52.2 –204 +0.4 98.7 1.20 1646 Valyaev et al. (1985)  
Shikhikaya –47.3 –170 –36.9 98.9 0.99 989 Valyaev et al. (1985)  
Shikhzagirli (Ilanly) –42.5 –194 +0.1 99.1 0.81 3302 Valyaev et al. (1985)  
Shokikhan –42.0 –228 +13.8 96.7 3.30 3222 Valyaev et al. (1985)  
Zayachya Gora (a) –44.8 –198 +10.5 99.0 0.81 1647 Valyaev et al. (1985)  
Zaakhtarma –46.0 –220 +14.1 93.8 6.14 852 Valyaev et al. (1985)  
China 
site 1 –45.9 –229 –8.0 91.6 0.20 11 Nakada et al. (2011)  
site 2 –43.7 –244 +16.2 89.0 0.50 9 Nakada et al. (2011)  
site 4 –42.4 –227 –11.5 89.6 0.10 10 Nakada et al. (2011)  
site 6 –40.7 –252 +21.1 81.5 0.14 15 Nakada et al. (2011)  
site 7 –39.7 –264 +24.6 80.4 0.17 13 Nakada et al. (2011)  
site 8 –40.7 –229 +29.8 92.6 0.45 14 Nakada et al. (2011)  
site 9 –38.6 –242 –4.8 75.8 0.31 9 Nakada et al. (2011)  
Georgia 
Tyulkitapa –53.1 –196 +5.9 89.0 10.86 77 Valyaev et al. (1985)  
Japan 
Kamou –33.9 –172 +10.9 95.4 2.91 108 Etiope et al. (2011)  
Murono vent2 –36.2 –175 +28.3 93.7 5.62 144 Etiope et al. (2011)  
Turkmenistan 
Keimir –48.2 –213 –25.2 95.3 0.89 79 Valyaev et al. (1985)  
Kipyashii Bugor –43.8 –176 +6.9 96.8 2.79 968 Valyaev et al. (1985)  
Ak-Patlauk –55.7 –199 –16.2 94.2 3.67 44 Valyaev et al. (1985)  

Table 1. Selected data of composition and stable isotope ratio of CH4 and CO2. 

3 were not collected). Another example can be given by mud volcanoes in Japan. Kato et al. 
(2009) reported that the 13CCO2 value of gas released from the Murono mud volcano in 
August 2004 was +30.8‰. Mizobe (2007) showed that the value of the same mud volcano in 
May 2005 was +19.2‰ and in June 2006 was +21.2‰. Etiope et al. (2011) reported the value 
of the same mud volcano was +28.32‰ in May 2010. In contrast, the variation observed in 
13C1 value of the Murono mud volcano reported in these papers was -33.1‰ to -36.2‰. 
These observations mean that the different vents of a mud volcano can be related to 
different circulation systems and/or post-genetic processes, and possibly different source 
pools or reservoirs. Some of the large Azerbaijan mud volcanoes show oil-saturated 
structures in some vents while others do not. This finding means that mud volcano systems 
may not be uniform, but can be structured in different systems and isolated blocks. 
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In contrast to the 13C1 values, 13CCO2 from mud volcanoes show a large variation, from -
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from -45.9‰ to -38.6‰) and a large variation in 13CCO2 (41.3‰, from -11.5‰ to +29.8‰). 
Besides the data selected there, similar characteristics also present in other reported data of 
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(Valyaev et al., 1985; Lavrushin et al., 1996). Twelve mud volcanoes with 15 vents in 
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with 17.3‰ in 13CCO2 (Etiope et al., 2009). These facts clearly indicate that terrestrial mud 
volcanoes show a large variation in the isotopic ratio of CO2, though most of their 13C1 
values are within a thermogenic range. 

In general, the 13CCO2 value ranges from -25‰ to -5‰ for natural thermogenic and/or 
kerogen decarboxylation (Jenden et al., 1993; Kotarba, 2001; Hosgormez et al., 2008). In 
addition, Jenden et al. (1993) suggested that the upper limit of 13CCO2 value due to the 
alteration of marine carbonates is +5‰. Therefore, CO2 released from mud volcanoes with 
13CCO2 value above that threshold can be called 13C-enriched CO2. Surprisingly, 14 mud 
volcanoes in the 28 listed in Table 1 release 13C-enriched CO2. Considering the 134 mud 
volcanoes described in the previous paragraph (data not shown), 66 (49%) of them show the 
13C-enriched value. 

Before assessing the relationship between 13C-enriched CO2 and composition and isotopes of 
carbon in hydrocarbon gas, it is necessary to note that a large variability of the 13CCO2 value 
can be found within a mud volcano, both in space (gas samples from different vents) and in 
time (same vents analyzed in different time). For example, according to Nakada et al. (2011), 
four mud volcanoes (sites 1–4) are located very close to one another. The chemical 
compositions of mud and water, as well as relative abundances and stable isotopes of 
various hydrocarbons, are very similar. In particular, sites 2 to 4 are located within a 500 m 
distance, suggesting that their reservoir can be the same. Among these sites, however, only a 
gas released from site 2 has 13C-enriched CO2 (+16.2‰), whereas CO2 from sites 1 and 4 are 
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site 6 –40.7 –252 +21.1 81.5 0.14 15 Nakada et al. (2011)  
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Turkmenistan 
Keimir –48.2 –213 –25.2 95.3 0.89 79 Valyaev et al. (1985)  
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Ak-Patlauk –55.7 –199 –16.2 94.2 3.67 44 Valyaev et al. (1985)  

Table 1. Selected data of composition and stable isotope ratio of CH4 and CO2. 

3 were not collected). Another example can be given by mud volcanoes in Japan. Kato et al. 
(2009) reported that the 13CCO2 value of gas released from the Murono mud volcano in 
August 2004 was +30.8‰. Mizobe (2007) showed that the value of the same mud volcano in 
May 2005 was +19.2‰ and in June 2006 was +21.2‰. Etiope et al. (2011) reported the value 
of the same mud volcano was +28.32‰ in May 2010. In contrast, the variation observed in 
13C1 value of the Murono mud volcano reported in these papers was -33.1‰ to -36.2‰. 
These observations mean that the different vents of a mud volcano can be related to 
different circulation systems and/or post-genetic processes, and possibly different source 
pools or reservoirs. Some of the large Azerbaijan mud volcanoes show oil-saturated 
structures in some vents while others do not. This finding means that mud volcano systems 
may not be uniform, but can be structured in different systems and isolated blocks. 
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However, the variation of 13CCO2 with time for the same vent suggests that CO2 carbon 
isotopes are intrinsically unstable and can be affected by multiple gas–water–rock 
interactions. According to the estimation by Pallasser (2000), however, the dissolution effect 
is limited in the carbon isotope enrichments of up to 5‰, suggesting that the main 
enrichment is due to biochemical fractionation related to secondary methanogenesis. 

Figure 3 shows that 13C-enriched CO2 has no relation with CO2 concentrations. Hypothetical 
end-members were assumed in the figure at 30% CO2 with a carbon isotope ratio of 10‰ 
and 25% CO2 with 13CCO2 of 30‰ for fermentation of hydrocarbon oxidation products, and 
0% CO2 with carbon isotope ratio of -20‰ and 0.5% CO2 with 13CCO2 of 0‰ for thermogenic 
(Jeffrey et al., 1991). The observed data are distributed following the mixing trend between 
CO2-rich gas produced by fermentation and CO2-poor thermogenic gas. The two trend lines 
appear compatible with a mixing model and, therefore, with the presence of a residual CO2 
related to secondary methanogenesis and anaerobic biodegradation. 
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Figure 3. Relationship between 13CCO2 and CO2 concentration. The 2 lines refer to a mixing trend 
similar to the model by Jeffrey et al. (1991). 

3.3. CH4 versus CO2 

The relationship between 13C of CH4 and CO2 is shown in Fig. 4. The 13C-enriched CO2 
seems to occur preferentially in thermogenic CH4, where 13C1 values are within a range of -
50‰ to -30‰. In other words, this relationship seems to have a correlation; the gases 
showing a low 13C1 value have a low 13CCO2 value while a high 13C1 value corresponds to a 
high 13CCO2 value. This observation can imply that the light 13C1 in the few mud volcanoes 
(although data are not shown here, gases from Azerbaijan, Italy, Papua New Guinea, and 
Taman Peninsula fall in the microbial area in the Bernard diagram) with microbial gas is not 
due to secondary methanogenesis, but simply to primary methanogenesis. On the other 
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hand, thermogenic gas with 13C-enriched CO2 maintains its high 13C1 value, indicating that 
13C1 value is not perturbed by the secondary microbial gas. The 13C1 value does not vary to 
a large degree by post-genetic alteration because the amount of secondary microbial CH4 is 
small compared with that of the pre-existing thermogenic gas. 
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Figure 4. Relationship between carbon isotopes of CH4 and CO2. 

However, the post-genetic alteration can lead to a significant change in their concentration 
and isotopic composition for CO2. Oil biodegradation, one of the post-genetic alterations 
followed by CO2 reduction, is described as follows: 

 2 2 4 2CO  4H CH  2H O.    (1) 

This reaction is associated with a large kinetic isotope effect, meaning that the more the 
reaction proceeds with decreasing CO2 concentration, the more 13C is enriched in residual 
CO2. Considering that CO2 is a minor component of gases released from mud volcanoes, the 
concentration and isotopic composition of CO2 can largely be affected by the reaction. The 
isotope effect of oil biodegradation results in the increase in 13C of residual CO2, which can 
easily exceed +10‰ (Pallasser, 2000; Waseda and Iwano, 2008). Occurrence of oil 
biodegradation is suggested by the high C2/C3 and i-C4/n-C4 ratios (Pallasser, 2000; Waseda 
and Iwano, 2008) and/or by the presence of H2 gas. For example, all these characteristics are 
identified in the gases released from mud volcanoes in China, which show a large variation 
in 13CCO2 as described above (Nakada et al., 2011). The increase of C2/C3 ratio due to oil 
biodegradation also leads to an increase of Bernard ratio, meaning that a gas sample plotted 
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biodegradation is suggested by the high C2/C3 and i-C4/n-C4 ratios (Pallasser, 2000; Waseda 
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identified in the gases released from mud volcanoes in China, which show a large variation 
in 13CCO2 as described above (Nakada et al., 2011). The increase of C2/C3 ratio due to oil 
biodegradation also leads to an increase of Bernard ratio, meaning that a gas sample plotted 
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on the Bernard diagram will move in an upward direction. Thus, gases that fall in region A, 
which is geometrically above the thermogenic field in the Bernard diagram (Fig. 1), can be 
subject to the post-genetic alteration including biodegradation. 

3.4. Depth of the reservoir and 13C-enriched CO2 

The anaerobic biodegradation of oil and natural gas has been document to be mostly limited 
to shallow reservoirs, generally shallower than 2000 m with temperature below 60 ºC to 80 
ºC (Pallasser, 2000; Feyzullayev and Movsumova, 2001). For example, the depth of 
petroleum reservoirs in the South Caspian Basin is shallower than 2000 m if the data are 
confined to the gas showing 13C-enriched CO2 (Fig. 5; after Etiope et al., 2009). This 
observation suggests that mud volcanoes showing anaerobic biodegradation signals will be 
linked with shallow reservoirs, while mud volcanoes without anaerobic biodegradation will 
more likely be produced by deeper reservoirs. Anaerobic biodegradation of petroleum and 
subsequent secondary methanogenesis, however, can also take place at shallower depths 
even above the deep reservoir along the seepage channels of the mud volcano system. 
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Figure 5. Carbon isotopic ratios of CO2 vs. reservoir depth in the South Caspian Basin and China. 
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Recently, Nakada et al. (2011) showed that the reservoir depth of mud volcanoes in 
Xinjiang Province, China, is deeper than 3600 m, though some of the volcanoes release 
13C-enriched CO2. The province hosts a large abundance of petroleum; therefore, many 
oil-testing wells are made in the province, leading to the knowledge of geothermal 
gradient and depth of oil reservoir. Nakada et al. (2011) calculated the equilibrium 
temperature of oxygen isotope fractionation between water and calcite in mud, indicating 
that the temperature where the water–rock interaction is occurring is 81 ºC for mud 
volcanoes located close to the Dushanzi oil field. Assuming the mean geothermal gradient 
of the area is 18 ±1 ºC/km (Nansheng et al., 2008) and that the surface temperature is 15 ºC, 
the depth of the chamber with the temperature of 81 ºC is calculated to be 3670 ±200 m. 
The calculated depth is slightly deeper than the oil reservoir at the Dushanzi field (3644 
m–3656 m; Clayton et al., 1997). However, considering that the reservoir of saline fossil 
waters related to petroleum is generally deeper than that of oil and gas due to the 
difference in density, the calculation by Nakada et al. (2011) was surprisingly well 
consistent with the observation by Calyton et al. (1997). Then, Nakada et al. (2011) 
estimated the depth of gas reservoir at about 3600 m by considering that (i) the gases 
released from the mud volcanoes in the area were thermogenic gas associated with oil and 
(ii) the gas reservoir is generally located above the petroleum reservoir. The depth of 3600 
m is greater than those previously reported for mud volcanoes releasing 13C-enriched 
CO2, such as those in South Caspian Basin. Thus, the secondary microbial effect that can 
occur at a relatively shallower depth must be considered separately from the initial 
thermogenic source in the field in China. Therefore, Nakada et al. (2011) clearly showed 
that the anaerobic biodegradation of petroleum can take place at a shallower depth. This 
result strengthens the model that considers a deep reservoir with thermogenic gas and 
secondary microbial activity occurring along the seepage system above the main deep 
reservoir. 

4. Summary 

Terrestrial mud volcanoes release a dominant abundance of thermogenic CH4 related to the 
activities in relatively deep reservoirs, most of which are in petroleum seepage systems. 
Maturated petroleum associated with gas and water pressurizes the reservoir, causing gas 
and water to ascend preferentially through faults (Nakada et al., 2011). Some post-genetic 
secondary processes can alter the chemical and isotopic composition of the gases. Among 
these processes, some mixing, molecular fractionation, and particularly, secondary 
methanogenesis related to subsurface biodegradation of petroleum seem to be significant in 
changing the chemical and isotopic composition of gases released from mud volcanoes. 
Mud volcanoes show highly variable 13CCO2 values even within the same mud volcanoes, 
such that 13C-enriched CO2 can be found in some vents and not in others nearby, or not 
systematically changed in the same vent, meaning that 13C-enriched CO2 is, therefore, not an 
uncommon characteristic. The association of anaerobic biodegradation can depend on the 
type of microbial communities and physicochemical conditions of the reservoir. 
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1. Introduction 

The development of human civilization throughout history has led to growing disruption of 
the natural balance and the occurrence of different types of pollution. The world depends on 
oil, and the use of oil as fuel has led to intensive economic development worldwide. The 
great need for this energy source has led to the gradual exhaustion of natural oil reserves. 
However, mankind will witness the results of oil consumption for centuries after its 
cessation. Environmental pollution with petroleum and petrochemical products has been 
recognized as a significant and serious problem (Alexander, 1995, 2000). Most components 
of oil are toxic to humans and wildlife in general, as it is easy to incorporate into the food 
chain. This fact has increased scientific interest in examining the distribution, fate and 
behaviour of oil and its derivatives in the environment (Alexander, 1995, 2000; Semple et al., 
2001, 2003; Stroud et al., 2007, 2009). Oil spills in the environment cause long-term damage 
to aquatic and soil ecosystems, human health and natural resources.  

Petroleum oil spills tend to be associated with offshore oil rigs and tankers in marine-related 
accidents. In contrast, land oil spills often go unnoticed by everyone except 
environmentalists, yet land oil spills contribute to the pollution of our water supply and soil. 
Typical sources of land oil spills include accidents as well as oil from vehicles on the road.  

Characterization of spilled oil and its derivatives is very important in order to predict the 
behaviour of oil and its long-term effects on the environment, and in order to select the 
proper cleaning methods. The potential danger which petroleum hydrocarbons pose to 
humans and the environment makes testing and characterization of the biodegradation and 
biotransformation processes of hydrocarbons in contaminated soil necessary in order to 
develop bioremediation techniques for cleaning such soils to levels that ensures its safe 
disposal or reuse. Biodegradation is the metabolic ability of microorganisms to transform or 
mineralize organic contaminants into less harmful, non-hazardous substances, which are 
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then integrated into natural biogeochemical cycles. Petroleum hydrocarbon biodegradability 
in soil is influenced by complex arrays of factors, such as nutrients, oxygen, pH value, 
composition, concentration and bioavailability of the contaminants, and the soil’s chemical 
and physical characteristics. 

Bioremediation is considered a non-destructive, cost-effective, and sometimes logistically 
favourable cleanup technology, which attempts to accelerate the naturally occurring 
biodegradation of contaminants through the optimization of limiting conditions. In order to 
choose the appropriate bioremediation strategy it is extremely important to investigate and 
understand all factors which affect biodegradation efficiency. In order to better explain 
those factors, 4 examples of bioremediation studies (conducted 1 year, 5 years and 8 years 
after contamination) on soil which was directly contaminated with various petroleum 
products and their combustion products, are described along with their similarities and 
differences. 

2. Bioremediation 

Bioremediation can be briefly defined as the use of biological agents, such as bacteria, fungi, 
or green plants (phytoremediation), to remove or neutralize hazardous substances in 
polluted soil or water.  Bacteria and fungi generally work by breaking down contaminants 
such as petroleum into less harmful substances. Plants can be used to aerate polluted soil 
and stimulate microbial action. They can also absorb contaminants such as salts and metals 
into their tissues, which are then harvested and disposed of.  Bioremediation is a complex 
process, with biological degradation taking place in the cells of microorganisms which 
absorb pollutants, where if they have specific enzymes, the degradation of pollutants and 
their corresponding metabolites will take place. Hydrocarbons from oil are used as a source 
of nutrients and energy for microorganism growth, and at the same time, microorganisms 
decompose them to naphthenic acids, alcohols, phenols, hydroperoxides, carbonyl 
compounds, esters, and eventually to carbon dioxide and water (Eglinnton, 1975; Marković 
et al., 1996). 

Bioremediation is considered a non-destructive, cost- and treatment-effective and sometimes 
logistically favourable cleanup technology, which attempts to accelerate the naturally 
occurring biodegradation of contaminants through the optimization of limiting conditions. 
Bioremediation is an option that offers the possibility to destroy or render harmless various 
contaminants using natural biological activity. As such, it uses relatively low-cost, low-
technology techniques, which generally have a high public acceptance and can often be 
carried out on site (Alexander, 1995). It will not always be suitable, however, as the range of 
contaminants on which it is effective is limited, the time scales involved are relatively long, 
and the residual contaminant levels achievable may not always be appropriate (Maletić et 
al., 2009; Rončević et al., 2005).  

Bioremediation can be divided into two basic types: (1) natural attenuation, which can be 
applied when the natural conditions are suitable for the performance of bioremediation 
without human intervention, and (2) engineered bioremediation, which is used when is 
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necessary to add substances that stimulate microorganisms. The first one is more attractive 
because of its low cost, minimum of maintenance and minimal environmental impact. Still, 
this technology is applicable only in cases when the natural level of biodegradation is higher 
than the degree of pollution migration.  Nevertheless, this technology is more often used as 
a supplement to the other technologies, or after finished engineered bioremediation in order 
to prevent migration of pollution from the treated area. Engineered bioremediation is faster 
than natural attenuation because it includes microbial degradation stimulation, by 
controlling the concentrations of pollution, oxygen, nutrients, moisture, pH, temperature, 
etc. (Rahman et al., 2003; Yerushalmi et al., 2003). Engineered bioremediation is applied 
when it is essential to carry out cleaning in a short time or when the pollution is very rapidly 
expanding. Its application reduces the costs due to the shorter treatment of land and lower 
number of sampling and analysis, and it is important for political and psychological needs 
when the community is exposed to pollution.  Engineered bioremediation can be divided in 
two main groups (1) in situ and (2) ex situ bioremediation techniques, with the most 
applicable of these and their main characteristics given in Tables 1 and 2. In situ techniques 
are generally the most desirable options due to lower cost and fewer disturbances since they 
provide treatment in place, avoiding excavation and transport of contaminants (Vidali, 
2001). In situ techniques are limited by the depth of the soil that can be effectively treated. In 
contrast, ex situ techniques involve the excavation or removal of contaminated soil from the 
ground. 

3. Hydrocarbon biodegradation mechanisms and products 

Biodegradation is the process by which microorganisms transform or mineralize organic 
contaminants, through metabolic or enzymatic processes, into less harmful, non-hazardous 
substances, which are then integrated into natural biogeochemical cycles.  Organic material 
can be degraded by two biodegradation mechanisms: (1) aerobically, with oxygen, or (2) 
anaerobically, without oxygen.  

Anaerobic processes are conducted by anaerobic microorganisms and this pathway of 
biodegradation is very slow. Originally thought to contribute marginally to overall 
biodegradation, anaerobic biodegradation mechanisms have been gaining more attention in 
recent years due to increased information regarding contaminant site conditions and rapid 
oxygen depletion (Burland & Edwards, 1999). Anaerobic biodegradation follows different 
biochemical pathways dependent on the electron acceptor utilized by the microorganism. 
Petroleum-based contaminants have been shown to degrade under various anaerobic 
conditions, including nitrate reduction, sulphate reduction, ferric iron reduction, manganese 
reduction and methanogenic conditions. The metabolic pathways behind anaerobic alkane 
biodegradation are not well understood. Most of the reports related to the anaerobic 
mineralization of aliphatic hydrocarbons are studies with pure cultures or enrichment 
cultures in laboratory scale experiments. Hence, the significance of these results in the 
environment e.g. in contaminated soils and sediments, is not yet known and evidence for 
the anaerobic degradation of alkanes in environmental samples has been reported in only a 
few cases (Salminen, 2004). 
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necessary to add substances that stimulate microorganisms. The first one is more attractive 
because of its low cost, minimum of maintenance and minimal environmental impact. Still, 
this technology is applicable only in cases when the natural level of biodegradation is higher 
than the degree of pollution migration.  Nevertheless, this technology is more often used as 
a supplement to the other technologies, or after finished engineered bioremediation in order 
to prevent migration of pollution from the treated area. Engineered bioremediation is faster 
than natural attenuation because it includes microbial degradation stimulation, by 
controlling the concentrations of pollution, oxygen, nutrients, moisture, pH, temperature, 
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provide treatment in place, avoiding excavation and transport of contaminants (Vidali, 
2001). In situ techniques are limited by the depth of the soil that can be effectively treated. In 
contrast, ex situ techniques involve the excavation or removal of contaminated soil from the 
ground. 
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biochemical pathways dependent on the electron acceptor utilized by the microorganism. 
Petroleum-based contaminants have been shown to degrade under various anaerobic 
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environment e.g. in contaminated soils and sediments, is not yet known and evidence for 
the anaerobic degradation of alkanes in environmental samples has been reported in only a 
few cases (Salminen, 2004). 



 
Hydrocarbon 46 

The most rapid and complete degradation of the majority of organic pollutants is brought 
about under aerobic conditions. The initial intracellular attack of organic pollutants is an 
oxidative process, and the activation and the incorporation of oxygen is the enzymatic key 
reaction catalyzed by oxygenases and peroxidases. Degradation pathways convert organic 
pollutants step by step into intermediates of the central intermediary metabolism, for example, 
the tricarboxylic acid cycle. Biosynthesis of cell biomass occurs from the central precursor 
metabolites, for example, acetyl-CoA, succinate, pyruvate. Sugars required for various 
biosyntheses and growth are synthesized by gluconeogenesis. The degradation of petroleum 
hydrocarbons can be mediated by specific enzyme systems. Other mechanisms involved are 
(1) attachment of microbial cells to the substrates and (2) production of biosurfactants. The 
uptake mechanism linked to the attachment of cell to oil droplet is still unknown but the 
production of biosurfactants has been well studied (Nilanjana & Chandran, 2011). 

 

Technique / Definition Advantages Disadvantages Applicability 
Biosparging - Involves the 
injection of air under pressure 
below the water table to 
increase groundwater oxygen 
concentrations and enhance 
the rate of biological 
degradation of contaminants 
by naturally occurring 
bacteria (Baker & Moor, 2000; 
Khan et al., 2004). 

Equipment is readily 
available and easy to 
install, 
little disturbance to site 
operations, 
treatment times from 6 
months to 2 years, 
low injection rates reduce 
the need for vapour 
capture and treatment. 

Can only be used in 
areas where air sparging 
is suitable, 
complex chemical, 
physical and biological 
processes are not well 
understood 
potential for the 
migration of  
contaminants. 

Most types of 
petroleum 
contaminated 
sites, but it is 
least effective on 
heavy 
petroleum 
because of the 
length of time 
required. 

Bioventing - injection of air 
into the contaminated 
media at a rate designed to 
maximize in situ 
biodegradation 
and minimize or eliminate the 
off-gassing of volatilized 
contaminants to the 
atmosphere (Khan et al., 2004).

Equipment is readily 
available and easy to 
install, 
short treatment times, from 
6 months to 2 years. 
easy to combine with other 
technologies, 
may not require off-gas 
treatment. 

High concentrations of 
contaminants may be 
toxic to organisms. 
cannot always reach low 
cleanup limits. 
is effective only in 
unsaturated soils; other 
methods are needed for 
the saturated zone. 

Mid-weight 
petroleum 
products like 
diesel. 

Phytoremediation -
application of green plants to 
remove pollutants and other 
harmful components from the 
environment (Joner et al., 
2006). 

Cost-effective for large 
areas, no impact on the 
environment, 
formation of secondary 
waste is minimal, 
post-treatment soil can 
remain in the treated area 
and can be used in 
agriculture, uses solar 
energy no formation of 
toxic compounds. 

Longer period required 
than one growing 
season, climate and 
hydro-logical conditions 
such may limit plant 
growth and the plant 
species that can be used, 
pollutants can enter the 
food chain, requires 
special disposal of 
plants. 

Heavy metals, 
radionuclides, 
chlorinated 
solvents, 
petroleum 
hydrocarbons, 
insecticides, 
explosives and 
surfactants. 

Table 1. The most applicable in situ techniques and their main characteristics 
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Technique / Definition Advantages Disadvantages Applicability 
Landfarming - spreading 
of contaminated soils in a 
thin layer on the ground 
surface of a treatment 
site and stimulating 
aerobic microbial activity 
within the soils through 
aeration and addition of 
nutrients, minerals, and 
water (Hejazi et al., 2003; 
Khan et al., 2004). 

The most cost effective,
takes less time and 
money to remediate, 
leads to complete 
destruction of 
pollutants, 
suitable for treating 
large volumes of 
contaminated soil. 

Large amount of land 
required, 
VOC must be pre-treated 
not efficient for the heavy 
components of petroleum, 
possibility of contamination 
migration into the 
environment, 
difficult to expect a reduction 
in the concentration of 
pollutants  greater than 95%.

Volatile organic 
compounds, 
gasoline, heating 
and lubricating 
oil, diesel oil, 
PAH etc. 

Biopile 
A hybrid of landfarming 
and composting -
engineered cells are 
constructed 
as aerated composted 
piles (Jorgensen et al., 
2000). 

May be constructed to 
suit a variety of terrain 
conditions, 
the treatment time - 6 
months to 2 years, 
advantages over 
landfarming: takes up 
less space, possibility of 
aeration,  VOC control is 
possible.

Not efficient for the heavy 
components of petroleum, 
possibility of contamination 
migration into the 
environment, 
difficult to expect a 
pollutants concentration 
reduction > 95%. 

Petroleum 
products, non-
halogenated and 
halogenated 
VOC and SVOC, 
PAH. 

Composting - combining
contaminated soil with 
non-hazardous organic 
materials which support 
the development of a rich 
microbial population and 
elevated temperature for 
composting (Semple et 
al., 2001). 

Cost effective,
takes less time and 
money to remediate 
leads to complete 
destruction of 
pollutants, 
suitable for treating 
large volumes of 
contaminated soil.

VOC must be pre-treated
possibility of contamination 
migration into the 
environment, 
composting/compost 
processes to “lock up”' 
pollutants, the long-term 
stability of such “stabilized” 
matrices is uncertain.

Petroleum 
products, non-
halogenated and 
halogenated 
VOC and SVOC, 
PAH, PCB and 
explosives, 
pesticides. 

Bioslurry systems -
the soil is treated in a 
controlled bioreactor 
where the slurry is mixed 
to keep the solids 
suspended and 
microorganisms in 
contact with the 
contaminants (Nano 
&Rota, 2003). 

Control of temperature, 
moisture, pH, oxygen, 
nutrients, VOC 
emission, 
addition of surfactants, 
addition of micro-
organisms, 
monitoring of reaction 
conditions. 

Non-homogeneous and 
clayey soils can handling 
problems, 
free product removal is 
necessary, 
expensive soil dewatering 
after treatment, 
disposal method is needed 
for wastewater, 
extensive site and 
contaminant investigation.

Petroleum 
products, non-
halogenated and 
halogenated 
VOC and SVOC, 
PAH, PCB and 
explosives. 

Table 2. The most applicable ex situ techniques and their main characteristics  

4. Bioremediation process kinetics 
Bioremediation processes are time consuming and as a consequence, many studies have 
addressed the determination of bioremediation process kinetics. The kinetics for modelling 
the bioremediation of contaminated soils can be extremely complicated. This is largely due 
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The most rapid and complete degradation of the majority of organic pollutants is brought 
about under aerobic conditions. The initial intracellular attack of organic pollutants is an 
oxidative process, and the activation and the incorporation of oxygen is the enzymatic key 
reaction catalyzed by oxygenases and peroxidases. Degradation pathways convert organic 
pollutants step by step into intermediates of the central intermediary metabolism, for example, 
the tricarboxylic acid cycle. Biosynthesis of cell biomass occurs from the central precursor 
metabolites, for example, acetyl-CoA, succinate, pyruvate. Sugars required for various 
biosyntheses and growth are synthesized by gluconeogenesis. The degradation of petroleum 
hydrocarbons can be mediated by specific enzyme systems. Other mechanisms involved are 
(1) attachment of microbial cells to the substrates and (2) production of biosurfactants. The 
uptake mechanism linked to the attachment of cell to oil droplet is still unknown but the 
production of biosurfactants has been well studied (Nilanjana & Chandran, 2011). 

 

Technique / Definition Advantages Disadvantages Applicability 
Biosparging - Involves the 
injection of air under pressure 
below the water table to 
increase groundwater oxygen 
concentrations and enhance 
the rate of biological 
degradation of contaminants 
by naturally occurring 
bacteria (Baker & Moor, 2000; 
Khan et al., 2004). 

Equipment is readily 
available and easy to 
install, 
little disturbance to site 
operations, 
treatment times from 6 
months to 2 years, 
low injection rates reduce 
the need for vapour 
capture and treatment. 

Can only be used in 
areas where air sparging 
is suitable, 
complex chemical, 
physical and biological 
processes are not well 
understood 
potential for the 
migration of  
contaminants. 

Most types of 
petroleum 
contaminated 
sites, but it is 
least effective on 
heavy 
petroleum 
because of the 
length of time 
required. 

Bioventing - injection of air 
into the contaminated 
media at a rate designed to 
maximize in situ 
biodegradation 
and minimize or eliminate the 
off-gassing of volatilized 
contaminants to the 
atmosphere (Khan et al., 2004).

Equipment is readily 
available and easy to 
install, 
short treatment times, from 
6 months to 2 years. 
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technologies, 
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treatment. 
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contaminants may be 
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is effective only in 
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Mid-weight 
petroleum 
products like 
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Phytoremediation -
application of green plants to 
remove pollutants and other 
harmful components from the 
environment (Joner et al., 
2006). 

Cost-effective for large 
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environment, 
formation of secondary 
waste is minimal, 
post-treatment soil can 
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and can be used in 
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energy no formation of 
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than one growing 
season, climate and 
hydro-logical conditions 
such may limit plant 
growth and the plant 
species that can be used, 
pollutants can enter the 
food chain, requires 
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plants. 

Heavy metals, 
radionuclides, 
chlorinated 
solvents, 
petroleum 
hydrocarbons, 
insecticides, 
explosives and 
surfactants. 

Table 1. The most applicable in situ techniques and their main characteristics 
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Technique / Definition Advantages Disadvantages Applicability 
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thin layer on the ground 
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A hybrid of landfarming 
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engineered cells are 
constructed 
as aerated composted 
piles (Jorgensen et al., 
2000). 

May be constructed to 
suit a variety of terrain 
conditions, 
the treatment time - 6 
months to 2 years, 
advantages over 
landfarming: takes up 
less space, possibility of 
aeration,  VOC control is 
possible.

Not efficient for the heavy 
components of petroleum, 
possibility of contamination 
migration into the 
environment, 
difficult to expect a 
pollutants concentration 
reduction > 95%. 

Petroleum 
products, non-
halogenated and 
halogenated 
VOC and SVOC, 
PAH. 

Composting - combining
contaminated soil with 
non-hazardous organic 
materials which support 
the development of a rich 
microbial population and 
elevated temperature for 
composting (Semple et 
al., 2001). 

Cost effective,
takes less time and 
money to remediate 
leads to complete 
destruction of 
pollutants, 
suitable for treating 
large volumes of 
contaminated soil.

VOC must be pre-treated
possibility of contamination 
migration into the 
environment, 
composting/compost 
processes to “lock up”' 
pollutants, the long-term 
stability of such “stabilized” 
matrices is uncertain.

Petroleum 
products, non-
halogenated and 
halogenated 
VOC and SVOC, 
PAH, PCB and 
explosives, 
pesticides. 

Bioslurry systems -
the soil is treated in a 
controlled bioreactor 
where the slurry is mixed 
to keep the solids 
suspended and 
microorganisms in 
contact with the 
contaminants (Nano 
&Rota, 2003). 

Control of temperature, 
moisture, pH, oxygen, 
nutrients, VOC 
emission, 
addition of surfactants, 
addition of micro-
organisms, 
monitoring of reaction 
conditions. 

Non-homogeneous and 
clayey soils can handling 
problems, 
free product removal is 
necessary, 
expensive soil dewatering 
after treatment, 
disposal method is needed 
for wastewater, 
extensive site and 
contaminant investigation.

Petroleum 
products, non-
halogenated and 
halogenated 
VOC and SVOC, 
PAH, PCB and 
explosives. 

Table 2. The most applicable ex situ techniques and their main characteristics  

4. Bioremediation process kinetics 
Bioremediation processes are time consuming and as a consequence, many studies have 
addressed the determination of bioremediation process kinetics. The kinetics for modelling 
the bioremediation of contaminated soils can be extremely complicated. This is largely due 
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to the fact that the primary function of microbial metabolism is not for the remediation of 
environmental contaminants. Instead the primary metabolic function, whether bacterial or 
fungal in nature, is to grow and sustain more of the microorganism. Because of the 
involvement of adverse factors and the complexity of the process, it is not possible to predict 
the duration of bioremediation. Therefore, the formulation of a kinetic model must start 
with the active biomass and factors, such as supplemental nutrients and oxygen source that 
are necessary for subsequent biomass growth (Maletić et al., 2009; Rončević et al., 2005). 

Studies of the kinetics of the bioremediation process proceed in two directions: (1) the first is 
concerned with factors influencing the amount of transformed compounds with time, and 
(2) the other approach seeks the types of curves describing the transformation and 
determines which of them fits the degradation of the given compounds by the microbiologic 
culture in the laboratory microcosm and sometimes, in the field.  

Determinations based on the literature data for values of the degradation degree are useful 
but less exact, because they do not take into account all the specific characteristics of the soil 
such as temperature, moisture, and—most often—the adaptation of bacteria to the specific 
contaminants. A literature survey has shown that studies of biodegradation kinetics in the 
natural environment are often empiric, reflecting only a basic level of knowledge about the 
microbiologic population and its activity in a given environment. One such example of the 
empirical approach is the simple model: 

 ndC kC
dt

  (1) 

where C is the concentration of the substrate, t is time, and k is the degradation rate constant 
of the compound and n is a fitting parameter (most often taken to be unity) (Wethasinghe et 
al., 2006). Using this model, one can fit the curve of substrate removal by varying n and k 
until a satisfactory fit is obtained. It is evident from this equation that the rate is 
proportional to the exponent of substrate concentration. Researchers involved in kinetic 
studies do not always report whether the model they used was based on theory or 
experience and whether the constants in the equation have a physical meaning or if they just 
serve as fitting parameters (Maletić et al., 2009; Rončević et al., 2005). 

With the complex array of factors that influence the biodegradation of hydrocarbons noted 
previously, it is not realistic to expect a simple kinetic model to provide precise and accurate 
descriptions of concentrations during different seasons and in different environments. The 
results of short-term degradation experiments are sometimes presented with the implicit 
assumption of zero-order kinetics (i.e., degradation in mass per unit time or in turnover 
time). However, short-term degradation experiments may not be adequate to discern the 
appropriate kinetics. In experiments with a number of samples taken during a length of time 
sufficient for considerable biodegradation to take place, the concentration of hydrocarbons 
with time is better described by first-order kinetics, eq. 2 (Collina et al., 2005; Grossi et al., 
2002; Hohener et al., 2003; Pala et al., 2006; Rončević et al., 2005).  

First order kinetics, such as the well known Michaelis-Menton kinetic model, is the most 
often used equation for the representation of degradation kinetics (Collina et al., 2005; Grossi 
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et al., 2002; Hohener et al., 2003; Pala et al., 2006; Pollard et al., 2008). First order kinetics 
enables the prediction of hydrocarbon concentrations at any time from biodegradation half-
times. If the optimal conditions are established, remediation time depends on the 
biodegradation half-time, initial hydrocarbon concentration in the polluted soil, and the end 
point concentration which needs to be achieved. Many researchers assume first order kinetics 
because of the easier presentation and data analysis, simplicity of graphical presentation, and 
the easier prediction of concentration once half-life has been determined [26, 28]. This 
approach is least reliable at very high and very low levels of contaminants. Taking the same 
initial values of concentration, different kinetic models will give significantly different final 
amounts of unreacted compound (Maletić et al., 2009; Rončević, 2002; Rončević et al., 2005): 

 0
ktC C e  (or 0ln lnC C kt  ) (2) 

where C - concentration of hydrocarbons (g kg-1), t - time of removal (day), C0 - initial 
concentration of hydrocarbons (g kg-1), and k - rate constant of the change in the 
hydrocarbon content of the soil (day-1). 

In the simple model, depending on the nature of the substrate and experimental conditions, 
various investigators obtain different values for the rate constant of substrate degradation: for 
n-alkanes, 0.14 to 0.61 day-1; for crude oil, 0.0051 to 0.0074 day-1; and for PAHs, 0.01 to 0.14 day-

1 (Roncević et al., 2005). Reported rates for the degradation of hydrocarbon compounds under 
field or field-simulated conditions differ by up to two orders of magnitude. The selection of 
appropriate kinetics and rate constants is essential for accurate predictions or reconstructions 
of the concentrations of hydrocarbons with time in soil after a spill.  

A more reliable prediction of pollution biodegradation can be obtained from more complex 
models such as the BIOPLUME II model (BIOPLUME is a two-dimensional computer model 
that simulates the transport of dissolved hydrocarbons under the influence of oxygen-limited 
biodegradation). Additionally, in recent years, the state of the art in modelling technology 
allows for even more reliable prediction using the 3D software MODFLOW, which is available 
in several versions: MODFLOW, MODPATH, MT3D, RT3D and MODFLOW-SURFACT). 

For the ex-situ treatment of soil, remediation time generally does not depend on the transport 
of nutrients and oxygen and can be roughly determined from the degree of degradation, 
determined in laboratory tests of samples taken from the field. The following factors often 
interfere with a simple extrapolation of the kinetics described above in natural conditions: 

1. Different barriers may limit or prevent contact between microbial cells and their organic 
substrates. Many organic molecules sorb to clay or soil humus or sediment, and the 
kinetics of the decomposition of sorbed substrate can be completely different from that 
of the same compound free in solution. 

2. The presence of other organic molecules, which can be metabolized by biodegrading 
species can reduce or increase the consumption of the examined compounds. 

3. Application of inorganic nutrients, oxygen, or growth factors, can affect the speed of 
transformation and then the process will be governed by diffusion of nutrients or the 
speed of their formation or regeneration of the other residents of the community. 
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to the fact that the primary function of microbial metabolism is not for the remediation of 
environmental contaminants. Instead the primary metabolic function, whether bacterial or 
fungal in nature, is to grow and sustain more of the microorganism. Because of the 
involvement of adverse factors and the complexity of the process, it is not possible to predict 
the duration of bioremediation. Therefore, the formulation of a kinetic model must start 
with the active biomass and factors, such as supplemental nutrients and oxygen source that 
are necessary for subsequent biomass growth (Maletić et al., 2009; Rončević et al., 2005). 

Studies of the kinetics of the bioremediation process proceed in two directions: (1) the first is 
concerned with factors influencing the amount of transformed compounds with time, and 
(2) the other approach seeks the types of curves describing the transformation and 
determines which of them fits the degradation of the given compounds by the microbiologic 
culture in the laboratory microcosm and sometimes, in the field.  

Determinations based on the literature data for values of the degradation degree are useful 
but less exact, because they do not take into account all the specific characteristics of the soil 
such as temperature, moisture, and—most often—the adaptation of bacteria to the specific 
contaminants. A literature survey has shown that studies of biodegradation kinetics in the 
natural environment are often empiric, reflecting only a basic level of knowledge about the 
microbiologic population and its activity in a given environment. One such example of the 
empirical approach is the simple model: 

 ndC kC
dt

  (1) 

where C is the concentration of the substrate, t is time, and k is the degradation rate constant 
of the compound and n is a fitting parameter (most often taken to be unity) (Wethasinghe et 
al., 2006). Using this model, one can fit the curve of substrate removal by varying n and k 
until a satisfactory fit is obtained. It is evident from this equation that the rate is 
proportional to the exponent of substrate concentration. Researchers involved in kinetic 
studies do not always report whether the model they used was based on theory or 
experience and whether the constants in the equation have a physical meaning or if they just 
serve as fitting parameters (Maletić et al., 2009; Rončević et al., 2005). 

With the complex array of factors that influence the biodegradation of hydrocarbons noted 
previously, it is not realistic to expect a simple kinetic model to provide precise and accurate 
descriptions of concentrations during different seasons and in different environments. The 
results of short-term degradation experiments are sometimes presented with the implicit 
assumption of zero-order kinetics (i.e., degradation in mass per unit time or in turnover 
time). However, short-term degradation experiments may not be adequate to discern the 
appropriate kinetics. In experiments with a number of samples taken during a length of time 
sufficient for considerable biodegradation to take place, the concentration of hydrocarbons 
with time is better described by first-order kinetics, eq. 2 (Collina et al., 2005; Grossi et al., 
2002; Hohener et al., 2003; Pala et al., 2006; Rončević et al., 2005).  

First order kinetics, such as the well known Michaelis-Menton kinetic model, is the most 
often used equation for the representation of degradation kinetics (Collina et al., 2005; Grossi 
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et al., 2002; Hohener et al., 2003; Pala et al., 2006; Pollard et al., 2008). First order kinetics 
enables the prediction of hydrocarbon concentrations at any time from biodegradation half-
times. If the optimal conditions are established, remediation time depends on the 
biodegradation half-time, initial hydrocarbon concentration in the polluted soil, and the end 
point concentration which needs to be achieved. Many researchers assume first order kinetics 
because of the easier presentation and data analysis, simplicity of graphical presentation, and 
the easier prediction of concentration once half-life has been determined [26, 28]. This 
approach is least reliable at very high and very low levels of contaminants. Taking the same 
initial values of concentration, different kinetic models will give significantly different final 
amounts of unreacted compound (Maletić et al., 2009; Rončević, 2002; Rončević et al., 2005): 

 0
ktC C e  (or 0ln lnC C kt  ) (2) 

where C - concentration of hydrocarbons (g kg-1), t - time of removal (day), C0 - initial 
concentration of hydrocarbons (g kg-1), and k - rate constant of the change in the 
hydrocarbon content of the soil (day-1). 

In the simple model, depending on the nature of the substrate and experimental conditions, 
various investigators obtain different values for the rate constant of substrate degradation: for 
n-alkanes, 0.14 to 0.61 day-1; for crude oil, 0.0051 to 0.0074 day-1; and for PAHs, 0.01 to 0.14 day-

1 (Roncević et al., 2005). Reported rates for the degradation of hydrocarbon compounds under 
field or field-simulated conditions differ by up to two orders of magnitude. The selection of 
appropriate kinetics and rate constants is essential for accurate predictions or reconstructions 
of the concentrations of hydrocarbons with time in soil after a spill.  

A more reliable prediction of pollution biodegradation can be obtained from more complex 
models such as the BIOPLUME II model (BIOPLUME is a two-dimensional computer model 
that simulates the transport of dissolved hydrocarbons under the influence of oxygen-limited 
biodegradation). Additionally, in recent years, the state of the art in modelling technology 
allows for even more reliable prediction using the 3D software MODFLOW, which is available 
in several versions: MODFLOW, MODPATH, MT3D, RT3D and MODFLOW-SURFACT). 

For the ex-situ treatment of soil, remediation time generally does not depend on the transport 
of nutrients and oxygen and can be roughly determined from the degree of degradation, 
determined in laboratory tests of samples taken from the field. The following factors often 
interfere with a simple extrapolation of the kinetics described above in natural conditions: 

1. Different barriers may limit or prevent contact between microbial cells and their organic 
substrates. Many organic molecules sorb to clay or soil humus or sediment, and the 
kinetics of the decomposition of sorbed substrate can be completely different from that 
of the same compound free in solution. 

2. The presence of other organic molecules, which can be metabolized by biodegrading 
species can reduce or increase the consumption of the examined compounds. 

3. Application of inorganic nutrients, oxygen, or growth factors, can affect the speed of 
transformation and then the process will be governed by diffusion of nutrients or the 
speed of their formation or regeneration of the other residents of the community. 
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4. Many species can metabolize the same organic compounds simultaneously. 
5. Protozoa or possible species that parasitize on the biodegrading population can manage 

growth, population size or activity responsible for biodegradation. 
6. Many synthetic chemicals have insufficient solubility in water, and the kinetics of their 

transformation can be completely different from compounds in the aqueous phase. 
7. Cells of the active population may be sorbed or can develop microcolonies, and kinetics 

of sorbed or microcolonies is still unresolved. 
8. Many organic compounds disappear only after a period of acclimatization, and there is 

no method that can predict the length of this period or the expected percentage of time 
between the occurrence of compounds and their total destruction. 

4.1. Bioremediation study – Our experiences 

In order to close this issue for readers, experience from four different bioremediation treatments 
of petroleum contaminated soil are given as examples (Fig. 1, Fig. 2). Thus, as a consequence of 
the accidental oil spill in the Novi Sad Oil Refinery (Serbia) in 1999, soil was directly 
contaminated with various petroleum products (gasoline, crude oil, kerosene, diesel fuel, black 
oil, etc.) and products of their combustion from frequent fires. Bioremediation studies on this 
soil were conducted 1 year after contamination (Rončević, 2002; Rončević et al., 2005), after 5 
years (Rončević, 2007) and after 8 years (Maletić et al., 2009; Maletić, 2010; Maletić at al., 2011), 
and the bioremediation kinetics which were determined are compared here and discussed.  

The obtained data from these four studies show changes and differences in the bioremediation 
kinetic rate, depending on the applied technology and stage of weathering (Fig 3.).  

In study 1, bioremediation was carried out on a relatively freshly petroleum contaminated 
soil (one year after contamination), with a start concentration three times greater than in the 
other case studies, and the % of removed hydrocarbon is the highest. A slight difference was 
noticed between the two approaches applied (reactor with continuous and discontinuous 
flow). Namely, in the reactor with discontinuous flow, the hydrocarbon biodegradation rate 
in the aerobic part of the reactor was lower, indicating that the aerobic bioremediation 
conditions are favourable for this type of oil contaminated soil. Generally, satisfactory 
hydrocarbon degradation and removal rates were established by this technology.  

As explained above, in study 2, the initial hydrocarbons concentration is three times lower, 
due to the different environmental conditions to which this soil was exposed during 5 years 
of weathering. Three varieties of in situ bioremediation technology were applied (Fig. 1). The 
first two used in-situ biostimulation feeding with aerated water and magnesium peroxide, 
and did not provide satisfactory results. The biodegradation kinetic rate constant could not 
be calculated, since no removal of hydrocarbons was observed during the bioremediation.  

With the third variation, which used in situ biostimulation with ex situ biologically treated 
groundwater, the situation was changed drastically. Hydrocarbon content decreased 
rapidly, by about 60% in 232 days. Even so, the biodegradation kinetic rate constant is twice 
as low as the rate constant in study 1. This is probably because the degradation of the easily 
removable hydrocarbon fraction from the soil already occurred during the weathering 
process. Thus, only the heavier and less degradable fractions remained in the soil. 
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Bioremediation study 1 – Laboratory trial bioremediation 

  Two samples of 170 and 180 kg were introduced into separate 
reactors which were filled to a height of 20 cm with water 
sampled from the piezometers from the refinery area. 
Experiment duration was 325 days. 

 Each reactor was reinoculated daily by replacing 250 ml of the 
water phase with 250 ml of a suspension of adapted bacteria.  

 One reactor (a) had continuous circulation of the water phase, 
with the aid of an air lift, at a flow rate of approximately 7 l 
day−1.  

 In the second (b), circulation of the water phase was carried out 
over a short period once a day to give a flow rate of 0.5 l day−1.  

 After percolating through the soil, the water phase was passed 
through a separator in which water insoluble components (free 
crude oil plus oil derivatives) were separated out by gravity. 
The separated-oily layer was removed periodically and fed into 
a third bioreactor that was used to prepare the adapted 
microbial suspension. 

Bioremediation study 2 – Simulation of in situ bioremediation in a laboratory bioreactor 
 Cylinder reactor, length 3.2 m and 0.8 m in diameter, with 4 piezometers placed in the soil. 
 A layer of sand 10-15 cm thick was first placed in the reactor, then a layer of soil polluted with oil 

derivatives (thickness of 45-50 cm, 1150 kg of soil). 1 m3 of groundwater from the site was added.  
 3 versions of the technical bioremediation were performed: 

 I - in-situ biostimulation feeding with aerated water - 2.7 dm3 water was discharged into the aerator, 
where it was saturated with the maximum amount of oxygen, and poured over the surface of the soil at 
the beginning of the reactor. 306 days, changeable water flow 1.8-22 x10-7 m/s. 

 II - in-situ biostimulation with magnesium peroxide, the fourth piezometer was filled with magnesium 
peroxide, whose decomposition provides oxygen in the soil layer. 147 days, water flow 22 x10-7 m/s 

 III - in-situ biostimulation with ex situ biologically treated groundwater - water from the reactor was 
drained to a system consisting of three separators of the oil-free phase, a bioreactor, settler and sludge 
conditioner, and then recirculated over the surface of the soil at the beginning of the reactor. 232 days, 
changeable water flows 2.5-16 x10-7 m/s. 

Figure 1. Experimental conditions for Bioremediation studies 1 and 2 
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4. Many species can metabolize the same organic compounds simultaneously. 
5. Protozoa or possible species that parasitize on the biodegrading population can manage 

growth, population size or activity responsible for biodegradation. 
6. Many synthetic chemicals have insufficient solubility in water, and the kinetics of their 

transformation can be completely different from compounds in the aqueous phase. 
7. Cells of the active population may be sorbed or can develop microcolonies, and kinetics 

of sorbed or microcolonies is still unresolved. 
8. Many organic compounds disappear only after a period of acclimatization, and there is 

no method that can predict the length of this period or the expected percentage of time 
between the occurrence of compounds and their total destruction. 

4.1. Bioremediation study – Our experiences 

In order to close this issue for readers, experience from four different bioremediation treatments 
of petroleum contaminated soil are given as examples (Fig. 1, Fig. 2). Thus, as a consequence of 
the accidental oil spill in the Novi Sad Oil Refinery (Serbia) in 1999, soil was directly 
contaminated with various petroleum products (gasoline, crude oil, kerosene, diesel fuel, black 
oil, etc.) and products of their combustion from frequent fires. Bioremediation studies on this 
soil were conducted 1 year after contamination (Rončević, 2002; Rončević et al., 2005), after 5 
years (Rončević, 2007) and after 8 years (Maletić et al., 2009; Maletić, 2010; Maletić at al., 2011), 
and the bioremediation kinetics which were determined are compared here and discussed.  

The obtained data from these four studies show changes and differences in the bioremediation 
kinetic rate, depending on the applied technology and stage of weathering (Fig 3.).  

In study 1, bioremediation was carried out on a relatively freshly petroleum contaminated 
soil (one year after contamination), with a start concentration three times greater than in the 
other case studies, and the % of removed hydrocarbon is the highest. A slight difference was 
noticed between the two approaches applied (reactor with continuous and discontinuous 
flow). Namely, in the reactor with discontinuous flow, the hydrocarbon biodegradation rate 
in the aerobic part of the reactor was lower, indicating that the aerobic bioremediation 
conditions are favourable for this type of oil contaminated soil. Generally, satisfactory 
hydrocarbon degradation and removal rates were established by this technology.  

As explained above, in study 2, the initial hydrocarbons concentration is three times lower, 
due to the different environmental conditions to which this soil was exposed during 5 years 
of weathering. Three varieties of in situ bioremediation technology were applied (Fig. 1). The 
first two used in-situ biostimulation feeding with aerated water and magnesium peroxide, 
and did not provide satisfactory results. The biodegradation kinetic rate constant could not 
be calculated, since no removal of hydrocarbons was observed during the bioremediation.  

With the third variation, which used in situ biostimulation with ex situ biologically treated 
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rapidly, by about 60% in 232 days. Even so, the biodegradation kinetic rate constant is twice 
as low as the rate constant in study 1. This is probably because the degradation of the easily 
removable hydrocarbon fraction from the soil already occurred during the weathering 
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Bioremediation study 1 – Laboratory trial bioremediation 

  Two samples of 170 and 180 kg were introduced into separate 
reactors which were filled to a height of 20 cm with water 
sampled from the piezometers from the refinery area. 
Experiment duration was 325 days. 

 Each reactor was reinoculated daily by replacing 250 ml of the 
water phase with 250 ml of a suspension of adapted bacteria.  

 One reactor (a) had continuous circulation of the water phase, 
with the aid of an air lift, at a flow rate of approximately 7 l 
day−1.  

 In the second (b), circulation of the water phase was carried out 
over a short period once a day to give a flow rate of 0.5 l day−1.  

 After percolating through the soil, the water phase was passed 
through a separator in which water insoluble components (free 
crude oil plus oil derivatives) were separated out by gravity. 
The separated-oily layer was removed periodically and fed into 
a third bioreactor that was used to prepare the adapted 
microbial suspension. 

Bioremediation study 2 – Simulation of in situ bioremediation in a laboratory bioreactor 
 Cylinder reactor, length 3.2 m and 0.8 m in diameter, with 4 piezometers placed in the soil. 
 A layer of sand 10-15 cm thick was first placed in the reactor, then a layer of soil polluted with oil 

derivatives (thickness of 45-50 cm, 1150 kg of soil). 1 m3 of groundwater from the site was added.  
 3 versions of the technical bioremediation were performed: 

 I - in-situ biostimulation feeding with aerated water - 2.7 dm3 water was discharged into the aerator, 
where it was saturated with the maximum amount of oxygen, and poured over the surface of the soil at 
the beginning of the reactor. 306 days, changeable water flow 1.8-22 x10-7 m/s. 

 II - in-situ biostimulation with magnesium peroxide, the fourth piezometer was filled with magnesium 
peroxide, whose decomposition provides oxygen in the soil layer. 147 days, water flow 22 x10-7 m/s 

 III - in-situ biostimulation with ex situ biologically treated groundwater - water from the reactor was 
drained to a system consisting of three separators of the oil-free phase, a bioreactor, settler and sludge 
conditioner, and then recirculated over the surface of the soil at the beginning of the reactor. 232 days, 
changeable water flows 2.5-16 x10-7 m/s. 

Figure 1. Experimental conditions for Bioremediation studies 1 and 2 
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Bioremediation study 3 – Biopile bioremediation 

 The contaminated soil (2.7 m3) was 
placed in a 2.2 m prismatic hole dug 
to a depth of 0.4 m, and covered 
with resistant polypropylene foil to 
prevent contamination spreading 
from the biopile.  

 The layer of contaminated soil above 
the drainage system was in the form 
of a 1 m tall truncated pyramid 
composted with straw, and had a 
total volume of 2.7 m3.  

 To facilitate oxygen and water transport through the soil, the contaminated soil was composted with 
straw.  

 At three different heights on the pyramid structure, perforated PVC aeration tubes were placed.  
 To accelerate microbiological activity air was additionally piped through the biopile once a week.   
 As well as stimulation of native microflora by soil aeration and irrigation, bioaugmentation was also 

carried out with microorganisms separated from the contaminated soil and cultivated in a laboratory 
bioreactor.  

 The biopile was watered twice a week, and moisture was maintained at approximately 50-80% water 
holding capacity during the experiment. Leaching water from the biopile was collected in a separate 
reservoir and used for watering the biopile. Experiment duration 710 days. 

Bioremediation study 4 – Landfarming bioremediation 

 The contaminated soil (2.7 m3) was 
placed in a 3x3 m wide and 0.4 m 
deep prismatic hole, and covered 
with resistant polypropylene foil to 
prevent contamination spreading 
from the landfarm. Experiment 
duration 710 days. 

 To facilitate oxygen and water 
transport through the soil, the soil 
was composted with straw.  

 The landfarm was turned twice a month and watered twice a week; moisture was maintained at 
approximately 50-80% water holding capacity during the experiment. 

 In addition to the stimulation of native microflora by soil aeration and irrigation, bioaugmentation 
was also carried out with microorganisms separated from the contaminated soil and cultivated in a 
laboratory bioreactor.  

 Approximately 25 dm3 of the inoculated water from the bioreactor was used together with leaching 
water for weathering the landfarm. 

Figure 2. Experimental conditions for Bioremediation studies 3 and 4 
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Total petroleum hydrocarbon Kinetic parameters 

Study lnCo k (day-1) r 

Case study 
1a – 0-10 
cm

4.5 0.0052 0.90 

Case study 
1a – 40-50 
cm

4.5 0.0046 0.96 

Case study 
1b – 0-10 
cm

4.6 0.0057 0.98 

Case study 
1b – 20-30 
cm

4.6 0.0046 0.95 

Case study 
1b – 40-50 
cm

4.5 0.0045 0.92 

Case study 
2 - I

- - - 

Case study 
2 - II

- - - 

Case study 
2 - III

3.3 0.0083 0.97 

Case study 
3 – 20 cm

3.2 0.00052 0.82 

Case study 
3 – 40 cm

3.2 0.00080 0.85 

Case study 
3 – 60 cm

3.3 0.00093 0.94 

Case study 
3 – centre

3.3 0.00078 0.90 

Case study 
3 – average

3.2 0.00077 0.96 

Case study 
4

3.1 0.00065 0.79 

Co – start concentration 
k – rate constant 
r – correlation coefficient 

 

Figure 3. Experimental results from the bioremediation studies 1-4 
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Studies 3 and 4 had similar hydrocarbon concentrations at the beginning of the experiment as 
study 2; even so, the biodegradation constant rate for both case studies is one order of 
magnitude lower than in study 2. The reason for this could be hydrocarbon complexation 
with the soil organic material and also its sorption and sequestration in the soil nanopores 
with further weathering of the oil contaminated soil (8 years). In this manner the 
hydrocarbons become recalcitrant and resistant to biodegradation. In study 3 (biopile) the 
hydrocarbon biodegradation removals were also monitored at different heights in the biopile.  

Similarly to study 1, the lowest biodegradation rate constant was obtained for the lowest layer 
of the biopile, where the oxygen concentration is limited and anaerobic conditions developed. 
This confirms the facts from study 1 that aerobic degradation of hydrocarbons is the 
favourable degradation pathway. It is worth mentioning that in general, greater rate constants 
were obtained in the biopile than in the landfarming, indicating that the biopile is a better 
technology choice for bioremediation of this type of soil contamination. 

5. Factors affecting oil hydrocarbon biodegradation processes  
Successful implementation of bioremediation technologies on contaminated areas depends 
on the characteristics of the contaminated site and a complex system of many factors that 
affect the petroleum hydrocarbons biodegradation processes (Jain et al., 2011). The main 
factors which limit the overall biodegradation rate can be grouped as: soil characteristics, 
contaminant characteristics, bioavailability, microorganisms number and catabolism 
evolution (Alexander, 1995). In order to adopt and implement some bioremediation strategy 
it is extremely important to consider and understand those limiting factors.  

5.1. Soil characteristics  

Soil characteristics are especially important for successful hydrocarbon biodegradation, some 
of the main limiting factors are: soil texture, permeability, pH, water holding capacity, soil 
temperature, nutrient content and oxygen content. Soil texture affects permeability, water 
content and the bulk density of soil. Soil with low permeability (such as clays) hinders 
transportation and the distribution of water, nutrients and oxygen. To enable the 
bioremediation of such soil, it should be mixed with amendments or bulking materials (straw, 
sawdust etc.), as the bioremediation processes rely on microbial activity, and microorganisms 
require oxygen inorganic nutrients, water and optimal temperature and pH to support cell 
growth and sustain biodegradation (Alexander, 1995; Jain et al., 2011). The optimal conditions 
for microbial growth and hydrocarbon biodegradation are given in table 3. 
 

Parameter Microbial growth HC biodegradation 
Water holding capacity 25 -28 40-80 
pH 5.5-8.8 6.5-8.0 
Temperature (oC) 10-45 20-30 
Oxygen (air-filled pore space) 10% 10-40% 
C:N:P 100:10:1(0.5) 100:10:1(0.5) 
Contaminants Not too toxic HC 5–10% of dry weight of soil 
Heavy metals <2000 ppm <700 ppm 

Table 3. Optimal conditions for microbial growth and hydrocarbon biodegradation 
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5.2. Contaminant characteristics  

Petroleum hydrocarbons contain a complex mixture of compounds; all the components of 
petroleum do not degrade at the same rate. The rate by which microorganisms degrade 
hydrocarbons depends upon their chemical structure and concentration. Petroleum 
hydrocarbons can be categorized into four fractions: saturates, aromatics, resins and 
asphaltene. Of the various petroleum fractions, n-alkanes of intermediate length (C10-C25) are 
the preferred substrates for microorganisms and tend to be the most readily degradable, 
whereas shorter chain compounds are rather more toxic. Longer chain alkanes (C25-C40) are 
hydrophobic solids and consequently are difficult to degrade due to their poor water 
solubility and bioavailability, and branched chain alkanes and cycloalkanes are also 
degraded more slowly than the corresponding normal alkanes. Highly condensed aromatic 
and cycloparaffinic structures, tars, bitumen and asphaltic materials, have the highest 
boiling points and exhibit the greatest resistance to biodegradation. It has been suggested 
that the residual material from oil degradation is analogous to, and can even be regarded as, 
humic material (Balba et al., 1998; Loeher et al., 2001; Ivančev-Tumbas et al., 2004; 
Brassington et al., 2007; Stroud et al., 2007). 

5.3. Bioavailability 

Even if the optimal conditions for hydrocarbon biodegradation are provided at the field, it 
has been shown that a residual fraction of hydrocarbon remains undegraded. Namely, after 
its arrival in the soil, an organic contaminant may be lost by biodegradation, leaching or 
volatilization, or it may accumulate within the soil biota or be sequestered and complex 
within the soil’s mineral and organic matter fractions. The rate at which hydrocarbon-
degrading microorganisms can convert chemicals depends on the rate of transfer to the cell 
and the rate of uptake and metabolism by the microorganisms. It is controlled by a number 
of physical-chemical processes such as sorption/desorption, diffusion, and dissolution. 
(Brassington et al., 2007; Cuypers et al., 2002; Maletić et al., 2011; Semple et al., 2003). The 
mass transfer of a contaminant determines microbial bioavailability. The term 
"bioavailability" refers to the fraction of chemicals in soil that can be utilized or 
transformed by living organisms. The bioavailability of a compound is defined as the ratio 
of mass transfer and soil biota intrinsic activities. Most soil contaminants show biphasic 
behaviour, whereby in the initial phase of hydrocarbon biodegradation, the rate of removal 
is high and removal is primarily limited by microbial degradation kinetics. In the second 
phase, the rate of hydrocarbon removal is low and removal is generally limited by slow 
desorption. Altogether, the poorly bioavailable fraction of hydrocarbon contamination is 
formed by hydrocarbons which desorb slowly in the second phase of bioremediation 
(Loeher et al., 2001).  The biodegradation of an oil-contaminated soil can also be seriously 
affected by the contamination time, due to weathering processes, which decrease the 
bioavailability of pollutants to microorganisms. Weathering refers to the results of 
biological, chemical and physical processes that can affect the type of hydrocarbons that 
remain in a soil (Maletić et al., 2011; Loeher et al., 2001; Semple et al.,2005). Those processes 
enhance the sorption of hydrophobic organic contaminants to the soil matrix, decreasing 
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biological, chemical and physical processes that can affect the type of hydrocarbons that 
remain in a soil (Maletić et al., 2011; Loeher et al., 2001; Semple et al.,2005). Those processes 
enhance the sorption of hydrophobic organic contaminants to the soil matrix, decreasing 
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the rate and extent of biodegradation. Moreover, a weathered oil-contaminated soil 
normally contains a recalcitrant fraction of compounds composed basically of high 
molecular weight hydrocarbons, which cannot be degraded by indigenous microorganisms 
(Balba et al., 1998; Maletić et al., 2011; Loeher et al., 2001). In contrast, a recently oil-
contaminated soil contains a higher amount of saturated and aliphatic compounds, which 
are the most susceptible to microbial degradation. However, the pollutant compounds in a 
recently contaminated soil are potentially more toxic to the native microorganisms, leading 
to a longer adaptation time (lag phase) before degradation of the pollutant and even to an 
inhibition of the biodegradation process (Margesin et al., 2000; Loeher et al., 2001; Petrović 
et al., 2008).  

As was mentioned above, sequestration and weathering of organic contaminants in the 
soil reduces the bioavailability of organic compounds and results in non-degraded 
residues in the soil. Contaminants that have been weathered and sequestrated in soil are 
not available for biodegradation in soil, even though freshly added compounds are still 
biodegradable (Alexander, 1995). Sorption is a major factor preventing the complete 
bioremediation of hydrocarbons in soil. Slow sorption leads to the hydrocarbon fraction 
becoming resistant to desorption and increases its persistence within the soil organic 
matrix. The following hypotheses have been proposed as a explanation for weathering: (1) 
weathering results in a slow diffusion of the hydrocarbon fraction in the solid fraction of 
the organic matter in the soil; (2) the contaminant slowly diffuses through the soil and 
becomes sorbed and trapped in the soil nano-and micropores (Semple et al., 2003; 
Trinidade et al., 2005). 

5.4. Microorganisms number and catabolism evolution 

The ability of the soil’s microbial community to degrade hydrocarbons depends on the 
microbes number and its catabolic activity. Microorganisms can be isolated from almost all 
environmental conditions. Soil microflora contain numbers of different microorganisms 
including bacteria, algae, fungi, protozoa and actinomycetes, which have a diverse capacity 
for attacking hydrocarbons. The main factors which affect the rate of microbial 
decomposition of hydrocarbons are: the availability of the contaminants to the 
microorganisms that have the catabolic ability to degrade them; the numbers of degrading 
microorganisms present in the soil; the activity of degrading microorganisms, and the 
molecular structure of the contaminant (Semple et al., 2003). The soil microorganisms 
number is usually in the range 104 to 107 CFU, for successful biodegradation this number 
should not be lower than 103 per gram of soil. Microorganism numbers lower than 103 CFU 
per gram of soil indicate the presence of toxic concentrations of organic or inorganic 
contaminants (Margesin et al., 2000; Petrović et al., 2008). The activity of soil microflora can 
be controlled by the factors discussed above - pH, temperature, nutrients, oxygen etc. For 
successful biodegradation, it is also necessary that the microorganisms can develop catabolic 
activity, by the following activities: induction of specific enzymes, development of new 
metabolic capabilities through genetic changes, and selective enrichment of organisms able 
to transform the target contaminant (Margesin et al., 2000, Semple et al., 2003). 
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5.5. Bioremediation study – Our experiences 

With the aim of better understanding the factors which affect hydrocarbon biodegradation, 
results from the bioremediation studies described above are also given here, along with a 
comparison and discussion of changes in hydrocarbon composition and bioavailability over the 
years (Ivančev-Tumbas et al., 2004; Maletić, 2010; Maletić at al., 2011; Rončević, 2002; Rončević, 
2007). The compounds detected by GC-MS analysis of extracts of the various soil samples taken 
at the start and end of bioremediation studies are given in Fig. 1, with only the main 
compounds from the hit lists of the probability-based matching (PBM ≥ 60%) search given. 

 
Figure 4. GC-MS SCAN qualitative analysis of soil samples 

The data reflect the fact that the soil used in this investigation was sampled from the dumping 
area of a refinery where the initial pollutants were of very diverse composition, i.e. a mixture of 
crude oil, mazut, diesel, middle distillates, heavy distillates, kerosene, etc. The untreated soil 
samples contained a large variety of straight-chain hydrocarbons and their methyl derivatives 
(those with both even and odd numbers of C atoms), many of which persisted during the 
treatment. However, if we compare the untreated soil samples at the start of study 1 (1 year after 
contamination), and study 4 (8 years after contamination) the difference is significant. Namely, in 
study 1, the soil mostly contains n-alkanes and derivates of aromatic hydrocarbons, and few 
compounds of iso-alkanes, whereas the soil in study 4 contains mostly n-alkanes and iso-alkanes, 
with only a few aromatics derivatives detected, with PBM<50%, and few cycloalkanes. The fact 
that mainly substituted polycyclic aromatic hydrocarbons were not detected in the weathered 
soil samples (study 4), shows their lower persistence than alkanes. Additionally, the greater 
number of iso-alkanes in weathered soil indicates their persistence. The cycloalkanes detected 
represent one of the main hydrocarbon residual fractions in weathered contaminated soil.  

In both studies, at the end of the experiment, the number of detected compounds is significantly 
reduced. In study 1, the aromatic hydrocarbons were almost completely removed in both 
reactors, while the number of n-alkanes detected was reduced, but they are still present in 
significant numbers in the soil at the end. This is a because the aromatics have lower persistence 
than n-alkanes, but is also due to the higher n-alkanes concentration at the beginning. It is worth 
mentioning that in the reactor with continuous flow (aerobic), the number of removed n-
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comparison and discussion of changes in hydrocarbon composition and bioavailability over the 
years (Ivančev-Tumbas et al., 2004; Maletić, 2010; Maletić at al., 2011; Rončević, 2002; Rončević, 
2007). The compounds detected by GC-MS analysis of extracts of the various soil samples taken 
at the start and end of bioremediation studies are given in Fig. 1, with only the main 
compounds from the hit lists of the probability-based matching (PBM ≥ 60%) search given. 

 
Figure 4. GC-MS SCAN qualitative analysis of soil samples 

The data reflect the fact that the soil used in this investigation was sampled from the dumping 
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samples contained a large variety of straight-chain hydrocarbons and their methyl derivatives 
(those with both even and odd numbers of C atoms), many of which persisted during the 
treatment. However, if we compare the untreated soil samples at the start of study 1 (1 year after 
contamination), and study 4 (8 years after contamination) the difference is significant. Namely, in 
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compounds of iso-alkanes, whereas the soil in study 4 contains mostly n-alkanes and iso-alkanes, 
with only a few aromatics derivatives detected, with PBM<50%, and few cycloalkanes. The fact 
that mainly substituted polycyclic aromatic hydrocarbons were not detected in the weathered 
soil samples (study 4), shows their lower persistence than alkanes. Additionally, the greater 
number of iso-alkanes in weathered soil indicates their persistence. The cycloalkanes detected 
represent one of the main hydrocarbon residual fractions in weathered contaminated soil.  

In both studies, at the end of the experiment, the number of detected compounds is significantly 
reduced. In study 1, the aromatic hydrocarbons were almost completely removed in both 
reactors, while the number of n-alkanes detected was reduced, but they are still present in 
significant numbers in the soil at the end. This is a because the aromatics have lower persistence 
than n-alkanes, but is also due to the higher n-alkanes concentration at the beginning. It is worth 
mentioning that in the reactor with continuous flow (aerobic), the number of removed n-
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alkanes is almost the same, while in the reactor with discontinuous flows (partially anaerobic), 
the number of removed n-alkanes progressively reduced with depth, as a consequence of the 
lack of oxygen for microbial degradation, indicating that for this type of hydrocarbon, aerobic 
conditions are favourable. No such observation was noticed for aromatics. In study 4, only 3 n-
alkanes compounds were detected at the end, also the number of poorly degradable iso-alkanes 
was also significantly reduced; this could be consequence of the lack of more degradable 
substrate which was probably removed during the weathering process.  

Although the number of detected compounds (Fig. 4) and TPH concentration (Fig. 3) at the 
end was significant, the bioremediation rate was too slow to suggest that further 
bioremediation was possible. With the aim of investigating whether the lack of further 
hydrocarbon biodegradation was a consequence of the absence of the bioavailable 
hydrocarbon fraction for microbial degradation, the accumulation of toxic hydrocarbon 
degradation by-products, or the high concentration of hydrocarbons, a laboratory trial on the 
soil from study 4 was conducted (Maletić, 2010; Maletić et al., 2011). Study 4 was carried out 
for almost 2 years, however, after about one year, the biodegradation process slowed down 
significantly; at that point, some of the soil from study 4 was taken for the laboratory trial. 
The laboratory trials aimed in two directions: (1) bioavailability and (2) biodegradability 
investigation. Additionally, in order to test the impact of concentration, chemical composition 
and weathering on the biodegradation processes, the same tests were conducted on soil 
freshly contaminated by crude oil and diesel oil [36]. The bioavailability test was done by 
extraction of hydrocarbon contaminated soil with Tween 80. Table 4 shows the main results 
obtained from this test. To test whether high concentration or the accumulation of toxic by-
products was the reason for the lack of biodegradation, the same soil sample was diluted 
with clean soil and then subjected to biodegradation under laboratory conditions (48 days). 
To ensure the process was not limited by other factors, the optimal conditions was provided, 
with respect to pH, temperature, water holding capacity, nutrients and oxygen content. The 
biodegradation process was monitored by measuring daily CO2 production and TPH 
concentrations at the beginning and at the end of the experiment (Table 5).  

The obtained results show that only 33% of the total amount of TPH is bioavailable in the 
weathered oil contaminated soil (soil taken from study 4). In the freshly contaminated soil, 
the bioavailable TPH fraction was three times larger, clearly indicating that in the weathered 
contaminated soil, the hydrocarbon is highly sequestrated in the soil pores and complexed 
with soil organic matter. As a result of these processes, petroleum hydrocarbons become 
resistant and unavailable for biodegradation.   
 

Parameter 
Type of the soil contaminant 

Weathered oil Crude oil Diesel oil 
TPH g/kg at the beginning 12  (±1.2) 26 (±2.6) 28 (±2.8) 
TPH g/kg residual after Tween 
extraction 

8 (±0.8) 3.6 (±0.4) 1.2 (±0.1) 

%removed by Tween extraction 33 86 96 

Table 4. Laboratory bioavailability trial results 
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The biodegradation study showed there was little difference between the respiration of 
the original and diluted samples of weathered oil contaminated soil (Table 5.). The 
evolved CO2 from those samples could originate from basal microbial respiration and 
from the very slow degradation of poorly biodegradable hydrocarbon compounds. This 
is confirmed by the removed amount of TPH in the samples. In contrast, in the freshly 
contaminated soil, respiration and the amount of TPH removed both strongly depended 
on the TPH concentration and origin. Thus, the highest quantity of evolved CO2 was 
produced by the soil contaminated with diesel oil (16 mg TPH/g), with the sample 
contaminated with crude oil (13 mg TPH/g) producing a slightly lower cumulative 
quantity of evolved CO2. The sample which contained the highest TPH concentration in 
the soils contaminated with diesel or crude oil had a lower respiration, which is a 
consequence of the high level of soluble hydrocarbons and the possible generation of 
toxic biodegradation products which can be toxic to the microorganisms present. 
Likewise, the sample with soil contaminated with the highest amount of diesel oil 
produced the second smallest amount of CO2 in the range of diesel contaminated soils. 
Thus, the diesel oil contains mostly midrange alkanes which have varying solubility and 
can cause toxic effects. The smallest amount of evolved CO2 was obtained for the 
samples with the lowest TPH concentrations of diesel and crude oil, where the 
biodegradable fraction was readily degraded. The amounts of TPH removed were in 
general agreement with the respiration rate, but less TPH was removed from the samples 
with crude oil contaminated soil. This could be due to the higher amounts of polar 
hydrocarbons (which are not included in the TPH fraction) in crude oil which can be 
degraded faster than the TPH. 

From comparing the end TPH concentration in the biodegradation sample on the original 
weathered oil contaminated soil (Table 5), and the predicted bioavailable fraction (Table 
4), it can be concluded that a small amount of bioavailable substrate remained at the end 
of the treatment. Nevertheless, it should be borne in mind that the bioavailability test 
was conducted at the beginning of the experiment, and that as well as the biodegradation 
processes during the experiment, the sorption and sequestration of hydrocarbons also 
took place. These processes reduced the bioavailable hydrocarbon fraction during the 
treatment. Additionally, it is worth mentioning that during the 2 years of bioremediation 
study 4, the TPH concentration was reduced by 53% (21% in the first year and 32% in the 
second year), indicating that all of the biodegradable TPH fraction was removed during 
the treatment. 

From the above discussion it can be concluded that the lack of hydrocarbon biodegradation 
was due to highly sorbed and sequestrated hydrocarbons in the soil pores and soil organic 
matter as a consequence of weathering, and not due to high hydrocarbon concentrations or 
accumulation of toxic products in the soil. This soil is therefore not suitable for further 
bioremediation, and if further removal of hydrocarbons is required, other technologies must 
be applied.  
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The biodegradation study showed there was little difference between the respiration of 
the original and diluted samples of weathered oil contaminated soil (Table 5.). The 
evolved CO2 from those samples could originate from basal microbial respiration and 
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is confirmed by the removed amount of TPH in the samples. In contrast, in the freshly 
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Thus, the diesel oil contains mostly midrange alkanes which have varying solubility and 
can cause toxic effects. The smallest amount of evolved CO2 was obtained for the 
samples with the lowest TPH concentrations of diesel and crude oil, where the 
biodegradable fraction was readily degraded. The amounts of TPH removed were in 
general agreement with the respiration rate, but less TPH was removed from the samples 
with crude oil contaminated soil. This could be due to the higher amounts of polar 
hydrocarbons (which are not included in the TPH fraction) in crude oil which can be 
degraded faster than the TPH. 

From comparing the end TPH concentration in the biodegradation sample on the original 
weathered oil contaminated soil (Table 5), and the predicted bioavailable fraction (Table 
4), it can be concluded that a small amount of bioavailable substrate remained at the end 
of the treatment. Nevertheless, it should be borne in mind that the bioavailability test 
was conducted at the beginning of the experiment, and that as well as the biodegradation 
processes during the experiment, the sorption and sequestration of hydrocarbons also 
took place. These processes reduced the bioavailable hydrocarbon fraction during the 
treatment. Additionally, it is worth mentioning that during the 2 years of bioremediation 
study 4, the TPH concentration was reduced by 53% (21% in the first year and 32% in the 
second year), indicating that all of the biodegradable TPH fraction was removed during 
the treatment. 

From the above discussion it can be concluded that the lack of hydrocarbon biodegradation 
was due to highly sorbed and sequestrated hydrocarbons in the soil pores and soil organic 
matter as a consequence of weathering, and not due to high hydrocarbon concentrations or 
accumulation of toxic products in the soil. This soil is therefore not suitable for further 
bioremediation, and if further removal of hydrocarbons is required, other technologies must 
be applied.  
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Contaminated soil 
TPH g/kg after 

dilution 
Evolved CO2 mg/g g/kg removed TPH 

Weathered oil 
contaminated oil 

12  (±1.2) (original 
soil) 

6.1 (±0.9) 2.2 (±0.2) 

4.9 (±0.5) 6.8 (±1.0) 1.3 (±0.1) 
3.8 (±0.4) 5.2 (±0.8) 1.5 (±0.2) 
2.3 (±0.2) 4.6 (±0.7) 0.76 (±0.1) 

Crude oil 
contaminated soil 

26 (±2.6) 15 (±2.2) 16 (±1.6) 
13 (±1.3) 20 (±3.0) 11 (±1.1) 
7.5 (±0.8) 11 (±1.7) 6.5 (±0.7) 
5.5 (±0.6) 5.3 (±0.8) 4.4 (±0.4) 

Diesel oil 
contaminated soil 

28 (±2.8) 14 (±2.2) 11 (±1.1) 
16 (±1.6) 23 (±3.4) 11 (±1.1) 
9.2 (±0.9) 17 (±2.6) 6.8 (±0.7) 
7.0 (±0.7) 7.9 (±1.2) 5.1 (±0.5) 

Table 5. Laboratory biodegradability results 

6. Conclusion  

The cleaning up of petroleum hydrocarbons in the soil environment is a real world 
problem. Better understanding of the mechanisms and factors which affect biodegradation 
is of great ecological significance, since the choice of bioremediation strategy depends on it.  
Microbial degradation processes aid the elimination of spilled oil from the environment,  
together with various physical and chemical methods. This is possible because 
microorganisms have enzyme systems to degrade and utilize different hydrocarbons as a 
source of carbon and energy. Even if the optimal conditions for microbial degradation are 
provided, the extent of hydrocarbon removal is strongly affected by its bioavailability and 
stages of weathering. As a consequence, some fractions of hydrocarbons remain 
undegraded. This residual fraction of hydrocarbon in soil can represent an acceptable end 
point for bioremediation if (1) hydrocarbon biodegradation is too slow to allow further 
bioremediation, in which case other technologies must be applied; (2) those concentrations 
are unable to release from the soil and pose adverse effects to the environment and human 
health, like those presented in the given case studies. Such residual material from oil 
degradation is analogous to, and could even be regarded as, humic material. Its inert 
characteristics, insolubility and similarity to humic materials mean it is unlikely to be 
environmentally hazardous. 
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1. Introduction 

Oil pollution in the environment is now being taken seriously by the oil industries and as 
such, these companies are always looking for cost-effective methods of dealing with this 
pollution. The global environment is under great stress due to urbanization and 
industrialization as well as population pressure on the limited natural resources. The 
problems are compounded by drastic changes that have been taking place in the lifestyle 
and habits of people. The environmental problems are diverse and sometimes specific with 
reference to time and space. The nature and the magnitude of the problems are ever 
changing, bringing new challenges and creating a constant need for developing newer and 
more appropriate technologies. 

In this context, biotechnology has tremendous potential to cater for the needs and holds 
hope for environmental protection, sustainability and management [1-2] While some 
applications such as bioremediation are direct applications of biotechnology [3-4][5], there 
are many which are indirectly beneficial for environmental remediation, pollution 
prevention and waste treatment. Large-scale pollution due to man-made chemical 
substances and to some extent by natural substances is of global concern now. Seepage and 
run-offs due to the mobile nature, and continuous cycling of volatilization and condensation 
of many organic chemicals such as pesticides have even led to their presence in rain, fog and 
snow [6].  

Every year, about 1.7 to 8.8 million metric tons of oil is released into the world's water. More 
than 90% of this oil pollution is directly related to accidents due to human failures and 
activities including deliberate waste disposal [7]. PAHs are present at levels varying from 1 
μg to 300 g kg -1 soil, depending on the sources of contamination like combustion of fossil 
fuels, gasification and liquefaction of coal, incineration of wastes, and wood treatment 
processes [8]. Incomplete combustion of organic substances gives out about 100 different 
polycyclic aromatic hydrocarbons (PAHs) which are the ubiquitous pollutants.  
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Except for a few PAHs used in medicines, dyes, plastics and pesticides, they are rarely of 
industrial use [9]. Some PAHs and their epoxides are highly toxic, and mutagenic even to 
microorganisms. About six specific PAHs are listed among the top 126 priority pollutants by 
the US Environmental Protection Agency. As much as the diversity in sources and chemical 
complexities in organic pollutants exists, there is probably more diversity in microbial 
members and their capabilities to synthesize or degrade organic compounds [10-11]-[12]. 
There are three main approaches in dealing with contaminated sites: identification of the 
problem, assessment of the nature and degree of the hazard, and the best choice of remedial 
action. The need to remediate these sites has led to the development of new technologies 
that emphasize the detoxification and destruction of the contaminants [13-14]-[15] rather 
than the conventional approach of disposal. 

Remediation, whether by biological, chemical or a combination of both means, is the only 
option as the problem of pollution has to be solved without transferring to the future. 

2. Manuscript  

2.1. Measuring pollutant concentrations 

The setting of soil pollution limits assumes an agreed method for measuring the 
concentration of a pollutant that is relevant to risk assessment across differing soil types. 
Limits are generally expressed in terms of ‘total’ concentrations as there is no consensus on 
alternative [16] methods more directly related to biological or environmental risk. Yet, 
assessing the bioavailability of soil pollutants is an essential part of the process of risk 
assessment and of determining the most appropriate approach to remediation [17]. With 
developing non exhaustive solvent extraction procedures that consistently predict the 
bioavailability of organic contaminants across a range of soil conditions [17].  

As an alternative to extraction, solid-phase micro-extraction uses adsorbents added to soil–
water slurries aiming to mimic the accessibility of organic contaminants to microorganisms. 
In relation to the assessment of risks to human health, much work is currently underway to 
develop physiologically based extraction tests; however, progress made in this respect for 
inorganic pollutants has not been matched by that for organic pollutants [18]. In recent 
years, there has been a growth in the use of onsite assays to improve decision making 
regarding the extent of pollution in batches of potentially polluted materials and, therefore, 
the need for treatment or disposal. In many cases, these new measurements are based on 
enzyme-linked immunosorbent assays linked to spectroscopy. 

Specific assays have, for example, been developed for pentachlorophenol [19] and PAHs 
[20].Whilst these methodologies can provide useful supplementary and ‘real-time’ information 
on pollutant concentration variability in the field, care must be taken when extrapolating 
findings from the very small samples used in these assays to bulk soil properties.  

Various microbiological assays have been proposed as indicators of pollutant 
bioavailability. Biosensors have been widely deployed to provide fast, cost-effective 
monitoring of pollutants and their biological toxicity. 

 
Remediation of Contaminated Sites 67 

2.2. Environmental pollution and biological treatments 

The problems of environment can be classified into the following subheads as most of the 
problems can be traced to one or more of the following either directly or indirectly: Waste 
generation (sewage, wastewater, kitchen waste, industrial waste, effluents, agricultural 
waste, food waste) and use of chemicals for various purposes in the form of insecticides, 
pesticides, chemical fertilizers, toxic products and by-products from chemical industries (Fig 
1). Waste generation is a side effect of consumption and production activities and tends to 
increase with economic advance. What is of concern is the increased presence of toxic 
chemicals such as halogen aliphatics, aromatics, polychlorinated biphenyls and other 
organic and inorganic pollutants which may reach air, water or soil and affect the 
environment in several ways, ultimately threatening the self-regulating capacity of the 
biosphere [5]-[21]-[22]. 

They may be present in high levels at the points of discharge or may remain low but can be 
highly toxic for the receiving bodies. The underground water sources are increasingly 
becoming contaminated. For example, the underground water sources have been 
permanently abandoned in the valley of the River Po in north Italy due to industrial 
pollution. Some substances may reach environment in small concentrations but may be 
subjected to biomagnification or bioaccumulation up the food chain, wherein their 
concentrations increase as they pass through the food chain [23]-[24]-[25-26].  

All the more, rapid developments in understanding activated sludge processes and 
wastewater remediation warrant exploitation of different strategies for studying their 
degradation and some of the biological remediation terminologies such as bioleaching, 
biosorption, bioaugmentation, biostimulation, biopulping, biodeterioration, biobleaching, 
bioaccumulation, biotransformation and bioattenuation are being actively researched on 
[27]. Enzyme technology has equally been receiving increased attention. Hussain  et al. 
(2009) have reviewed the biotechnological approaches for enhancing the capability of 
microorganisms and plants through the characterization and transfer of pesticide- 
degrading genes, induction of catabolic pathways, and display of cell surface enzymes[28], 
while Theron et al. (2008) have performed a thorough review of nanotechnology, the 
engineering and art of manipulating matter at the nanoscale (1–100 nm), and have 
highlighted the potential of novel nanomaterials for treatment of surface water, 
groundwater, and wastewater contaminated by toxic metal ions, organic and inorganic 
solutes, and microorganisms [29]. Husain et al. (2009) have analyzed the role of peroxidases 
in the remediation and treatment of a wide spectrum of aromatic pollutants[28]. 

Remediation approaches encompass applied physical, chemical and biological 
environmental sciences. The aim of this chapter will be to illustrate current understanding of 
the scientific principles underlying soil remediation and some of the challenges to their 
successful application. Remediation approaches that isolate treated soils are site rather than 
soil remediation technologies. These approaches, and the treatments that result in the 
destruction of soil function, will be referred to only in passing. 
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Figure 1. Summary of environmental fates on organic pollutants in soil. 

2.2.1. Bioremediation 

Interest in the microbial biodegradation of pollutants has intensified in recent years as 
humanity strives to find sustainable ways to clean up contaminated environments. 
Bioremediation, which is the use of microorganisms consortia or microbial processes to 
degrade and detoxify environmental contaminants [30]. It is also amongst these new 
technologies which derives its scientific justification from the emerging concept of Green 
Chemistry and Green Engineering, and is a fast growing promising remediation technique 
increasingly being studied and applied in practical use for pollutant clean-up. 

Bioremediation techniques have been used for decontamination of surface and subsurface 
soils, freshwater and marine systems, soils, groundwater and contaminated land 
ecosystems. However, the majority of bioremediation technologies initially developed were 
to treat petroleum hydrocarbon contamination to immobilize contaminants or to transform 
them to chemical products no longer hazardous to human health and the environment. 
Where contaminants pose no significant risk to water supply or surface water bodies, 
biodegradation products will include carbon dioxide, water and other compounds with little 
deleterious effects on the environment [31]. 

Bioremediation of soils or any site may be enhanced by fertilizing (adding nutrients such as 
carbon, nitrogen and phosphorous) and/or seeding with suitable microbial populations. 
These days, using organic wastes is bioremediation process is going to be new method as a 
option of enhancing and motivating of microorganism to break down of organic compounds 
[32-33]. This is enhanced or engineered bioremediation. Intrinsic bioremediation, which 
utilizes existing microbial communities, is often the most cost effective method available for 
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land decontamination. Even in the most contaminated soils, indigenous microbial activity 
can be enough to clean the soil effectively. Bioremediation techniques are cost effective as 
compared to other technologies. Biological treatments compare favorably with alternative 
methods. Treatment periods generally last from 2 to 48 months, about the same for chemical 
or thermal methods. Physical processes (soil washing and soil vapour extraction) are faster, 
rarely lasting more than 1 year. Solidification is almost instantaneous. 

Bioremediation (when used in solution) does not require environmentally damaging 
processes such as chemicals or heat treatment. It has beneficial effects upon soil structure 
and fertility, but with limitation on its effectiveness. These limitations may be summarized 
as follows: 

- Space requirements  
- Monitoring difficulties 
- Extended treatment time  

2.2.1.1. Bioremediation technologies 

Bioremediation technologies can be broadly classified as ex situ or in situ. Table 1 
summarizes the most commonly used bioremediation technologies. Ex situ technologies are 
those treatment modalities which involve the physical removal of the contaminated to 
another area (possibly within the site) for treatment. 

Bioreactors, land farming, anaerobic digestion, composting, biosorption and some forms of 
solid-phase treatment are all examples of ex situ treatment techniques. In contrast, in situ 
techniques involve treatment of the contaminated material in place. Bioventing for the 
treatment of the contaminated soil and biostimulation of indigenous aquifer 
microorganisms are examples of these treatment techniques. Although some sites may be 
more easily controlled and maintained with ex situ configurations [34]. 

 

Bioaugmentation Addition of bacterial cultures to a contaminated medium frequently 
used in bioreactors and ex situ systems 

Biofilters  Use of microbial stripping columns to treat air emission 

Biostimulation  Stimulation of indigenous microbial populations in soils and/or ground 
water 

Bioreactors Biodegradation in a container or reactor 

Bioventing Method of treating contaminated soils by drawing oxygen through the 
soil to stimulate microbial growth and activity 

Table 1. Bioremediation treatment technologies 

For example, many sites are located in industrial/ commercial areas, and these sites 
normally consist of numerous structures interconnected by concrete and asphalt. These 
physical barriers would make excavation extremely difficult, and if the contamination is 
deep in the subsurface, excavation becomes too expensive. As a result of these physical 
barriers, the required excavation efforts may make ex situ biotreatment impracticable. Other 
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factors could also have an impact on the type of treatment. At a typical site, the 
contamination is basically trapped below the surface. 

To expose the contamination to the open environment through excavation can result in 
potential health and safety risks [34]. In addition, the public’s perception of the excavation 
of contaminants could be negative, depending on the situation. All of these conditions 
clearly favor in situ biotreatment. Nonetheless, the key is to carefully consider the 
parameters involved with each site before evaluating which technique to use [34]. 

2.2.2. Land farming 

This technology involves the application of contaminated material that has been excavated 
onto the soil surface and periodically tilled to mix and aerate the material [35-36]. The 
contaminants are degraded, transformed and immobilized by means of biotic and abiotic 
reactions. Sometimes, in cases of very shallow contamination, the top layer of the site may 
simply be tilled without requiring any excavation. Liners or other methods may be used to 
control leachate. This technology is designed primarily to treat soil contamination by fuels, 
PAHs, non-halogenated VOCs, SVOCs, pesticides, and herbicides. The process may be 
applied to halogenated organics, but is less effective. 

simple and inexpensive, it does require large space, and reduction in contaminant  
concentrations may sometimes be due to volatilization rather than biodegradation [37-38]. 
Mar´n et al. (2005) assessed the ability land farming to reduce the total hydrocarbon content 
added to soil with refinery sludge in low rain and high temperature conditions [39]. It was 
seen that 80% of the hydrocarbons were eliminated in 11 months, half of this reduction 
taking place during the first 3 months. 

2.2.3. Phytoremediation 

Using plants in soil and groundwater remediation (i.e., phytoremediation) is a relatively 
new concept and the technology has yet to be extensively proven in the marketplace. 
However, the potential of phytoremediation for cheap, simple and effective soil and 
groundwater remediation is generating considerable interest.  

Phytoremediation may be used for remediation of soil and groundwater contaminated with 
toxic heavy metals, radio nuclides, and organic contaminants such as chlorinated solvents, 
BTEX compounds, non-aromatic petroleum hydrocarbons, nitro toluene ammunition 
wastes, and excess nutrients [40]. Other applications of phytoremediation include Land fill 
caps, buffer zones for agricultural runoff and even drinking water and industrial 
wastewater treatment. Phytoremediation may also be used as a final polishing step, in 
conjunction with other treatment technologies. While indeed promising, the applicability of 
phytoremediation is limited by several factors. First, it is essential that the contaminated site 
of interest is able to support plant growth. This requires suitable climate, soil characteristics 
such as pH and texture, and adequate water and nutrients. Second, because plant roots only 
go so deep, phytoremediation is practical only in situations where contamination is shallow 
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(less than 5 m), although in some situations with deeper contamination it may be used in 
conjunction with other technologies. Third, since the time requirements for 
phytoremediation are sometimes long relative to some conventional technologies such as 
land filling and incineration, it is not suitable for situations requiring rapid treatment. Plants 
facilitate remediation via several mechanisms (Fig 2): 

1. Direct uptake, and incorporation of contaminants into plant biomass 
2. Immobilization, or Phytostabilization of contaminants in the subsurface 
3. Release plant enzymes into the rhizosphere that act directly on the contaminants 
4. Stimulation of microbial mediated degradation in the rhizosphere 

 
Figure 2. Phytoremediation mechanisms. 

2.2.4. Biopiling  

Biopiles piles are a form of soil treatment where bulking agents, nutrients, and water are 
added. However, static piles are not mixed and temperatures are usually near ambient. 
Aeration can be passive or forced by applying a vacuum or blowing air through the pile. 
Bulking agents used are usually made up of manure or compost, which supports a larger 
microbial population than soil and provides inorganic nutrients, and relatively inert 
materials such as sawdust, wood chips, or compost. Water is added periodically, as needed 
to sustain the microbial population [41-42]. 

2.2.5. Composting  

Composting is an aerobic process that relies on the actions of microorganisms to degrade 
organic materials, resulting in the thermo genesis and production of organic and inorganic 
compounds. The metabolically generated heat is trapped within the compost matrix, which 
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leads to elevations in temperature, a characteristic of composting. In deed composting is the 
biochemical degradation of organic materials to a sanitary, nuisance-free, humus-like 
material [43]. Composting has been defined as a controlled microbial aerobic decomposition 
process with the formation of stabilized organic materials that may be used as soil 
conditioner [44]. The main factors in the control of a composting process include 
environmental parameters (temperature, moisture content, pH and aeration) and substrate 
nature parameters (C/N ratio, particle size, and nutrient content) [45-46]. 

Various factors correlate with each other physically, chemically and biologically in 
complicated composting processes. A slight change in a single factor may cause a drastic 
avalanche of metabolic and physical changes in the overall process. In other words, there 
may be extremely strong non-linearities involved in these processes [47]. These processes 
occur in matrix of organic particles and interconnected pores, and the pores are partially 
filled with air, aqueous solution, or a combination of the two. A multitude of 
microorganisms and their enzymes is responsible for the biodegradation process [48], 
resulting in a complex biochemical–microbial system. 

2.2.6. Electrokinetic remediation 

Electrokinetic treatment is emerging and innovative technology to complement traditional 
technology limitations and to treat fine-grained soils. Electrokinetic technology evaluated 
most suitable to remove contaminants effectively from low permeability clayey soil.  

In situ electrokinetic remediation can be applied to treat low permeable soils contaminated 
with heavy metals, radionuclides and selected organic pollutants. The principle behind this 
method is the application of a low level direct current electric potential through electrodes, 
which are placed into the contaminated soil. Ionic contaminants are transported to the 
oppositely charged electrode by electromigration. Additionally, electroosmotic flow 
provides a driving force for the movement of soluble contaminants [49]. 

Although the technology has been known and utilised for more than a decade, application 
to removal of hydrophobic and strongly adsorbed pollutants such as PAHs especially from 
low permeability soils is recent. Solubilising agents are therefore used in these cases to 
enhance the removal efficiency of PAHs [50]. 

2.2.7. Photocatalytic degradation 

The photocatalytic degradation process uses photocatalysts to promote oxidising reactions 
which destroy organic contaminants in the presence of light radiation. The technology has 
been widely established for treatment of wastewater, and recently, its application has 
extended to treatment of contaminated soils. 

Zhang et al. [51]conducted a comprehensive study of the photocatalytic degradation of 
phenanthrene, pyrene and benzo(a)pyrene on soil surfaces using titanium dioxide (TiO2) 
under UV light. Compared to the absence of catalyst, the addition of TiO2 as catalyst 
revealed that TiO2 accelerated the photodegradation process of all three PAHs, with 
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benzo(a)pyrene being degraded the fastest. Nonetheless, variation in TiO2 concentration 
from 0.5 to 3wt. % did not provide any significant effect on PAH degradation. Under 
distinct UV wavelengths, photocatalytic degradation rates of PAHs were different. Soil pH 
was discovered to affect the process whereby the highest pyrene and benzo(a)pyrene 
degradation rates were obtained at acidic conditions, while phenanthrene was most 
significantly degraded at alkaline conditions. Additionally, the presence of humic acid in 
soil was found to enhance PAH photocatalytic degradation by sensitising radicals capable of 
oxidizing PAHs. 

Rababah and Matsuzawa [52]developed a recirculating-type photocatalytic reactor assisted 
by the oxidising agent H2O2 solution to treat soil spiked with fluranthene. It was observed 
that the degradation efficiency of fluoranthene was 99% in the presence of both TiO2 and 
H2O2 compared to a lower degradation efficiency of 83% in the presence of TiO2 alone. 

2.3. Physico- chemical treatments  

2.3.1. Solidification and Stabilization 

Solidification/Stabilization (S/S) is one of the top five source control treatment technologies 
used at Superfund remedial sites, having been used at more than 160 sites. “Solidification” 
refers to a process in which materials are added to the waste to produce an immobile mass. 
This may or may not involve a chemical bonding between the toxic contaminant and the 
additive. “Stabilization” refers to converting a waste to a more chemically stable form. This 
conversion may include solidification, but it almost always includes use of physicochemical 
reaction to transform the contaminants to a less toxic form [53-54].  

Solidification is a technique that encapsulates hazardous waste into a solid material of high 
structural integrity. Solidifying fine waste particles is termed microencapsulation; macro 
encapsulation solidifies wastes in large blocks or containers. Stabilization technologies 
reduce a hazardous wastes solubility, mobility, or toxicity. Solidification and stabilization 
are effective for treating soils containing metals, asbestos, radioactive materials, in organics, 
corrosive and cyanide compounds, and semi-volatile organics. Solidification eliminates free 
liquids, reduces hazardous constituent mobility by lowering waste permeability, minimizes 
constituent leach ability, and provides stability for handling, transport, and disposal [55]. 

2.3.2. Soil vapour extraction  

In cases where the contaminants are volatile, a venting and ex-situ gas treatment system can 
be applied. Soil vapour extraction is a technology that has been proven effective in reducing 
concentrations of VOC and certain semi-volatile organic compounds. Principally, a vacuum 
is applied to the soil matrix to create a negative pressure gradient that causes movement of 
vapors toward extraction wells. Volatile contaminants are readily removed from the 
subsurface through the extraction wells. The collected vapors are then treated and 
discharged to the atmosphere or where permitted, reinjected to the subsurface [56-57]. 
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2.3.3. Soil washing    

Soil washing is an ex situ treatment technology for the remediation of contaminated soil. It 
has been applied to a variety of inorganically, organically, and even radioactively 
contaminated soils. Although it is a well established technology in continental Europe and 
North America, there are very few applications in the UK. 

The selection of soil washing for a particular contamination problem will depend on a 
variety of factors. Particularly important is whether the contamination is specific to 
particular groups of particles within the soil and whether these particles can be removed 
from the contaminant-free bulk of particles by physical or physico-chemical processes [58]. 

Contamination can occur on or in soil particles in a variety of ways. Six types of association 
are identified: 

 Adsorbed contamination. Contaminants may be adsorbed to particles and, in many cases, 
this adsorption may be preferential to particular particle types. For example, the 
adsorption of inorganic or organic contaminants on peaty organic fraction or on clay 
particles. 

 Discrete particles. Some contaminants may occur within the soil matrix as discrete 
particles that are not necessarily associated with soil particles. Contaminants of this 
type can include discrete metal grains or metal oxides, tar balls and some waste 
materials (e.g. used catalyst fragments). 

 Coatings. Contaminants may occur as coatings on individual particles that have resulted 
from precipitation of the contaminant from solution. For example, metal salts and iron 
oxides can precipitate on sand particles. 

 Liquid or semi-liquid coating. Liquid or semi-liquid viscous substances may occur as 
coatings around individual soil particles. Contaminants of this type can include oils, 
tars and some other organic contaminants. 

 Liquid or semi-liquid coating. Liquid or semi-liquid viscous substances may occur as 
coatings around individual soil particles. Contaminants of this type can include oils, 
tars and some other organic contaminants. 

 Internal contamination within pores. Contamination may also occur inside individual 
grains but within the pore structure. Here it may be adsorbed (e.g. heavy metal or 
organic contamination), occur as a coating to the pore walls (e.g. inorganic compound 
precipitated from solution) or occur within and possibly occlude the pores (e.g. 
contaminants such as mineral oils). 

 Part of individual grains. Contamination may occur within the matrix of an individual 
grain, or as part of an individual grain. Heavy metal contamination may occur in this 
way, for example, in slags where the heavy metal can occur within the vitrified matrix 
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Soil washing technology involves mixing the solvent (water) and contaminated soil in an 
extractor vessel [41, 59]. The mixing dissolves the organic contaminant into the solvent. Solvent 
and dissolved contaminants are then placed in a separator where the solute and solvent are 
separated and treated. The soils can be stockpiled, tested and used as inert material (Fig 3). 
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Figure 3. Schematic diagram of soil washing. 

2.3.4. Air-sparging 

Air sparging is an in situ technology in which air is injected through a contaminated aquifer. 
Air-sparing stimulates aerobic biodegradation of contaminated groundwater by delivery of 
oxygen to the subsurface [60]-[61]. This is accomplished by injecting air below the water 
table. This technology is designed primarily to treat groundwater contamination by fuels, 
non-halogenated VOCs, SVOCs, pesticides, organics, and herbicides. 

Air sparing has also been demonstrated to be an innovative groundwater remediation 
technology capable of restoring aquifers that have been polluted by volatile and (or) 
biodegradable contaminants, such as petroleum hydrocarbons. The process may be applied 
to halogenated organics, but is less effective (Fig 4). 

 
Figure 4. A schematic diagram illustrating method of air sparging. 

Air-sparing can cost less than $1 per 1,000 l in favorable situations and tends to be among 
the cheapest remedial alternatives when applicable. The technology uses simple, 
inexpensive, low-maintenance equipment that can be left unattended for long periods of 
time. Also, the technology tends to enjoy good public acceptance. The technology requires 
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the presence of indigenous organisms capable of degrading the contaminants of interest, as 
well as nutrients necessary for growth. Also, it is necessary that the contaminants be 
available to the organisms, and not tightly sorbed to soil particles. Air sparing is not 
applicable in sites where high concentrations of inorganic salts, heavy metals, or organic 
compounds are present, as hinder microbial growth. 

Excavation (and removal) is a fundamental remediation method involving the removal of 
contaminated soil/media, which can be shipped off-site for treatment and/or disposal, or 
treated on-site when contaminants are amenable to reliable remediation techniques. 

Excavation is generally utilized for localized contamination and point source and is also 
used for the removal of underground structures that are out of compliance or have been 
identified as a potential or actual point source of contamination. The limiting factor for the 
use of excavation is often represented by the high unit cost for transportation and final 
offsite disposal. EPA (1991) further stated some limiting factors that may limit the 
applicability and effectiveness of the process to include: 

i. Generation of fugitive emissions may be a problem during operations. 
ii. The distance from the contaminated site to the nearest disposal facility will affect cost. 
iii. Depth and composition of the media requiring excavation must be considered. 
iv. Transportation of the soil through populated areas may affect community acceptability. 

In this respect, the on-site removal and treatment can often yield significant savings and, in 
addition, the treated soil may have beneficial secondary use (e.g. as construction fill or road 
base material) at the same site. 

2.4. Thermal treatment 

2.4.1. Thermal desorption 

Thermal desorption technology is based on a physical separation system. The process 
desorbs (physically separates) organics from the soil without decomposition. Volatile and 
semi-volatile organics are removed from contaminated soil in thermal desorbers at 95-315°C 
for low-temperature thermal desorption (also called soil roasting), or at 315-340°C for high-
temperature thermal desorption. To transport the volatilized organics and water to the gas 
treatment system, the process uses an inert carrier gas. The gas treatment units can be 
condensers or carbon adsorption units, which will trap organic compounds for subsequent 
treatment or disposal. The units can also be afterburners or catalytic oxidizers that destroy 
the organic constituents. The bed temperatures and residence times of the desorbers are 
designed to volatilize selected contaminants, not to oxidize them. Certain less volatile 
compounds may not be volatilized at low temperatures [62-63]. 

2.4.2. Incineration 

For the remediation of soils polluted with organic compounds, incineration is the most 
widely used method. This method is very expensive and generates problems with air 
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emissions and noise [64]. Incineration technology is intended to permanently destroy 
organic contaminants. Incineration is a complex system of interacting pieces of equipment 
and is not just a simple furnace. It is an integrated system of components for waste 
preparation, feeding, combustion, and emissions control. Central to the system is the 
combustion chamber, or the incinerator. There are four major types of incinerator: rotary 
kiln, fluidized bed, liquid injection, and infrared. 

2.5. Novel remediation techniques 

2.5.1. Nanotechnology and remediation 

Nanotechnology has contributed to the development of a great diversity of materials as 
those used in electronic, optoelectronic, biomedical, pharmaceutical, cosmetic, energy, 
catalytic, and materials applications. As a general definition, nanotechnology is involved 
with objects on the nano scale, or materials measuring between 1 and 100 nm [65]. In future, 
modification and adaptation of nanotechnology will extend the quality and length of life 
[66]. The social benefits are significant from nanomaterials and the new products are 
applicable to information technology, medicine, energy, and environment. The emergence of 
nanotechnology presents a number of potential environmental benefits. 

2.5.2. Steam stripping  

The steam stripping method is based on a mass transfer concept, which is used to move 
volatile contaminants from water to air. Steam is injected through an injection well into the 
soil to vaporize volatile and semi-volatile contaminants [67]. The contaminated vapour 
steam is removed by vacuum extraction, and the contaminants are then captured through 
condensation and phased separation processes [68]. 

2.5.3. Dehalogenation  

Dehalogenation of organic compounds is chemical displacement of a chlorine molecule and 
resulting reduction of toxicity. 

2.5.4. Chemical reduction/oxidation 

Chemical reduction/oxidation is a chemical conversion of hazardous contaminants to non-
hazardous or less toxic compounds. The result is a more stable, less mobile and/or inert 
material [69]. 

2.5.5. Ultraviolet (UV) oxidation 

Ultraviolet (UV) oxidation technology uses UV radiation, ozone, or hydrogen peroxide to 
destroy or detoxify organic contaminants as water flows into a treatment tank. The reaction 
products are dechlorinated materials and chlorine gas [70-71]. 
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2.5.6. Supercritical fluids extraction 

Supercritical fluids are materials at elevated temperature and pressure that have properties 
between those of a gas and a liquid. Under these conditions, the organic contaminant 
readily dissolves in the supercritical fluid. Supercritical fluids processes represent emerging 
technologies in the site remediation field. Few full-scale applications of Supercritical fluids 
are currently in existence [72-73]. 

3. Conclusion  

A number of organic pollutants, such as PAHs, PCBs and pesticides, and inorganic 
pollutants are resistant to degradation and represent an ongoing toxicological threat to both 
wildlife and human beings. Bioremediation has grown into a green, attractive and 
promising alternative to traditional physico-chemical techniques for the remediation of 
hydrocarbons at a contaminated site, as it can be more cost-effective and it can selectively 
degrade the pollutants without damaging the site or its indigenous flora and fauna. 
However, bioremediation technologies have had limited applications due to the constraints 
imposed by substrate and environmental variability, and the limited biodegradative 
potential and viability of naturally occurring microorganisms. For the development of 
remediation processes to succeed commercially, it is essential to link different disciplines 
such as microbial ecology, biochemistry and microbial physiology, together with 
biochemical and bioprocess engineering. 

In short, the key to successful remediation resides in continuing to develop the scientific and 
engineering work that provides the real bases for both the technology and its evaluation; 
and simultaneously in explaining and justifying the valid reasons which allow scientists and 
engineeres to actually use these technologies for the welfare and safety of a public which is 
more and more concerned about the environment and its protection. 
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1. Introduction 

Crude oil is a complex mixture of hydrocarbons containing more than 17000 compounds [1]. 
Among the constituents of crude oil there is a group of substances called polycyclic aromatic 
hydrocarbons (PAHs). PAHs are aromatic compounds containing from two to eight 
conjugated ring systems. They can have a range of substituents such as alkyl, nitro, and 
amino groups in their structure [2]. Nitrogen, sulfur, and oxygen atoms can also be 
incorporated into their ring system [2,3]. The precursors for PAHs found in crude oil are 
natural products, such as steroids, that have been chemically converted to aromatic 
hydrocarbons over time [4]. 

The PAHs that are present in the marine environment in relevant concentrations are 
divided into two groups depending on their origin, namely pyrogenic and petrogenic [5]. 
Pyrogenic PAHs are formed by incomplete combustion of organic material while the 
petrogenic PAHs are present in oil and some oil products [4,6,7]. In general the pyrogenic 
PAHs are composed of larger ring systems then the petrogenic PAHs. Sources for 
pyrogenic PAHs are forest fires [6,7,8], incomplete combustion of fossil fuels [6,7,8], and 
tobacco smoke [6,7]. A range of PAHs are naturally present in crude oil [4,9,10] and coal 
[10,11] and these compounds are referred to as petrogenic PAHs. In the costal zones PAHs 
enters the water primarily from sewage, runoff from roads [12], the smelter industry 
[13,14,15] and oil spills [16,17], while offshore PAHs chiefly enter the water through  
oil seeps [18], oil spills [16], and produced water discharge from offshore oil installations 
[19]. 
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1. Introduction 

Crude oil is a complex mixture of hydrocarbons containing more than 17000 compounds [1]. 
Among the constituents of crude oil there is a group of substances called polycyclic aromatic 
hydrocarbons (PAHs). PAHs are aromatic compounds containing from two to eight 
conjugated ring systems. They can have a range of substituents such as alkyl, nitro, and 
amino groups in their structure [2]. Nitrogen, sulfur, and oxygen atoms can also be 
incorporated into their ring system [2,3]. The precursors for PAHs found in crude oil are 
natural products, such as steroids, that have been chemically converted to aromatic 
hydrocarbons over time [4]. 

The PAHs that are present in the marine environment in relevant concentrations are 
divided into two groups depending on their origin, namely pyrogenic and petrogenic [5]. 
Pyrogenic PAHs are formed by incomplete combustion of organic material while the 
petrogenic PAHs are present in oil and some oil products [4,6,7]. In general the pyrogenic 
PAHs are composed of larger ring systems then the petrogenic PAHs. Sources for 
pyrogenic PAHs are forest fires [6,7,8], incomplete combustion of fossil fuels [6,7,8], and 
tobacco smoke [6,7]. A range of PAHs are naturally present in crude oil [4,9,10] and coal 
[10,11] and these compounds are referred to as petrogenic PAHs. In the costal zones PAHs 
enters the water primarily from sewage, runoff from roads [12], the smelter industry 
[13,14,15] and oil spills [16,17], while offshore PAHs chiefly enter the water through  
oil seeps [18], oil spills [16], and produced water discharge from offshore oil installations 
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2. Oil as a source of polycyclic aromatic hydrocarbons to the aquatic 
environment 

Hydrocarbons in the form of crude oil, and therefore also PAHs, have and are entering the 
environment naturally through oil seeps, which is oil leaking naturally from oil reservoirs. 
Oil seeps are found scattered all over the globe with a higher concentration in certain 
regions of the world [18]. Numerous times the presence of a natural oil seep has resulted in 
the discovery of oil reservoirs that are large enough for commercial oil production [20], 
however, the presence of an oil seep does not guarantee the discovery of a production 
worthy oil reservoir [21]. Oil seeps vary in size with macroseeps resulting in visible oil slicks 
on the water surface, when the oil seep is situated on the seafloor, and microseeps that are 
invisible at the surface [22]. Estimates for the world-wide seepage rate vary between 0.02-2.0 
x 106 tons per year with the most realistic estimate being 0.2 x 106 tons per year [23]. The 
presence of natural oil seeps also results in local presence of hydrocarbon-eating 
microorganisms [24,25], a fact that gives these regions an advantage in the case of an 
accidental oil spill [24,26]. For example resent research showed that the presence of oil 
eating microorganisms due to natural oil seeps in the Gulf of Mexico in addition to 
favorable water currents resulted in a quicker degradation of oil in the region after the 
Deepwater Horizon accident than otherwise would be expected [26,27]. As expected, it is the 
lighter fractions, viz. short chain alkanes, of the oil that are first degraded by 
microorganisms [28]. The easily accessible energy source, short chain alkanes, results in an 
explosion like increase in the number of the oil degrading microbes. After some time these 
microorganisms also start degrading the more complex molecules such as long chain 
alkanes and aromatic compounds like PAHs [29]. A range of PAH degrading bugs has been 
found naturally in the environment [30-34]. These microorganisms have been isolated, 
sequenced and studied extensively in the laboratory, and their mechanism of degrading 
PAHs is fairly well understood [29]. 

For monitoring purposes The US Environmental Protection Agency has made a list of 16 
unsubstituted PAHs that are on a priority pollutant list [35]. These PAHs are usually 
referred to as the EPA 16 PAHs (Figure 1) and are the PAHs most commonly analyzed for. 
The concentration of these 16 PAHs and other PAHs, and the ratios between the various 
compounds differ from oil to oil [36,37]. This fact is quite clearly presented in the work of 
Kerr et al. where they have analyzed the concentration of the prioritized 16 PAHs in 48 
crude oils from around the globe (North America, South America, Africa, and Asia) [36]. 
Their results are summarized in Table 1 and show an enormous variation of the content of 
the various PAHs in crude oil from different sites. Crude oil from the North Sea is 
reported to have a PAH concentration of 0.83% [38] while for example crude oil that 
leaked out of Exxon Valdez (referred to as Exxon Valdez crude oil hereafter) had a PAH 
content of 1.47% [39].  

Naphthalene, one of the 16 EPA PAHs, is present in the highest concentration in crude oil, 
nevertheless this quantity does not give the full details of the naphthalene content of the oil. 
In fact, if the content of methylated naphthalene, a normal constituents of crude oil, is also 
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included in the analysis the total naphthalene concentration is much higher as illustrated in 
Table 2. A similar situation is also found for phenanthrene [38,39] and chrysene [38], while 
for the less abundant PAHs in crude oil excluding the alkylated derivatives of the parent 
compounds does not alter the total quantity significantly. In fact the alkylated PAHs found 
in crude oil have been reported to be more toxic then their unsubstituted congeners [41-43].  
 

Crude oil 48 different crude oils [36] North Sea [38] Goliat [40]b 

PAH Minimum
mg/kg oil

Maximum
mg/kg oil

Mean 
mg/kg oil

mg/kg oil mg/kg oil 

Naphthalene 1.2 3700 427 1169 1030 
Acenaphthene 0 58 11.1 18 12 
Acenaphthylene 0 0 0 11 * 
Fluorene 1.4 380 70.34 265 75 
Anthracene 0 17 4.3 1.5 * 
Phenanthrene 0 400 146 238 175 
Fluoranthene 0 15 1.98 10 6 
Pyrene 0 9.2 - 20 * 
Benzo[a]anthracene 0 16 2.88 11 Nac 
Chrysene 4 120 30.36 26 Nac 
Benzo[b]fluoranthene 0 14 4.08 4.2 Nac 
Benzo[k]fluoranthene 0 1.3 0.07 Nda Nac 
Benzo[a]pyrene 0 7.7 1.5 1.3 Nac 
Dibenz[a,h]anthracene 0 7.7 1.25 Nda Nac 
Benzo[g,h,j]perylene 0 1.7 0.08 1 Nac 
Indeno[1,2,3-cd]pyrenec 0 1.7 0.08 Nda Nac 

Table 1. Minimum, maximum, and mean PAH content in 48 different crude oils [36], and PAH content 
in two North European crude oils, North Sea crude oil [38], Goliat crude oil [40] (aNd = not detected; 
bGoliat is situated in the Barents Sea; cNa = not analyzed for). 

 

Crude oil North Sea [38] Goliat [41] Exxon Valdez crude oil [39] 
PAH mg/kg oil mg/kg oil mg/kg oil 
Naphthalene 1169 1030 720 
1-Methylnaphthalene 2108 2700 1330 
2-Methylnaphthalene 2204 4200 1020 
3-Methylnaphthalene 1172 2800 Naa 

Table 2. Concentration of naphthalene and the three regioisomers of methylnaphthalene in crude oil 
from three different locations (aNa = not analyzed). 

PAHs represent the group of compounds in oil that has received the greatest attention due 
to their carcinogenic and mutagenic properties [38,44]. More precisely, intermediates are 
formed that are far more toxic than the mother compounds during cellular detoxification of 
the PAHs in vivo [45]. Due to the toxicity of the PAH metabolites the oil industry in some 
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2. Oil as a source of polycyclic aromatic hydrocarbons to the aquatic 
environment 
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included in the analysis the total naphthalene concentration is much higher as illustrated in 
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areas of the world (e.g. North Sea, Mediterranean Sea, Australian Northwest Shelf, Gulf of 
Mexico) are required to monitor their discharges to the aquatic environment [46-49].In the 
North Sea this is taken care of through the Water Column Monitorin programs [48]. For 
monitoring purposes the 16 EPA compounds has been chosen as the most important PAHs 
to analyze for.  

 
Figure 1. Chemical structure of the EPA selected 16 PAHs. 

Unfortunately, accidental oil spills take place from time to time, most recently the Deapwater 
Horizon accident in the Mexican Gulf in 2010 (April 20th). This incident resulted in the release of 
779 million liters of crude oil to the Gulf [50]. The Exxon Valdez oil spill in Prince William 
Sound, Alaska, USA in 1989 (March 24th), which took place after the oil tanker ran ashore, 
resulted in the release of 42 million liters of crude oil [16]. In European waters the Erika 
accident in 1999 (December 12th) released 18000 tons of crude oil into French coastal waters 
and in Spain Prestige spilt 60000 tons of heavy fuel oil into the waters outside of Galicia  
in 2002 (November 13th) [17]. These are unfortunately only a few examples of accidental release 
of large quantities of oil to the aquatic environment. The environmental consequences of the 
Exxon Valdez spill is the most studied oil spill ever [51,52], however, the influence of the 
Deapwater Horizon oil release will probably be just as well studied, or even more studied [53]. 

3. Produced water as a source of polycyclic aromatic hydrocarbons to the 
aquatic environment  

Oil production offshore (Figure 2) (and onshore) also results in the production of large 
volumes of water, so called produced water (PW), in addition to crude oil. PAHs contained in 
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PW are receiving much attention due to their potential for causing adverse effects in the 
marine environment [54,55]. PW generally consists of a mixture of: 1) formation water 
contained naturally in the reservoir; 2) injected water used for the recovery of oil; and 3) 
treatment chemicals added during production [19]. Data from offshore oil production 
platforms in the North Sea have showed that the major aromatic compounds in PW are BTEX 
(benzene, toluene, ethylbenzene and xylene) (97%), 2- and 3-ring PAHs (3%) named NPD 
(naphthalenes, phenanthrenes and dibenzothiophenes) and larger PAHs (<0.2%) [19,56,57].  

The average concentrations of NDPs and the remaining 14 PAHs from the EPA 16 list are 
shown in Table 3. With regard to the NPD group, the lowest molecular weight substance, 
naphthalene represents the largest fraction (92%). Even PAHs with more than 3-rings 
constitute less than 0.2% of the aromatic content of PW, with the concentrations of the 
individual compounds decreasing with the number of rings in their structure, by about one 
order of magnitude for each additional ring. 
 

16 PAHs from  
the EPA list 

Oil installation Gas installation Unspecified 
installation 

Naphthalene 145 115 108 
Phenanthrene 13.6 20.9 10.7 
Fluorene 8.3 13.1 6.7 
Acenaphthene 2 50.1 1.78 
Acenaphthylene 0.86 12.6 2.35 
Fluoranthene 0.26 35.4 0.29 
Anthracene 3.74 110 1.17 
Pyrene 0.63 8 0.47 
Benzo[a]pyrene 0.52 - 0.022 
Chrysene 0.84 1 0.52 
Benzo[a]anthracene 0.23 1 0.25 
Benzo[b]fluoranthene 0.028 - 0.031 
Benzo[k]fluoranthene 0.007 - 0.007 
Dibenz[a,h]anthracene 0.005 - 0.005 
Benzo[g,h,j]perylene 0.029 - 0.019 
Indeno[1,2,3-cd]pyrenec 0.005 - 0.006 

Table 3. Mean concentrations of aromatic compounds in produced water (expressed as µg/L) (data 
from OLF, UKOOA and OGP companies, [58]). 

PAHs in PW are present in both dissolved and dispersed (oil droplets) forms. Existing 
oil/water separators, such as hydrocyclones, are efficient in removing droplets, but not 
dissolved hydrocarbons from PW. Therefore, much of the PAHs discharged in to the marine 
environment are dissolved low molecular weight compounds. Nevertheless, since the 
treatment procedures are not 100% effective, discharged PW still contains some dispersed 
oil (droplet size from 1 to 10 µm) [59]. Concentration of total PAHs in PW typically range 
from 0.040 to 3 mg/L (Table 4) and consist primarily of the most water-soluble congeners 
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treatment chemicals added during production [19]. Data from offshore oil production 
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from 0.040 to 3 mg/L (Table 4) and consist primarily of the most water-soluble congeners 
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such as naphthalene, phenanthrene and their alkylated homologues (2- and 3-ring PAHs). 
The abundance of these alkyl substituted PAHs is also higher than for the parent 
compounds (the non-alkylated homologues). Higher molecular weight PAHs (up to 6-ring) 
are in fact rarely detected in properly treated PW [60,61]. The ratio between alkylated-PAHs 
and the corresponding parent compounds is therefore used to confirm the nature of the 
pollution source in field studies [54,62].  

Due to their lipophilic properties, PAHs are mainly associated with dispersed oil droplets 
[59,63]. In fact, it has been documented that up to 10% of the total PAHs in PW from a 
platform on the Northwest Shelf of Australia were in the dissolved fraction being formed 
mainly by alkylnaphthalenes and alkylphenanthranes [64]. Moreover, these droplets also 
contained almost all the dibenzothiophenes, fluoranthenes/pyrenes and chrysenes present in 
the PW. 

 
Figure 2. The sources of PAHs entering the marine environment offshore are predominantly natural oil 
seeps, oil spills from boats or platforms, and produced water discharge from oil and gas producing 
installations such as the one shown. PAHs in produced water and oil seeps represent a chronic release 
to the marine environment. 

As a chronic source of PAH contamination in the marine environment, PW is also a source 
of concern with respect to possible long term impact on the environment [65]. Estimates of 
the PW discharge volumes on the Norwegian shelf predict an increase until 2010–2014, 
reaching a maximum of about 200 million L/year [66]. Therefore, this offshore discharge is 
currently under periodical monitoring [48,67]. 
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Compound Gulf of 
Mexico 

North Sea Scotia 
Shelf 

Grands Bank 
(Canada) 

Naphthalene 5.3-90.2 237-394 1512 131 
C1-Naphtalenes 4.2-73.2 123-354 499 186 
C2-Naphtalenes 4.4-88.2 26.1-260 92 163 
C3-Naphtalenes 2.8-82.6 19.3-81.3 17 97.2 
C4-Naphtalenes 1.0-52.4 1.1-75.7 3.0 54.1 
Acenaphthylene ND-1.1 ND 1.3 2.3 
Acenaphthene ND-0.1 0.37-4.1 ND ND 
Biphenyl 0.36-10.6 12.1-51.7 ND ND 
Fluorene 0.06-2.8 2.6-21.7 13 16.5 
C1-Fluorene 0.09-8.7 1.1-27.3 3 23.7 
C2-Fluorene 0.20-15.5 0.54-33.2 0.35 4.8 
C3-Fluorene 0.27-17.6 0.30-25.5 ND ND 
Anthracene ND-0.45 ND 0.26 ND 
Phenanthrene 0.11-8.8 1.3-32.0 4 29.3 
C1-Phenanthrene 0.24-25.1 0.86-51.9 1.30 45.0 
C2-Phenanthrene 0.25-31.2 0.41-51.8 0.55 37.1 
C3-Phenanthrene ND-22.5 0.20-34.3 0.37 24.4 
C4-Phenanthrene ND-11.3 0.50-27.2 ND 13.2 
Fluoranthene ND-0.12 0.01-1.1 0.39 0.51 
Pyrene 0.01-0.29 0.03-1.9 0.36 0.94 
C1-Fluoranthene/Pyrenes ND-2.4 0.07-10.3 0.43 5.8 
C2-Fluoranthene/Pyrenes ND-4.4 0.21-11.6 ND 9.1 
Benzo[a]anthracene ND-0.20 0.01-0.74 0.32 0.60 
Chrysene ND-0.85 0.02-2.4 ND 3.6 
C1-Chrysenes ND-2.4 0.06-4.4 ND 6.3 
C2-Chrysenes ND-3.5 1.3-5.9 ND 18.8 
C3-Chrysenes ND-3.3 0.68-3.5 ND 6.7 
C4-Chrysenes ND-2.6 ND ND 4.2 
Benzo[b]fluoranthene ND-0.03 0.01-0.54 ND 0.61 
Benzo[k]fluoranthene ND-0.07 0.006-0.15 ND ND 
Benzo[e]pyrene ND-0.10 0.01-0.82 ND 0.83 
Benzo[a]pyrene ND-0.09 0.01-0.41 ND 0.38 
Pyrelene 0.04-2.0 0.005-0.11 ND ND 
Indeno[1,2,3-cd]pyrenec ND-0.01 0.022-0.23 ND ND 
Dibenz[a,h]anthracene ND-0.02 0.012-0.10 ND 0.21 
Benzo[g,h,j]perylene ND-0.03 0.01-0.28 ND 0.17 
Total PAHs 40-600 419-1559 2148 845 

Table 4. Concentrations of individual PAHs or alky congener groups in produced water from various 
areas (expressed as µg/L) (ND = not detected) (from [61]). 
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4. Environmental monitoring of polycyclic aromatic hydrocarbons 

There are various environmental monitoring methods which may be performed in order to 
assess risks of PAH contamination for organisms and to classify the environmental quality 
of ecosystems. Five approaches are hereby reported: 1) chemical monitoring: exposure 
assessment by measuring levels of a selected set of compounds in abiotic environmental 
compartments; 2) bioaccumulation monitoring: exposure assessment by measuring PAH 
levels in biota or determining the critical dose at a critical site (bioaccumulation); 3) 
biological effect monitoring: exposure and effect assessment by determining the early 
adverse alterations that are partly or fully reversible (biomarkers); 4) health monitoring: 
effect assessment by examining the occurrence of irreversible diseases or tissue damage in 
organisms; 5) ecosystem monitoring: assessment of the integrity of an ecosystem by making 
an inventory of, for instance, species composition, density and diversity [68-70]. All these 
methods are currently in use to monitor the aquatic environment contamination from PAH 
compounds. 

Since the occurrence and abundance of PAHs in aquatic environments represent a risk to 
aquatic organisms and ultimately to humans (through fish and shellfish consumption), there 
is a constant need for their determination and quantification around the world [71]. The 
monitoring of PAH presence in the aquatic environment is therefore a world-wide activity. 
Since some of these compounds are well known carcinogens and mutagens [44,72], this 
contaminant class has been generally regarded as high priority for environmental pollution 
monitoring. In fact, the European Union included these pollutants in the list of priority 
hazardous substances for surface waters in the Water Framework Directive 2000/60/EC [73]. 
Moreover, for PAH content in biota several guidelines exist: the commission regulation (EC 
2005) which stipulates a maximum concentration of 10 µg/kg (w/w) of benzo[a]pyrene in 
edible molluscs (this regulation also limits the benzo[a]pyrene concentration in other 
alimentary products), the OSPAR Commission which has developed eco-toxicological 
assessment criteria (i.e., concentrations levels above which concern is indicated) for different 
PAHs in fish and mussels [74], and the Oregon Health Division which has derived risk-
based criteria for PAHs [75] assessing the risk in terms of benzo[a]pyrene equivalents. 

Many studies have been carried out to determine the PAH distribution in marine organisms 
in different geographical areas using different approaches. Different authors have reported 
the presence of PAHs in waters, marine organisms, and sediments using chemical and 
biological markers [76-78]. Current monitoring techniques employed to determine 
environmental quality include the chemical analyses of sediment and water samples for 
determining the concentration of PAH parent compounds. PAHs are sparingly soluble in 
water and are difficult to detect although they show a much greater association with 
sediments. In fact, due to their hydrophobic character, these compounds rapidly tend to 
become associated with particles and end up in the sediments which act as a sink for them 
[71,79,80]. High concentrations of pyrogenic PAH mixtures in sediment samples have been 
found in several freshwater, estuarine and marine regions with heavy vessel traffic or at 
locations with PAH-containing effluents from industrial areas [81]. Finally, chemical 
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analyses of these materials are laborious and costly due to the lengthy extraction 
methodology needed. Since monitoring of a large number of PAHs is expensive, time 
consuming and analytically demanding, a selection of compounds could be monitored to 
give an indication of the overall contamination.  

Standard procedure for determining PAHs in the aquatic environment have a long history 
that covers at least three decades. A few examples are reported here (see also Table 5). One 
of the first official procedures was published in 1985 by HMSO (Her Majesty’s Stationery 
Office) and provided the analysis of six PAHs in water samples [82]. In 1986, the EPA 
published EPA procedure 8310 for determining PAHs by HPLC [83]. In 2007, the EPA 
published the EPA procedure 8270D for determination of 16 PAHs applying gas 
chromatography coupled with mass spectrometry (GC-MS) [84]. To close, the standard 
method for PAH determination in water recommended by the International Organization 
for Standardization (ISO), ISO 17993:2002, is based on liquid-liquid extraction and final 
determination by HPLC [85]. 

 

Method 
name 

Application Sample preparation 
Determination 

technique 

EPA-610 
PAHs in municipal 

and industrial 
wastewaters 

About 1L of water samples is 
extracted with dichloromethane, 

the extract is then dried and 
concentrated to a final volume of 

less than 10 mL. 

HPLC or GC (with a 
packed column) 

EPA-8310 
Groundwater and 

wastewater 
EPA 3500 series methods (version 

3, 2000) 
HPLC 

EPA-8270D Aqueous samples
EPA 3500 series methods (version 

3, 2000) 

GC-MS with use of 
high resolution 

capillary columns and 
deuterated internal 

standard 

ISO 
17993:2002 

Water quality 
(determination of 

15 PAHs) 

Water samples collected in brown 
glass bottles are stabilized by 

adding sodium thiosulfate. 1 L of 
sample is extracted using hexane. 
The extract is dried with sodium 

sulfate and then enriched by 
removal of hexane by rotary 

evaporation 

HPLC and 
fluorescence detector 

Table 5. Standard procedures for determining of PAHs in aqueous samples (modified from [86]). 

Modern analyses have at their disposal a wide spectrum of tools, specialized analytical 
equipment and standard procedures that are capable of providing high quality results even 
if intercalibration studies and commonly accepted SOP are needed [86]. 
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4. Environmental monitoring of polycyclic aromatic hydrocarbons 
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Office) and provided the analysis of six PAHs in water samples [82]. In 1986, the EPA 
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published the EPA procedure 8270D for determination of 16 PAHs applying gas 
chromatography coupled with mass spectrometry (GC-MS) [84]. To close, the standard 
method for PAH determination in water recommended by the International Organization 
for Standardization (ISO), ISO 17993:2002, is based on liquid-liquid extraction and final 
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Chemical fingerprinting of a PAH mixture can lead to the identification of the 
contamination source, for example an oil spill accident [87]. PAH compounds in a 
petrogenic exposure often contain one or more methyl- ethyl- or butyl-(and sometimes 
higher alkyl-) groups on one or more of the aromatic carbons [88]. For example, the ratio 
between alkyl-PAH compounds and the corresponding parent compounds is commonly 
used to confirm the nature of the pollution source in field studies from PW discharges (i.e. 
the abundance of alkyl substituted PAHs is higher than for the parent compounds (the non-
alkylated homologues)). It has been shown that mussels caged down-stream of PW 
discharges from oil platforms accumulate higher concentrations of alkylnaphthalenes, 
alkylphenanthrenes and alkyldibenzothiophenes, than their respective parent compounds 
[62]. In a recent study, the ratio of alkylated over non-alkylated PAHs indicated a diffuse 
petrogenic contamination in the Ekofisk area (up to 2000 m from PW fallout) [55]. 

PAHs co-occur in various amounts and the composition of the mixture differs depending 
upon the source from which they are derived and their subsequent degradation. For 
example a recent study clearly demonstrated the correlation between PAH contamination in 
river water and the nearby activity of textile factories [89]. A widespread PAH 
contamination in the San Francisco Bay has been reported after a 10 year monitoring of 
water, sediment and biota samples [90]. Since the process of industrialization and 
urbanization is growing rapidly in South America, the potential increase in PAH 
contamination is under evaluation through a number of surveys in the coastal areas, 
collecting information about the PAH concentration in water, sediment and biota [91-93]. Of 
course, oil spills are well-known examples of PAH contamination in the aquatic 
environment. Unfortunately, many cases of studies are reported in the literature from 
different parts of the world, such as the Gulf of Mexico in [94], the Mediterranean Sea [95], 
the Spanish coasts [96], and the Philippines islands [97].  

PAH contamination is also constantly under the attention of different countries in relation to 
oil and gas explorations [98]. For example the Water Column Monitoring program financed 
by Oljeindustriens Landsforbund (OLF), has provided information about PAH 
contamination from platform discharges in the North Sea since 2001, almost yearly based 
[48]. This monitoring program is a good example of integration of chemical monitoring 
methods with biological effect monitoring approaches in PAH monitoring. 

Passive sampling devices, such as semipermeable membrane devices (SPMDs) and polar 
organic chemical integrative samplers (POCIS) also provide a useful contribution to the 
monitoring of PAH contaminants in the aquatic environment [99-101]. The principle of the 
passive sampling technique is the placement of a device in the environment for a fixed 
period of time, where it is left unattended to accumulate contaminants by diffusive and/or 
sorptive processes. The main advantages of using passive sampling devices over traditional 
discreet spot water samples are: 1) concentrations are time-integrative during exposure, 
compensating for fluctuations in discharges; 2) lower detection limits are normally 
achievable as a larger sample has been taken and; 3) only the freely dissolved and thus more 
readily bioavailable fraction is measured. Furthermore, there is a reduction in the need for 
the use of animals in scientific experiments. However, relating passive sampling device 
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accumulations to the overall ecological relevance of contaminants is complicated and effects 
can only be inferred.  

Nevertheless, the chemical approach does not provide information about PAH 
bioavailability, and the toxic potential and the risk posed by the potentially much more toxic 
daughter compounds produced by many organisms as a result of metabolism and 
biotransformation of the parent chemicals is not taken into account [102]. Therefore, a 
biological effect monitoring approach using living organisms for PAH environmental 
monitoring has been developed during the last couple of decades. Metabolites arising from 
biotransformation processes maybe concentrated in body fluids, tissues or excreta and the 
analysis of such biological compartments provides an opportunity to detect and measure 
exposure of organisms to bioavailable contaminants [103]. On the other hand, PAHs are 
known to induce toxic effects at the individual level [104,105], and integration of chemical 
analyses with biomarker responses in organisms has been recommended for monitoring of 
PAH contamination, in particular in oil related activities (e.g. offshore exploitation activities) 
[48]. The feasibility of using tissue concentrations of PAH compounds in marine species as a 
marker of environmental contamination depends on the relative rates of uptake, 
biotransformation and excretion of the organism. Invertebrate filter feeders, such as Mytilus 
spp., are highly efficient accumulators and bioconcentrators of PAHs and therefore 
commonly used [54,106-108]. Total amounts of the EPA 16 PAHs between 10 µg/kg and 20 
µg/kg, have been found in mussels caged in the vicinity of Norwegian platforms [48,54,109]. 
Fish and other invertebrates, rapidly biotransform PAHs and their presence in tissues is low 
and no representative of the overall contamination. PAHs related to offshore operational 
discharges in fact are generally not found in muscle of wild specimens of fish collected in 
regions with oil and gas activity [110].  

Some biomarkers are widely used as sensitive and early warning signals of exposure to 
PAHs. For example, many studies indicated that PAH compounds were detectable several 
kilometers away from North Sea oil production platforms using in vitro bioassays and 
biomarkers [111]. Currently the induction of ethoxyresorufin-O-deethylase (EROD) activity, 
the production of bile metabolites and the formation of DNA adducts have shown the 
greatest potential for identifying level of exposure to PAHs following contamination of the 
aquatic environment [87,112-114]. The historically commonly used marker is the induction 
of Cytochrome P450 1A (CYP1A) in fish measured by the catalyzed O-deethyulation of 
ethoxyresorufin in hepatic microsomes [104,115-118]. The induction of CYP1A in fish 
following exposure to certain classes of organic contaminants has been the basis of the use of 
the cytochrome P450 system as a biomarker in pollution monitoring since the 70’s [104]. 
Many studies reported the used of this biomarker in various monitoring surveys since the 
‘80s [104,119,120]. In many cases, EROD activities or CYP1A protein levels were correlated 
with environmental levels of CYP1A-inducing chemicals such as PAHs. Nevertheless, a 
linear dose–response relationship cannot always be found between the PAH concentration 
and the CYP1A content and/or activity in the natural environment, where a mixture of both 
inducers and inhibitors of CYP1A may act simultaneously [121]. Moreover, other factors 
(e.g. temperature, season or sexual hormones) can also modulate the responsiveness of the 
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accumulations to the overall ecological relevance of contaminants is complicated and effects 
can only be inferred.  

Nevertheless, the chemical approach does not provide information about PAH 
bioavailability, and the toxic potential and the risk posed by the potentially much more toxic 
daughter compounds produced by many organisms as a result of metabolism and 
biotransformation of the parent chemicals is not taken into account [102]. Therefore, a 
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biotransformation processes maybe concentrated in body fluids, tissues or excreta and the 
analysis of such biological compartments provides an opportunity to detect and measure 
exposure of organisms to bioavailable contaminants [103]. On the other hand, PAHs are 
known to induce toxic effects at the individual level [104,105], and integration of chemical 
analyses with biomarker responses in organisms has been recommended for monitoring of 
PAH contamination, in particular in oil related activities (e.g. offshore exploitation activities) 
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commonly used [54,106-108]. Total amounts of the EPA 16 PAHs between 10 µg/kg and 20 
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regions with oil and gas activity [110].  

Some biomarkers are widely used as sensitive and early warning signals of exposure to 
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inducers and inhibitors of CYP1A may act simultaneously [121]. Moreover, other factors 
(e.g. temperature, season or sexual hormones) can also modulate the responsiveness of the 
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CYP1A system in fish [122]. Since PAH compounds are absorbed via gills and may be 
metabolized before reaching the liver, hepatic EROD activity may not be the only and most 
sensitive organ to reflect the presence of CYP1A inducing agents (such as PAHs) in water. 
Therefore, a sensitive method to determine EROD activity in gill filaments has also been 
developed [123]. 

A very efficient tool to assess PAH exposure in fish is the determination of PAH metabolites 
in fish bile. They can be measured using several analytical methods from the simple and fast 
fluorescence assay (fixed fluorescence detection or synchronous fluorescence spectrometry) 
to the HPLC with fluorescence detection (HPLC-F) after deconjugation, extraction and 
derivatization of the bile samples, to the extremely sensitive and advanced LC-MS/MS and 
GC-MS/MS methods. These methods are very different both in regard to their analytical 
performances towards different PAH metabolites as well as in technical demands and 
monitoring strategies. A recent review reported the state of the art for the different methods 
for determining metabolites of PAH pollutants in fish bile [87]. This approach has also been 
developed for crustaceans. Metabolites in crabs urine have been analyzed to monitor 
environmental contamination from PAH with success [103,124]. Regarding DNA adduct 
analysis as a biomarker of exposure to PAHs, a description of methods is reported in the 
section DNA adducts from polycyclic aromatic hydrocarbons. 

5. Polycyclic aromatic hydrocarbon metabolites 

The strongly hydrophobic PAHs accumulate in fatty tissue such as liver, where they 
penetrate the cells by means of passive diffusion. Inside the hepatocytes, PAHs are oxidized 
and hence made more water-soluble and more reactive by enzymes with aryl hydrocarbon 
hydroxylase activity to form epoxides and diols according to the general route outlined in 
Figure 3 [125]. CYP1A is the most important and best described aryl hydrocarbon 
hydroxylase enzyme participating in the first step (Phase I) of xenobiotic detoxification 
[126,127]. CYP1A-derived metabolites generally have a high affinity to nucleic acids and 
proteins, which may result in adduct formation and possible impaired function of these 
biomolecules.  

 
Figure 3. General outline of the metabolic degradation of PAHs. 
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The vast majority of Phase I-derived PAH metabolites are passed on to Phase II (most 
notably glutathione transferase) and Phase III (most notably the transmembrane ATP-
binding cassette exporter proteins) to eventually become excreted with the bile fluid [126]. 
In this context, the presence of PAH metabolites in the bile of fish is a highly regarded 
biomarker of recent PAH exposure (exposure that has taken place within a few days prior to 
sampling and analysis) (vide supra) [37,87]. 

The various PAHs form a range of metabolites in vivo. Most of the studies mapping these 
metabolites have been performed on humans, rats, mice, and hamsters [128]. However, 
some studies have been conducted on fish and/or fish cells. The results from these studies 
show that the point of oxidation varies from species to species for the same PAH due to the 
presence of various cytochrome P450 (CYP) isoforms [128]. For fish it is predominantly 
CYP1A’s role in PAH metabolism that has been studied, however, for humans, in particular, 
other isoforms of CYP have also been well investigated. For a general discussion regarding 
the various CYP families found in fish, see Uno et al. [129]. Figure 4 summarizes the data 
reported for oxidation site for a range of PAHs, phenanthrene [130,131], chrysene [131,132], 
pyrene [130,133], benz[a]pyrene [131,134], benzo[c]phenanthrene [135,136], and  
dibenzo[a,l]pyrene [135-137], based on in vitro tests with fish CYP1A. Most of the PAHs 
shown in Figure 4 have predominantly one major site where oxidation takes place, thus, 
indicating a high regioselectivity in the enzymatic oxidation by CYP.  

 
Figure 4. Point of oxidation with distribution intervals. 

The absolute stereochemistry of PAH metabolites, derived from metabolism of PAHs in the 
liver, influences the toxicity of the metabolite [138,139]. In particular the diols with R,R-
configuration and the R,S-diol-S,R-epoxides show high carcinogenic activity [139]. As 
shown in Figure 4 for chrysene the predominant diol formed is the 1,2-diol (formed in 58%), 
with 3,4- and 5,6-diol being formed in 24% and >1%, respectively (structures for the diols are 
shown in Figure 5) [132]. The data for chrysene depicted in Figure 4 were based on in vitro 
tests utilizing liver microsomes from brown bullhead, however, these findings were later 
confirmed by Jonsson et al. in in vivo tests with Atlantic cod [140]. Close to 90% of the 
chrysene 1,2-diol is formed with the R,R-configuration (structure shown in Figure 5) and 
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slightly more than 10% is formed with the S,S-configuration [132]. For the 3,4-diol 97% is 
formed with the R,R-configuration (structure shown in Figure 5) [132], thus indicating that 
in the fish brown bullhead predominantly the most toxic metabolites are formed. The diols 
derived from chrysene are only considered to have weak carcinogenic activity [141-143], 
however, 1,2-dihydroxy-1,2-dihydrochrysene is the starting point for the biosynthesis of the 
most carcinogenic chrysene metabolite 1,2-dihydroxy-3,4-epoxy-1,2,3,4-tetrahydrochrysene 
[144].  

 
Figure 5. Chemical structure of chrysene metabolites. 

Figure 6 and 7 summarizes the structure of the metabolites formed by in vivo oxidation of 
benzo[c]phenanthrene [145], and benzo[α]pyrene, respectively [146,147]. The two major 
metabolites formed from benzo[c]phenanthrene are compounds 1 and 2. Biological testing 
revealed that metabolite 3 from benzo[a]pyrene was not carcinogenic while compound 4 
was carcinogenic (Figure 7) [146,147]. The carcinogenic metabolite was also the major 
compounds formed biosynthetically. 
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Figure 7. Chemical structure of 7,8-diol-9,10-epoxide-benzo[a]pyrene. 

In vivo oxidation in rodents of dibenzo[a,l]pyrene, which is considered as the most potent 
carcinogenic PAHs, results in a range of metabolites as outlined in Figure 8 [148]. The study 
showed that predominantly the (-)-11R,12R-enantiomer was formed and that the genotoxic 
events mainly took place by stereoselective activation of that enantiomer.   

The PAHs bay region diol epoxide has been singled out as the cause for this group of 
compounds carcinogenic activity [149-151]. The diol epoxides have been found to react with 
cellular macromolecules of paramount importance, namely DNA and proteins [152-154]. 
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Miller proposed in 1970 that PAH metabolites are electrophiles that react with nucleophiles 
in vivo, thus delivering their biological effect [155]. Later it has been proposed that 
mechanistically the diol epoxides are electrophiles that alkylate the purine bases in DNA via 
an SN1-like epoxide ring opening process [156,157].    

 
Figure 8. Chemical structure of bibenzo[a,l]pyrene metabolites formed in vivo [148]. 

In the worst scenario, however, adducts are formed between a PAH metabolite and an 
oncogene in the genomic DNA, hence switching off the cell’s ability to enter into 
programmed cell death (apoptosis) and provoking the onset of cancerogenesis. The best 
described example is DNA adduct formation between the pro-apoptotic p53 gene and 
benzo[a]pyrene-diol-epoxide after metabolic transformation of benzo[a]pyrene by the 
combined actions of CYP1A and epoxide hydrolase, another Phase I enzyme (this is also 
the mechanism by which cigarette smokers develop lung cancer). The presence of DNA 
adducts in liver tissue is, unlike CYP1A-induction or accumulation of PAH metabolites in 
bile, the result of cumulative exposure over weeks or even months [158,159]. Hence, 
hepatocytic CYP1A induction, accumulation of PAH metabolites in bile and elevated liver 
DNA adducts represent a chain of events that, although partly separated in time, are 
tightly interrelated from a mechanistic point of view. These three biomarkers have, 
therefore, received much attention and represent valuable biomarkers of PAH-exposure 
and effect in fish [159-162]. Analogous with several studies on mammals, responses of 
these core biomarkers of oil exposure have been associated with genotoxic effects such as 
liver neoplasia [163].  
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6. DNA adducts from polycyclic aromatic hydrocarbons  

The toxicity of PAHs is a continuous subject of intense investigation. The carcinogenic 
potential of PAHs was recognized as early as 1933 by Cook et al. [164], who isolated a 
cancer-producing hydrocarbon from coal tar. Many PAHs act as potent carcinogens and/or 
mutagens via DNA adduct formation. Aquatic vertebrates such as fish are capable of 
metabolizing PAHs (vide supra), producing reactive intermediates, occasionally with the 
formation of hydrophobic DNA adducts as an end result. 

Metabolic activation of PAHs to reactive intermediates is a prominent mode of their toxic 
action. Xue and Warshawsky described the principal metabolic pathways that yield reactive 
PAH intermediates [165]. Two pathways in particular produce electrophiles that may 
covalently bind to DNA (forming a DNA adduct): 1) electrophilic diol-epoxides from 
sequential PAH oxidation by cytochrome P450 (CYP) enzymes, hydrolysis of the resulting 
arene oxides by microsomal epoxide hydrolase, and a second CYP-catalyzed oxidation; 2) 
one electron oxidation of PAHs by CYP peroxidase yields the radical anion. 

There are 18 potential sites for adduct formation in DNA. The specificity of reactions at 
different sites depends on the reactive species, nucleophilicity of the DNA site and steric 
factors. The spectra of DNA adducts resulting from PAHs are considerably different from 
the ones formed by small alkylating agents. For example the dihydrodiol epoxide 
metabolites of PAHs react predominantly at the exocyclic amino groups of guanine and 
adenine. The major DNA adduct of the carcinogen, benzo[a]pyrene-7,8-dihydrodiol-9,10-
oxide, occurs at N2 of guanine [166]. DNA binding basically depends on its molecular 
structure and functional state (accessibility of nucleophilic target sites) while physiological 
and biochemical features determine differences in adduct formation among tissues and 
across species. 

DNA adducts caused by PAH metabolites are known to be crucial factors in the aetiology of 
cancer development. For this reason their presence and formation has been profusely 
studied. Adducts with benzo[a]pyrene (recognized as a model compound for the PAH 
group) are the most frequently reported [167,168], but adducts can also be formed with low 
molecular weight PAHs, like chrysene, which is a constituent in most mineral oils [169]. A 
schematic outline of the adduct formation process is outlined in Figure 9.  

DNA adducts have been used as a biomarker of exposure to PAHs since the ‘90s. They 
represent a very important endpoint, being a marker of genotoxicity. Numerous monitoring 
studies have reported the formation of DNA adduct formation in aquatic organisms (e.g. 
fish and bivalves) due to exposure to PAHs. For example, Lyons et al [171] and Harvey et al. 
[172] reported the genotoxic impact of the Sea Empress oil spill accident on different fish 
species (Lipophorys pholis and Limanda limanda) as well as on invertebrates (Halichondira 
panicea and Mytilus edulis). The DNA adduct patterns of fish liver exhibited the typical 
diagonal radioactive zone (DRZ) even 17 months after the spill took place. Detection of 
DNA adducts has been used to assess the impact of the Erika oil spill along the coasts of 
French Brittany. To confirm that the DNA adducts were really related to the Erika 
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petroleum, human hepatocyte (HePG2 cells) were exposed to an Erika fuel extract. 
Incubation of HePG2 cells lead to the formation of DNA adducts with similar patterns to the 
ones observed in the monitoring study using fish (Solea solea). These data indicates that 
human hepatocytes biotransform Erika fuel into genotoxic metabolites similarly to hepatic 
cells of fish and confirmed that the adducts observed in the monitoring study were related 
to the contamination of the sediment by the oil spill [173]. 

 
Figure 9. Metabolism of PAH leading to protein and DNA adducts. Figure adapted from reference 
[170]. 

It has been shown that DNA adducts persisted in vertebrates species due to the low 
efficiency of repair systems, representing a parameter for long term exposure [174]. These 
adducts are very persistent in fish liver [175-178]. French et al. [174] observed a steady 
increase in DNA adduct levels during a chronic exposure of sole (Pleuronectes vetulus) to 
PAH contaminated sediment for 5 weeks, which were persistent even after a depuration 
period. The persistency of DNA adducts has been demonstrated also in Atlantic cod (Gadus 
morhua) [38]. In this study, hepatic DNA adducts appeared after 3 days of exposure to low 
concentration of crude oil (0.06 ppm) and increased steadily during the entire exposure 
period of 30 days.  

Several techniques (e.g. immunoassay, fluorescence assay, gas chromatography-mass 
spectroscopy (GC-MS), 32P-postlabelling and mass spectrometry (MS) analysis) have been 
developed for the analysis of PAH derived DNA adducts. At present, the most sensitive and 
frequently applied technique in aquatic organisms is the 32P-postlabelling assay [179]. Its 
high sensitivity is unique and achueves the determination of 1-100 adducts in 109 
nucleotides [180] 
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The 32P-postlabelling assay appeared in the early ‘80s and has been applied with a range of 
protocols in order to detect DNA adducts produced by known carcinogens and complex 
mixtures [181]. Briefly, the assay involves DNA purification, digestion to normal and 
adduct-modified 3’-mononucleotides, removal of normal nucleotides (via enzymatic 
digestion, solvent extraction or chromatographic methods), 32P-postlabelling at the 5’ 
position of adducted nucleotides followed by chromatographic separation, detection and 
quantification (via autoradiography, scintillation counting or phosphor screen imaging 
analysis) [182]. Following this assay, PAHs cause the appearance of the diagonal radioactive 
zone (DRZ) (Figure 10) [173,178,183,184].  

 
Figure 10. Example of the bulky DNA adduct zone (DRZ) typical of a contamination by PAHs detected 
by the 32P-postlabelling method (liver sample of fish collected in a PAH contaminated coastal area) 
(Pampanin unpublished data). 

MS/MS analysis has recently emerged as a powerful tool in the detection and structure 
elucidation of DNA adducts as well as for their quantification at very low concentrations (as 
often present in biological samples). In fact, electrospray ionization tandem mass 
spectrometric (ESI-MS/MS) analysis was capable of revealing DNA adducts in different 
aquatic organisms (e.g. fish (Oreochromis mossambicus) and mussel (Perna perna) soft tissue) 
[185,186]. This MS/MS approach provided a rapid determination and discrimination of 
structurally different phenanthrene derived DNA adducts in fish bile samples [186]. This 
technique is able to detect one modified base in 106-1012 unmodified bases [187]. 

Development of methodologies to detect DNA damages induced by PAHs is of constant 
concern in aquatic ecotoxicology. Direct chemical methods, such as high performance liquid 
chromatography with electro-chemical detection (HPLC-EDC), GC-MS and the 32P-
postlabelling, are highly sensitive and specific [180,188], however, they are very time and 
money consuming. A number of antibodies have been generated against carcinogenic 
products of DNA modifications, including those generated by PAHs. Immunoassays 
(immunohistochemistry or ELISA) are routinely employed to detect DNA adducts in 
humans, while the use of such approaches is more limited in aquatic species [189]. An 
immunoperoxidase method for revealing 7,8-dihydro-8-oxodeoxyguanosine (8-oxo-dG) in 
marine organisms has been described [189]. This work was also followed by the use of 
immunofluorescence and antibodies for DNA adduct detection in both vertebrates (fish, 
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Anguilla anguilla) and invertebrated (mussel, Mytilus galloprovincialis). The 
immunohistochemical approach demonstrated a good selectivity, low cost, is easy to 
perform and readily allowed the analysis of a large number of samples. Nevertheless, it 
does not reach the high sensitivity of other methods [190]. 

7. Protein adducts from polycyclic aromatic hydrocarbons  

As discussed earlier (vide infra) CYP1A derived PAH metabolites have a high affinity to 
nucleic acids and proteins, which may result in adduct formation (Figure 11). It is likely that 
PAH protein adducts are formed after an initial docking, viz. protein-ligand interaction, of 
the PAH metabolite to the protein followed by reaction with nucleophilic sites in the vicinity 
of the docking site [191,192]. This has been shown to be the case for human serum albumin, 
which is predominantly alkylated at histidine146 by diol epoxides of fluoranthene and 
benzo[a]pyrene [193]. It is highly likely that the same type of mechanism is operating in 
animals and fish.  

 
Figure 11. General mechanism for PAH protein adduct formation. 

Naturally, adduct formation between PAH metabolites and human proteins and in 
particular human hemoglobin and serum albumin have been very well documented 
[170,192-199]. However, there are a few studies concerning protein adducts in fish. Plasma 
albumin adducts have been isolated from two species of fish (Brook trout (Salvelinus 
fantinalis) and Arctic charr (Salvelinus alpinus)) [200]. In the studies conducted by Padrόs and 
Pelletier, which were conducted by injection of benzo[a]pyrene, it was found that only the 
(+)-anti-diol-epoxide of benzo[a]pyrene generated adducts with serum albumin. In that 
study it was also found that there was no accumulation of the adduct upon repeated 
injections, thus indicating a relatively short half-life of less than two days for serum albumin 
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in fish. In humans the half-life of serum albumin has been reported to 20 days [201]. In fish 
the presence of this adduct would be an indication of a very recent exposure to 
benzo[a]pyrene, while in humans this would also function as a marker of longer term 
exposure to the PAH. It has been found that the point of adduct formation between human 
serum albumin and benzo[a]pyrene anti-diol epoxide is dependent on the stereochemistry of 
the PAH metabolite [194]. The (+)-enantiomer generates a carboxylic ester adduct with 
Asp187 or Glu188 and that the (-)-enantiomer forms an adduct with His146.  

The different isoforms of hemoglobin present in different species results in the formation of 
different adducts. For example, rat hemoglobin possesses a reactive β-cysteine in position 
125 not present in human hemoglobin [202]. syn And anti fluoranthene diol-epoxides form 
adducts with this particular cysteine in rats. The presence of different isoforms of the same 
protein in different species results in the possibility of generating different adducts for the 
same PAH in the different species. The point of adductation most likely reflects on the 
proteins ability to function. Thus, the adduct formation of a specific protein might affect one 
species more severely than another.  

8. Future perspective 

Environmental research related to PAHs has to date, with a few exceptions, predominantly 
been concerned with finding metabolites of the compounds and detecting the presence of 
PAH DNA adducts. However, based on the discussion herein it is clear that the next step 
has to be towards analysis that can provide clear answers regarding the stereochemical 
outcome of the oxidation processes taking place in vivo. By such means it is easier to 
evaluate the toxicity of the various PAHs. This is a rather large task since different species 
metabolize PAHs differently resulting in dissimilar distributions between the stereoisomers.  

PAH protein adducts have been studied extensively for humans (vide supra) and rodents, 
however, for fish and other aquatic animals this topic is barely touched upon. Studies of 
adduct formation in fish will further aid the evaluation of the toxicity of the different PAHs. 
In the PAH protein adduct studies that have been conducted on other species we have seen 
that the point where the adduct is formed in a specific protein varies from species to species. 
Generating new knowledge as to where adducts are formed with the same PAH in the same 
protein in other species might in addition to providing increased knowledge as to the 
impact of adduct formation also possibly generate new interesting research questions. 
Hemoglobin in fish has a very short half-life so adduct formation on hemoglobin might not 
have such a great health impact on the fish. However, other less abundant proteins in the 
blood are also most likely susceptible to adduct formation with PAH metabolites. Detecting 
the proteins affected and determining the site of adduct formation will aid in the overall 
judgment of the toxicity of the PAH responsible for the adduct formed. Adducts with 
proteins present in the bile may also be of value in assessing the toxicity of PAHs. 

In human health care proteomics has for some time been extensively used for diagnostics 
[203,204] and these techniques are also slowly making their way into ecotoxicology 
[205,206]. It has been found in human amniotic epithelial cells exposed to anti-7,8-
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dihydroxy-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene, a compound that causes adduct 
formation on DNA and oxidative damage on DNA, resulting in alternations of the 
expression of three proteins [207]. This result highlights that proteomics and the study of 
expression rates of particular proteins can be a powerful method in the future in order to 
determine if marine animals have been exposed to PAHs present in oil.  
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in fish. In humans the half-life of serum albumin has been reported to 20 days [201]. In fish 
the presence of this adduct would be an indication of a very recent exposure to 
benzo[a]pyrene, while in humans this would also function as a marker of longer term 
exposure to the PAH. It has been found that the point of adduct formation between human 
serum albumin and benzo[a]pyrene anti-diol epoxide is dependent on the stereochemistry of 
the PAH metabolite [194]. The (+)-enantiomer generates a carboxylic ester adduct with 
Asp187 or Glu188 and that the (-)-enantiomer forms an adduct with His146.  

The different isoforms of hemoglobin present in different species results in the formation of 
different adducts. For example, rat hemoglobin possesses a reactive β-cysteine in position 
125 not present in human hemoglobin [202]. syn And anti fluoranthene diol-epoxides form 
adducts with this particular cysteine in rats. The presence of different isoforms of the same 
protein in different species results in the possibility of generating different adducts for the 
same PAH in the different species. The point of adductation most likely reflects on the 
proteins ability to function. Thus, the adduct formation of a specific protein might affect one 
species more severely than another.  

8. Future perspective 

Environmental research related to PAHs has to date, with a few exceptions, predominantly 
been concerned with finding metabolites of the compounds and detecting the presence of 
PAH DNA adducts. However, based on the discussion herein it is clear that the next step 
has to be towards analysis that can provide clear answers regarding the stereochemical 
outcome of the oxidation processes taking place in vivo. By such means it is easier to 
evaluate the toxicity of the various PAHs. This is a rather large task since different species 
metabolize PAHs differently resulting in dissimilar distributions between the stereoisomers.  

PAH protein adducts have been studied extensively for humans (vide supra) and rodents, 
however, for fish and other aquatic animals this topic is barely touched upon. Studies of 
adduct formation in fish will further aid the evaluation of the toxicity of the different PAHs. 
In the PAH protein adduct studies that have been conducted on other species we have seen 
that the point where the adduct is formed in a specific protein varies from species to species. 
Generating new knowledge as to where adducts are formed with the same PAH in the same 
protein in other species might in addition to providing increased knowledge as to the 
impact of adduct formation also possibly generate new interesting research questions. 
Hemoglobin in fish has a very short half-life so adduct formation on hemoglobin might not 
have such a great health impact on the fish. However, other less abundant proteins in the 
blood are also most likely susceptible to adduct formation with PAH metabolites. Detecting 
the proteins affected and determining the site of adduct formation will aid in the overall 
judgment of the toxicity of the PAH responsible for the adduct formed. Adducts with 
proteins present in the bile may also be of value in assessing the toxicity of PAHs. 

In human health care proteomics has for some time been extensively used for diagnostics 
[203,204] and these techniques are also slowly making their way into ecotoxicology 
[205,206]. It has been found in human amniotic epithelial cells exposed to anti-7,8-
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dihydroxy-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene, a compound that causes adduct 
formation on DNA and oxidative damage on DNA, resulting in alternations of the 
expression of three proteins [207]. This result highlights that proteomics and the study of 
expression rates of particular proteins can be a powerful method in the future in order to 
determine if marine animals have been exposed to PAHs present in oil.  
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1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are hydrophobic compounds that have accumulated 
in the environment due to a variety of anthropogenic activities and their persistence is chiefly 
due their low water solubility. PAHs are often mutagenic and carcinogenic which emphasizes 
the importance of their removal from the environment [1,2]. Since the 1970s, research on the 
biological degradation of PAHs has demonstrated that bacteria, fungi and algae possess 
catabolic abilities that may be utilized for the remediation of PAH-contaminated soil and 
water. Phenanthrene (Phe) is one of several PAHs that are commonly found as pollutants in 
soils [3], estuarine waters, sediments and other terrestrial and aquatic sites [4] and has been 
shown to be toxic to marine diatoms, gastropods, mussels, and fish [5,6]. 

Solid culture systems have shown great effectiveness in the removal of toxic compounds 
from soil. In this method, agroindustrial wastes are used such as wheat straw, corn stalks, 
sugarcane bagasse and pine wood chips [7], among others. When small amounts of 
agroindustrial residues are added to contaminated soil they confer soil apparent bulk 
density and porosity, help to diffuse oxygen between the particles and increase water 
retention. They are also used to support the growth of exogenous microorganisms, which 
are bioaugmented in soil to accelerate the degradation process, and, because of their nature, 
serve as carbon, phosphorus and nitrogen sources which are potentially important for the 
growth of organic pollutant degrading microorganisms [8]. Agroindustrial waste also 
contributes microorganisms with the ability to degrade toxic compounds; some studies, for 
example, have demonstrated that microbial biostimulation in a soil/sugarcane bagasse 
system at a ratio of 85:15 could remove 74% of total petroleum hydrocarbons (TPH) from the 
soil at 16 days [9, 10]. 
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Several ligninolytic fungi have been grown on sugarcane bagasse and used as inoculum for 
the bioremediation of soil contaminated with polychlorinated biphenyls [10], phenanthrene 
[11], and benzo(a)pyrene [12]; such lignocellulosic materials are the natural habitat of the 
fungi. Previous work [13] has reported that non-ligninolytic filamentous fungi, such as 
Aspergillus niger and Penicillium frequentans, grown on sugarcane bagasse and added to a soil 
spiked with 400 ppm phenanthrene, achieved 54% removal of the pollutant from the soil 
after 7 days, while a mixed culture of P. frequentans and Pseudomonas pickettii achieved 73.6% 
removal at 18 days [11]. 

Filamentous fungi offer certain advantages over bacteria for bioremediation in solid culture 
because of their rapid colonization of solid substrates, such as soil or agroindustrial 
residues. In addition, they secrete large numbers of extracellular enzymes in solid culture 
and tolerate high concentrations of toxic compounds [14].  

The most extensive studies have focused on white-rot basidiomycetes species such as P. 
chrysosporium, Pleurotus ostreatus, and Trametes versicolor. These microorganisms degrade 
PAHs cometabolically. The removal of PAHs by ligninolytic fungi has been attributed 
mainly to their extracellular ligninolytic enzymes [15-18], but their preference to colonize 
compact wood is a clear disadvantage since it limits their capability to grow in a completely 
different environment such as soil [19-22]. 

Also, non-ligninolytic fungi, such as Cunninghamella elegans, Penicillium janthinellum, Aspergillus 
niger and Syncephalastrum sp., are able to transform a variety of PAHs, including chrysene and 
benzo(a)pyrene, to polar metabolites [13, 14, 23, 24]. These microorganisms carry out a mono-
oxygenation of the PAH molecules by the intracellular cytochrome P-450 dependent oxidase 
system [25]. These fungi do not produce extracellular peroxidases, however, they do produce 
cytochrome P450 monooxygenase which can oxidize PAHs to epoxides and dihydrodiols: 
highly potent carcinogens that accumulate in soil (figure 1) [26-29]. 

The efficient application in bioremediation of contaminated soils is dependent, then, on 
having fungal strains with the ability to grow in contaminated soil without being displaced 
by indigenous microflora and which also produce efficient PAH-degrading enzymes such as 
lignin and manganese peroxidases or phenoloxidases which allow the mineralization of 
toxic compounds (figure 1).  

To achieve this goal, genetic engineering has been an important tool to generate genetically 
modified microorganisms (GEMs) through the expression of gene clusters encoding the 
degradation of a wide variety of pollutants. For example, simple aromatics, nitro aromatics, 
chloroaromatics, polycyclic aromatics, biphenyls, polychlorinated biphenyls, oil components 
etc., have been cloned and characterized for an increased degradation potential compared to 
their naturally occurring counterparts. Studies have focused primarily on bacteria and 
obtained good results for bioremediation systems [30, 31]. Knowledge of similar activities in 
fungi is limited to some white-rot fungi and a few species of non-ligninolytic fungi; however 
some studies have focused on toxic compound degradation, where recombinant strains 
were more efficient in the removal of PAHs from soil than wild-type strain [32]. It is 
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therefore hypothesized that heterologous expression of genes codifying MnP and LiP in 
non-ligninolytic fungi will complement the degradation pathway of cytochrome P450 to 
obtain complete mineralization of the hydrocarbon without leaving more toxic intermediary 
compounds which accumulate in the soil (figure 1). 

 
Figure 1. A proposed or hypothetical metabolic pathway for Phe degradation under ligninolytic and 
non-ligninolytic conditions and possible changes in the degradation pathway for the heterologous 
expression of genes encoding the production of peroxidase enzymes in non-ligninolytic fungi. 

Some studies on the homologous expression of peroxidases in ligninolytic fungi in 
submerged culture, have shown that a transformed Pleurotus ostreatus was better at 
removing recalcitrant pollutant than the wild-type strain [33]. Other researchers reported 
the development of a homologous expression system for MnP and LiP in P. chrysosporium. 
The constitutively expressed P. chrysosporium glyceraldehyde phosphate dehydrogenase 
(gpd) promoter was used to drive the expression of the recombinant genes, now using 
nutrient-rich media in which the endogenous genes are not expressed. However, and 
despite the use of the strong promoter, production levels of the recombinant proteins 
remained at the same low level as is normally produced by the endogenous genes under 
starvation conditions [34, 35]. 

A study on the heterologous expression of these genes has been done on the baculovirus 
expression system [36]. In the E. coli expression system, LiPH8 was found to be expressed in 
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The efficient application in bioremediation of contaminated soils is dependent, then, on 
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obtained good results for bioremediation systems [30, 31]. Knowledge of similar activities in 
fungi is limited to some white-rot fungi and a few species of non-ligninolytic fungi; however 
some studies have focused on toxic compound degradation, where recombinant strains 
were more efficient in the removal of PAHs from soil than wild-type strain [32]. It is 
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therefore hypothesized that heterologous expression of genes codifying MnP and LiP in 
non-ligninolytic fungi will complement the degradation pathway of cytochrome P450 to 
obtain complete mineralization of the hydrocarbon without leaving more toxic intermediary 
compounds which accumulate in the soil (figure 1). 

 
Figure 1. A proposed or hypothetical metabolic pathway for Phe degradation under ligninolytic and 
non-ligninolytic conditions and possible changes in the degradation pathway for the heterologous 
expression of genes encoding the production of peroxidase enzymes in non-ligninolytic fungi. 

Some studies on the homologous expression of peroxidases in ligninolytic fungi in 
submerged culture, have shown that a transformed Pleurotus ostreatus was better at 
removing recalcitrant pollutant than the wild-type strain [33]. Other researchers reported 
the development of a homologous expression system for MnP and LiP in P. chrysosporium. 
The constitutively expressed P. chrysosporium glyceraldehyde phosphate dehydrogenase 
(gpd) promoter was used to drive the expression of the recombinant genes, now using 
nutrient-rich media in which the endogenous genes are not expressed. However, and 
despite the use of the strong promoter, production levels of the recombinant proteins 
remained at the same low level as is normally produced by the endogenous genes under 
starvation conditions [34, 35]. 

A study on the heterologous expression of these genes has been done on the baculovirus 
expression system [36]. In the E. coli expression system, LiPH8 was found to be expressed in 
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inactive inclusion bodies although activation was done in vitro [37], and the heterologous 
expression of MnP H4 isoenzyme in E. coli was also demonstrated [38]. The capacity of non-
ligninolytic fungi to remove toxic compounds in solid culture may be used for the 
heterologous expression of peroxidase-encoding genes (manganese peroxidase, MnP and 
lignin peroxidase, LiP) from P. chrysosporium, thus increasing the degradation potential of 
PAHs in solid culture for soil bioremediation.  

The expression of the lignin peroxidase gene of Phlebia radiata in Trichoderma reesei, failed to 
produce any extracellular LiP [39]. Overexpression of the P. chrysosporium mnp1 gene has 
been previously achieved in Aspergillus oryzae but at levels similar to that of the parental 
host in liquid culture [40]. Gene expression of lipA in A. niger F38 has also been studied, 
however LiP H8 activity was still detected at low levels [41]. Other researchers have used 
the protease-deficient A. niger strain for the expression of mnp1 and lipA [42]. Several factors 
have been identified which hamper the overproduction of recombinant proteins in 
filamentous fungi. In the case of heme-containing proteins, for example, limited heme 
availability has been indicated as a limiting factor [43, 44]. None of these studies focused on 
recombinant enzyme production in solid culture or its application in bioremediation 
systems. 

We have studied the possibility of producing these peroxidases in non-ligninolytic fungi 
isolated from contaminated soil because of their capacity to remove PAHs in soil; a number 
of filamentous fungal species are capable of secreting large amounts of proteins into the 
medium. 

In our laboratory, one fungal strain was isolated from sugarcane bagasse using Mexican 
“Mayan” crude oil as carbon source [9]. This strain was identified by the sequence of ITS 
(Internal Transcription Spacer) fragments as: Aspergillus niger SCB2. The strain was able to 
tolerate (800 ppm) and to remove 45% of the initial Phe in solid culture, using sugarcane 
bagasse as texturizer with Phe-contaminated soil [13].  

Aspergillus niger SCB2 was used to express a manganese peroxidase gene (mnp1) from P. 
chrysosporium using the inducible Taka amylase promoter and secretion signal from A. 
oryzae and the glucoamylase terminator of A. awamori [40], aiming at increasing its PAH 
degradation capacity. Transformants were selected based on their resistance to hygromycin 
B and the discoloration induced on Poly R-478 dye by peroxidase activity. The kinetics of A. 
niger SCB2-T3 were measured in complete medium supplemented with hemoglobin to 
increase the MnP activity. No MnP activity was detected for the wild-type strain; however, 
the transformant strain of A. niger showed higher enzymatic activity in the presence of 
hemoglobin. The maximum specific activity of the SCB2-T3 strain was 3 U/l, whereas the 
control strains of P. chrysosporium reached 7.8 U/l. The maximum activity was obtained at 72 
h for transformant and control strains. The transformants presented activity starting at 24 h, 
whereas the control strain presented maximum activity only at 72 h. In solid culture the 
recombinant A. niger SBC2-T3 strain was able to remove 95% of the initial Phe (400 ppm) 
from a microcosm soil system after 17 days, whereas the wild strain removed 72% under the 
same conditions. [32]. 
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Although the transformant SCB2-T3 strain presented MnP enzymatic activity and 
production was maintained for 5 d, production levels of the recombinant proteins still 
remained lower than the control strain of P. chrysosporium, possibly because the promoter 
used for mnp1 expression was a maltose-inducible promoter. We, therefore, chose to analyze 
mnp1 expression regulated by a constitutive strong promoter (glyceraldehyde phosphate 
dehydrogenase, gpdA of A. nidulans) in A. niger SCB2 strain, and show the effect of 
heterologous expression of mnp1 gene in the transformant strain on the removal of Phe in 
solid culture using sugarcane bagasse as texturizer at microcosm level, and compare its 
degradation effectiveness with the wild-type strain. 

In this study we obtained an effective heterologous expression of the mnp1 cassette 
controlled by the gpdA constitutive promoter in A. niger SCB2 strain. The MnP+7 
transformant strain was selected due to its mayor MnP enzymatic activity after 48 h 
culture and up to 7 d, this important result shows that the new promoter favors protein 
production with catalytic activity from growth to idiophase, in comparison with SCB2-T3 
strain, which shows only recombinant enzyme production while there was maltose in the 
culture medium, the compound that induces mnp1 gene expression in this strain. It is 
important for bioremediation systems that the oxidation involved PAHs enzymes are 
produced while stay in the soil. The longer the time in soil the increased enzyme 
production and higher removal of toxic compounds. On the other hand, the MnP+7 strain, 
was able to grow, tolerates and efficiently removed high Phe concentrations in 
contaminated soil as compared with the wild-type strain. After heterologous expression 
and the acquisition of these characteristics the MnP+7 strain, is a viable and important 
alternative for application in bioremediation of PAHs contaminated soils. This strain may 
have some potential as a bioaugmentation agent: is an efficient degrader of PAHs in high 
concentrations compared to other non-ligninolytic fungal strains which produce more 
toxic intermediaries than the original compound and tolerate lower PAH concentrations, 
and also compared to ligninolytic fungi not grown in soil and which are displaced by 
native soil microflora. 

2. Methods 

2.1. Heterologous expression of a P. chrysosporium mnp1 gene in A. niger SCB2 

Aspergillus niger SCB2 [13] was used as the recipient in transformation experiments. pGMG-
Hyg (Figure 2) was constructed by fusing the mature MnP cDNA to a 2326-bp fragment of 
the endogenous gpdA promoter and secretion signal from A. oryzae and to a 199-bp fragment 
containing the glucoamylase terminator of A. awamori. Fusions were created using T4 ligase 
(Fermentas). Plasmid pTAAMnP1 contains the secretion signal, MnP cDNA of P. 
chrysosporium and terminator, and was obtained from Dr. Daniel Cullen from the University 
of Wisconsin, USA [40]. Plasmid pDLAM89d contains the HygB resistance gene for fungi; 
this plasmid was donated by Dr. Jesus Aguirre of the Instituto de Fisiología Celular, UNAM, 
México. Plasmid pAN52.1 contains the gpdA promoter of A. nidulans. 
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inactive inclusion bodies although activation was done in vitro [37], and the heterologous 
expression of MnP H4 isoenzyme in E. coli was also demonstrated [38]. The capacity of non-
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heterologous expression of peroxidase-encoding genes (manganese peroxidase, MnP and 
lignin peroxidase, LiP) from P. chrysosporium, thus increasing the degradation potential of 
PAHs in solid culture for soil bioremediation.  

The expression of the lignin peroxidase gene of Phlebia radiata in Trichoderma reesei, failed to 
produce any extracellular LiP [39]. Overexpression of the P. chrysosporium mnp1 gene has 
been previously achieved in Aspergillus oryzae but at levels similar to that of the parental 
host in liquid culture [40]. Gene expression of lipA in A. niger F38 has also been studied, 
however LiP H8 activity was still detected at low levels [41]. Other researchers have used 
the protease-deficient A. niger strain for the expression of mnp1 and lipA [42]. Several factors 
have been identified which hamper the overproduction of recombinant proteins in 
filamentous fungi. In the case of heme-containing proteins, for example, limited heme 
availability has been indicated as a limiting factor [43, 44]. None of these studies focused on 
recombinant enzyme production in solid culture or its application in bioremediation 
systems. 

We have studied the possibility of producing these peroxidases in non-ligninolytic fungi 
isolated from contaminated soil because of their capacity to remove PAHs in soil; a number 
of filamentous fungal species are capable of secreting large amounts of proteins into the 
medium. 

In our laboratory, one fungal strain was isolated from sugarcane bagasse using Mexican 
“Mayan” crude oil as carbon source [9]. This strain was identified by the sequence of ITS 
(Internal Transcription Spacer) fragments as: Aspergillus niger SCB2. The strain was able to 
tolerate (800 ppm) and to remove 45% of the initial Phe in solid culture, using sugarcane 
bagasse as texturizer with Phe-contaminated soil [13].  

Aspergillus niger SCB2 was used to express a manganese peroxidase gene (mnp1) from P. 
chrysosporium using the inducible Taka amylase promoter and secretion signal from A. 
oryzae and the glucoamylase terminator of A. awamori [40], aiming at increasing its PAH 
degradation capacity. Transformants were selected based on their resistance to hygromycin 
B and the discoloration induced on Poly R-478 dye by peroxidase activity. The kinetics of A. 
niger SCB2-T3 were measured in complete medium supplemented with hemoglobin to 
increase the MnP activity. No MnP activity was detected for the wild-type strain; however, 
the transformant strain of A. niger showed higher enzymatic activity in the presence of 
hemoglobin. The maximum specific activity of the SCB2-T3 strain was 3 U/l, whereas the 
control strains of P. chrysosporium reached 7.8 U/l. The maximum activity was obtained at 72 
h for transformant and control strains. The transformants presented activity starting at 24 h, 
whereas the control strain presented maximum activity only at 72 h. In solid culture the 
recombinant A. niger SBC2-T3 strain was able to remove 95% of the initial Phe (400 ppm) 
from a microcosm soil system after 17 days, whereas the wild strain removed 72% under the 
same conditions. [32]. 
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Although the transformant SCB2-T3 strain presented MnP enzymatic activity and 
production was maintained for 5 d, production levels of the recombinant proteins still 
remained lower than the control strain of P. chrysosporium, possibly because the promoter 
used for mnp1 expression was a maltose-inducible promoter. We, therefore, chose to analyze 
mnp1 expression regulated by a constitutive strong promoter (glyceraldehyde phosphate 
dehydrogenase, gpdA of A. nidulans) in A. niger SCB2 strain, and show the effect of 
heterologous expression of mnp1 gene in the transformant strain on the removal of Phe in 
solid culture using sugarcane bagasse as texturizer at microcosm level, and compare its 
degradation effectiveness with the wild-type strain. 

In this study we obtained an effective heterologous expression of the mnp1 cassette 
controlled by the gpdA constitutive promoter in A. niger SCB2 strain. The MnP+7 
transformant strain was selected due to its mayor MnP enzymatic activity after 48 h 
culture and up to 7 d, this important result shows that the new promoter favors protein 
production with catalytic activity from growth to idiophase, in comparison with SCB2-T3 
strain, which shows only recombinant enzyme production while there was maltose in the 
culture medium, the compound that induces mnp1 gene expression in this strain. It is 
important for bioremediation systems that the oxidation involved PAHs enzymes are 
produced while stay in the soil. The longer the time in soil the increased enzyme 
production and higher removal of toxic compounds. On the other hand, the MnP+7 strain, 
was able to grow, tolerates and efficiently removed high Phe concentrations in 
contaminated soil as compared with the wild-type strain. After heterologous expression 
and the acquisition of these characteristics the MnP+7 strain, is a viable and important 
alternative for application in bioremediation of PAHs contaminated soils. This strain may 
have some potential as a bioaugmentation agent: is an efficient degrader of PAHs in high 
concentrations compared to other non-ligninolytic fungal strains which produce more 
toxic intermediaries than the original compound and tolerate lower PAH concentrations, 
and also compared to ligninolytic fungi not grown in soil and which are displaced by 
native soil microflora. 

2. Methods 

2.1. Heterologous expression of a P. chrysosporium mnp1 gene in A. niger SCB2 

Aspergillus niger SCB2 [13] was used as the recipient in transformation experiments. pGMG-
Hyg (Figure 2) was constructed by fusing the mature MnP cDNA to a 2326-bp fragment of 
the endogenous gpdA promoter and secretion signal from A. oryzae and to a 199-bp fragment 
containing the glucoamylase terminator of A. awamori. Fusions were created using T4 ligase 
(Fermentas). Plasmid pTAAMnP1 contains the secretion signal, MnP cDNA of P. 
chrysosporium and terminator, and was obtained from Dr. Daniel Cullen from the University 
of Wisconsin, USA [40]. Plasmid pDLAM89d contains the HygB resistance gene for fungi; 
this plasmid was donated by Dr. Jesus Aguirre of the Instituto de Fisiología Celular, UNAM, 
México. Plasmid pAN52.1 contains the gpdA promoter of A. nidulans. 
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Figure 2. Expression vector pGMG-Hyg. The expression cassette contains mnp1 cDNA with constitutive 
gpdA promoter with the signal sequence for protein secretion and the glucoamylase gene from A. 
awamori as terminator. The plasmid contains the HygB resistance gene for the selection of fungal 
transformants. 

Fungal transformation was done through a biolistic transformation protocol previously 
described for A. nidulans [45]. Intact conidia were inoculated into 15 ml of solid Czapek 
medium and then incubated for 6 h. Gold particles (1 mm diameter) were prepared and 
coated with plasmid pGMG-Hyg [46] and 8 µl loaded onto each of three macrocarrier discs 
for bombardment at 6 cm target distance, 28 in Hg vacuum and bombardment pressure of 
1,200 psi. The plates were bombarded and incubated at 30°C for 2 hours, after which time a 
top dressing was applied of 10 ml Czapek-agar medium with 300 µg/ml hygromycin. Plates 
were incubated at 30°C until growth was observed. Control plates were bombarded with 
gold particles which were prepared as described above but not coated with plasmid.  

2.2. Evaluation of enzymatic activity of recombinant MnP  

Colony transformants were assayed for MnP activity using a modified plate assay method 
[34]. The spores of transformants obtained with HygB were inoculated onto disks (0.5 mm in 
diameter) of MM agar medium [47] supplemented with hemoglobin (1 g/l). The disks were 
incubated at 30°C for 2 d; when fungal growth began, the disks were inoculated in Petri 
dishes with MM agar medium, in addition to o-anisidine. The plates were incubated at 30°C 
for 24 h and then flooded with a solution of 50 mM Na-phosphate buffer (pH 4.5) and 0.04% 
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H2O2 on the surface of the plate and incubated at 30°C for 10 d in the dark. Positive controls 
were prepared with P. chrysosporium mycelia because this strain produces MnP; plates with 
the parental strain of A. niger were prepared for the negative control. Transformants which 
developed a purple halo were selected.  

Incorporation of the recombinant mnp1 was checked through specific amplification in a PCR 
experiment using primers MnP1R_5173 (5′-GGATCCCTGTCTGGTCTTCTACAC-3′) and SS-
MnP-MluI (5'- CGCGTATGATGGTCGCGTGGTGGTCTCT-3'). Genomic DNA was 
extracted from lyophilized mycelia of the wild-type and selected transformant strains, 
according to the described modified method [48]. After amplification, each PCR product 
was analyzed by agarose gel electrophoresis. 

The MnP extracellular activity was determined spectrophotometrically by a modification of 
the method previously described using phenol red oxidation [49]. Absorbance was read at 
610 nm. One unit of MnP activity was defined as 1 µmol product formed per minute.  

The kinetics of wild-type and transformant strains of A. niger in liquid cultures were tested. 
Erlenmeyer flasks containing 50 ml of MM medium with hemoglobin were inoculated with 
1 × 107 spores/ml and incubated at 30°C and 200 rpm for 7 d. Every 24 h, flasks were used to 
determine MnP activity in the supernatant. In addition, total protein concentration was 
quantified by Bradford reagent to determinate specific activity. 

2.3. Phenanthrene removal by A. niger Mnp+7 and wild-type strain in solid 
culture 

The ability of wild-type and transformant strains to remove Phe was determined at several 
times in the solid-state microcosm system, using the same culture conditions. Sugarcane 
bagasse was used as a fungal growth support and carbon source. The sterile material was 
moistened with MM medium and inoculated with 2 × 108 fungal spores/ml; all cultures were 
incubated for 2 d at 30°C. Uncontaminated soil obtained from a zone near a contaminated 
region in Coatzacoalcos, Veracruz, Mexico, was sterilized and contaminated with 600 ppm 
of Phe. The newly contaminated soil was mixed with the inoculated sugarcane bagasse and 
incubated at 30°C for 14 d, as well as a control (sterile bagasse and contaminated soil 
without fungi) to determine abiotic Phe removal. Evolution of CO2 was measured daily to 
quantify the heterotrophic activity. After this period, Phe removal for both strains was 
determined by HPLC.  

Heterotrophic activity was determined by Gas Chromatography (GC). Headspace samples 
were taken from the flasks and analyzed for CO2 evolution. The headspace in each flask was 
flushed out daily for 15 min with sterile and moistened air. This allowed the preservation of 
aerobic conditions and avoided carbon dioxide accumulation. CO2 quantification was 
reported as milligrams of CO2 per gram of initial dry matter (IDM). Phenanthrene was 
extracted with microwave assisted extraction, according to EPA method 3546. Analysis of 
Phe was based on EPA method 3540 for the HPLC system. 
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H2O2 on the surface of the plate and incubated at 30°C for 10 d in the dark. Positive controls 
were prepared with P. chrysosporium mycelia because this strain produces MnP; plates with 
the parental strain of A. niger were prepared for the negative control. Transformants which 
developed a purple halo were selected.  

Incorporation of the recombinant mnp1 was checked through specific amplification in a PCR 
experiment using primers MnP1R_5173 (5′-GGATCCCTGTCTGGTCTTCTACAC-3′) and SS-
MnP-MluI (5'- CGCGTATGATGGTCGCGTGGTGGTCTCT-3'). Genomic DNA was 
extracted from lyophilized mycelia of the wild-type and selected transformant strains, 
according to the described modified method [48]. After amplification, each PCR product 
was analyzed by agarose gel electrophoresis. 

The MnP extracellular activity was determined spectrophotometrically by a modification of 
the method previously described using phenol red oxidation [49]. Absorbance was read at 
610 nm. One unit of MnP activity was defined as 1 µmol product formed per minute.  

The kinetics of wild-type and transformant strains of A. niger in liquid cultures were tested. 
Erlenmeyer flasks containing 50 ml of MM medium with hemoglobin were inoculated with 
1 × 107 spores/ml and incubated at 30°C and 200 rpm for 7 d. Every 24 h, flasks were used to 
determine MnP activity in the supernatant. In addition, total protein concentration was 
quantified by Bradford reagent to determinate specific activity. 

2.3. Phenanthrene removal by A. niger Mnp+7 and wild-type strain in solid 
culture 

The ability of wild-type and transformant strains to remove Phe was determined at several 
times in the solid-state microcosm system, using the same culture conditions. Sugarcane 
bagasse was used as a fungal growth support and carbon source. The sterile material was 
moistened with MM medium and inoculated with 2 × 108 fungal spores/ml; all cultures were 
incubated for 2 d at 30°C. Uncontaminated soil obtained from a zone near a contaminated 
region in Coatzacoalcos, Veracruz, Mexico, was sterilized and contaminated with 600 ppm 
of Phe. The newly contaminated soil was mixed with the inoculated sugarcane bagasse and 
incubated at 30°C for 14 d, as well as a control (sterile bagasse and contaminated soil 
without fungi) to determine abiotic Phe removal. Evolution of CO2 was measured daily to 
quantify the heterotrophic activity. After this period, Phe removal for both strains was 
determined by HPLC.  

Heterotrophic activity was determined by Gas Chromatography (GC). Headspace samples 
were taken from the flasks and analyzed for CO2 evolution. The headspace in each flask was 
flushed out daily for 15 min with sterile and moistened air. This allowed the preservation of 
aerobic conditions and avoided carbon dioxide accumulation. CO2 quantification was 
reported as milligrams of CO2 per gram of initial dry matter (IDM). Phenanthrene was 
extracted with microwave assisted extraction, according to EPA method 3546. Analysis of 
Phe was based on EPA method 3540 for the HPLC system. 



 
Hydrocarbon 

 

126 

3. Results 

3.1. Heterologous expression of a P. chrysosporium mnp1 gene in A. niger SCB2 

The heterologous expression of genes coding for different isoforms of MnP from P. 
chrysosporium has been reported in non-ligninolytic fungi, such as A. oryzae, A. nidulans, and 
A. niger. These enzymes were obtained extracellularly and with catalytic activity but have 
only been studied as expression systems for the production of heterologous proteins and 
have not been applied to the bioremediation of contaminated soils, as presented in this 
research [40,42,50,51]. 

Expression plasmid pGMG-Hyg was introduced into wild-type A. niger by biolistic 
transformation. A total of 8 transformants were isolated for their capacity to grow in Czapek 
plates with hygromycin B (HygB). After 5 d of incubation at 30°C and confirmed by PCR 
amplification, the result showed a single amplicon of 635 pb fragment observed in agarose 
gel electrophoresis (figure. 3) and no bands were observed for the wild-type stain. The 
positive control strain showed the expected fragment. 

 
Figure 3. Agarose gel with PCR product obtained by A. niger transformants for expression plasmid 
pGMG-Hyg. Line 1: Gene Ruler 1 kb DNA ladder as a molecular marker. Line 2: MnP+1. Line 3: MnP+2. 
Line 4: MnP+3. Line 5: MnP+4. Line 6: MnP+5. Line 7: MnP+6. Line 8: MnP+7. Line 9: MnP+8. Line 10: P. 
chrysosporium as positive control. Line 11: A. niger SCB2 as negative control. 

3.2. Evaluation of enzymatic activity of recombinant MnP 

The transformants were evaluated for MnP activity by the o-anisidine coloration method in 
MM medium with hemoglobin plates. Transformants that developed a purple halo were 
selected. Four transformants (MnP+1, MnP+4, MnP+7 and MnP+8) formed purple halos around 
the agar disk after 8 d of incubation, indicating extracellular peroxidase activity, as show in 
figure 4. The wild-type strain showed no coloration; however, the control strain of P. 
chrysosporium showed a greater purple halo. These results are similar to findings by other 
authors, who screened autochthonous or recombinant fungal strains for the formation of 
halos by o-anisidine oxidation on agar plates induced by manganese peroxidase activity [40, 
42, 52]. 
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Figure 4. Qualitative determination of MnP activity produced by A. niger transformants in Petri dishes 
using o-anisidine as an indicator. 

The MnP+7 transformant strain showed higher Phe tolerance than wild-type strain when 
inoculated into Cove's medium in Petri dishes at different Phe concentrations. At 
concentrations above 600 ppm, both strains showed a decrease in growth rate compared to 
their respective controls without Phe; however, the wild-type strain showed an inhibition in 
sporulation while the transformant strain was able to sporulate (figure 5). This coincides 
with the results in reference [53], which reported that fluorene at concentrations above 100 
ppm caused growth inhibition of fungal strains isolated from a contaminated soil. In 
contrast, reference [54] reported that 100 ppm of anthracene had no inhibitory effect on the 
growth of fungi isolated from soil. This fact suggests that due to the production of MnP by 
the transformant strain for mnp1 gene expression, which is regulated by the gpdA 
constitutive promoter, there was an increased tolerance to high Phe concentrations. 

 
Figure 5. Effect of Phe on growth and sporulation of A. niger wild-type strain and transformant on 
superficial culture in Petri dishes with Cove's medium. 
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3. Results 

3.1. Heterologous expression of a P. chrysosporium mnp1 gene in A. niger SCB2 

The heterologous expression of genes coding for different isoforms of MnP from P. 
chrysosporium has been reported in non-ligninolytic fungi, such as A. oryzae, A. nidulans, and 
A. niger. These enzymes were obtained extracellularly and with catalytic activity but have 
only been studied as expression systems for the production of heterologous proteins and 
have not been applied to the bioremediation of contaminated soils, as presented in this 
research [40,42,50,51]. 

Expression plasmid pGMG-Hyg was introduced into wild-type A. niger by biolistic 
transformation. A total of 8 transformants were isolated for their capacity to grow in Czapek 
plates with hygromycin B (HygB). After 5 d of incubation at 30°C and confirmed by PCR 
amplification, the result showed a single amplicon of 635 pb fragment observed in agarose 
gel electrophoresis (figure. 3) and no bands were observed for the wild-type stain. The 
positive control strain showed the expected fragment. 

 
Figure 3. Agarose gel with PCR product obtained by A. niger transformants for expression plasmid 
pGMG-Hyg. Line 1: Gene Ruler 1 kb DNA ladder as a molecular marker. Line 2: MnP+1. Line 3: MnP+2. 
Line 4: MnP+3. Line 5: MnP+4. Line 6: MnP+5. Line 7: MnP+6. Line 8: MnP+7. Line 9: MnP+8. Line 10: P. 
chrysosporium as positive control. Line 11: A. niger SCB2 as negative control. 

3.2. Evaluation of enzymatic activity of recombinant MnP 

The transformants were evaluated for MnP activity by the o-anisidine coloration method in 
MM medium with hemoglobin plates. Transformants that developed a purple halo were 
selected. Four transformants (MnP+1, MnP+4, MnP+7 and MnP+8) formed purple halos around 
the agar disk after 8 d of incubation, indicating extracellular peroxidase activity, as show in 
figure 4. The wild-type strain showed no coloration; however, the control strain of P. 
chrysosporium showed a greater purple halo. These results are similar to findings by other 
authors, who screened autochthonous or recombinant fungal strains for the formation of 
halos by o-anisidine oxidation on agar plates induced by manganese peroxidase activity [40, 
42, 52]. 
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Figure 4. Qualitative determination of MnP activity produced by A. niger transformants in Petri dishes 
using o-anisidine as an indicator. 
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growth of fungi isolated from soil. This fact suggests that due to the production of MnP by 
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MnP productivity of the four selected strains was quantified in liquid culture using MM 
medium with hemoglobin. The activity was measured every 24 h for 7 days. As shown in 
figure 6, the wild-type strain did not present MnP activity. Although all transformant strains 
present different MnP activity, maximum activity was obtained by A. niger MnP+7 strain at 4 
d (25.4 U/L); specific activity during this time was 3.67 U/mg of total protein, whereas the 
control strains of P. chrysosporium reached 7 U/L. These results demonstrate that the o-
anisidine plate assay was consistent with the MnP production of the transformants in liquid 
culture. The results also confirmed that MnP production occurred in the transformants by 
introducing the mnp1 gene, since this activity was not detected in the wild-type strain. 
Differences observed between transformants are often explained by a differential integration 
of the heterologous gene within the fungal genome [33, 55]. 

 
Figure 6. Enzymatic activity of MnP exerted by the wild-type strain and transformants of A. niger in 
liquid culture in MM medium supplemented with hemoglobin. () A. niger MnP+1; () A. niger MnP+4; 
() A. niger MnP+7; () A. niger MnP+8; and () A. niger SCB2. 

After 48 h, all transformant strains showed MnP activity in liquid medium. Because mnp1 
expression is regulated by the constitutive gpdA promoter, which is involved in the 
glycolysis metabolic pathway forming part of the central metabolism, MnP production was 
started early on and maintained throughout the growth phase of the fungus [56].  

The specific activity obtained by recombinant MnP with A. niger MnP+7 strain regulated by 
the constitutive gpdA promoter, and A. niger SCB2 T3 strain regulated by Taka-amylase 
promoter, showed similar results (3.67 and 3 U/L respectively); this may be caused by the 
culture media used for producing the recombinant enzymes since the medium used for 
SCB2 -T3 was COVE's medium, with maltose (50 g/L) as carbon source and inducer of mnp1 
expression, supplemented with hemoglobin to increase MnP activity [32], and the medium 
used for MnP+7 was MM [47] also supplemented with hemoglobin but using glucose (10 g/L) 
as carbon source. It is well known that several factors should be considered in mnp1 
expression, such as the carbon source, the culture medium, and the addition of a heme 
group. Recombinant MnP production by MnP+7 strain was increased by adding hemoglobin 
to the culture medium. Similar results have been obtained by other research groups in their 
studies on mnp1 expression in Aspergillus [40,42,51] and are explained by how the 
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recombinant protein is produced by Aspergillus, i.e., as an unstable apoprotein. This 
apoprotein requires the heme group to produce the active hemoprotein, which acquires a 
more stable conformation for proteolytic attack than the apoprotein. Due to low availability 
of heme provided by the heme biosynthetic pathway, this fact is considered a limiting factor 
for the production of heme proteins in different expression systems [41- 43, 52]. If the 
amount of heme produced by a microorganism is low in relation to the amount of 
apoprotein produced, the apoprotein will accumulate in the culture medium and undergo 
proteolytic degradation lowering the yield of the active hemoprotein. Other studies on 
manganese peroxidase expression in Aspergillus assume that hemoglobin may play a role 
not only in supplying heme but also in providing a protein excess in the culture medium, 
thereby protecting recombinant MnP from proteolytic degradation [42,51,57]. 

3.3. Phenanthrene removal by A. niger Mnp+7 and wild-type strain in solid 
culture 

In order to evaluate the growth of the microorganism in solid culture, CO2 evolution was 
quantified. Two tested strains showed different profiles and the ANOVA test indicated a 
significant (p<0.05) difference in the accumulated CO2 production: the transformant strain 
produced more CO2 than the wild-type, both in the presence and absence of Phe, and was 
around 15-18 mg CO2 accumulated per gram of initial dry matter (IDM), whereas the wild-
type strain produced only around 5-7 mg CO2 accumulated/g IDM (figure 7A). This result 
demonstrated that A. niger MnP+7 strain was able to grow more on solid culture than A. niger 
SCB2; however, both strains presented a decrease in CO2 production in the presence of Phe. 
This can be interpreted as a toxic effect of the compound on the growth of fungi and these 
results demonstrate that the plate assay with 600 ppm of Phe was consistent with a toxic 
effect on the growth. The highest microbial activity in all treatments analyzed was at 4 d (5 
mg CO2 instantaneous/g IDM) and a decrease in microbial activity was observed in all the 
inoculum treatments at 14 days (figure 7B). CO2 production in the control without fungi was 
negligible.  

The residual Phe extracted from treated soil was quantified by HPLC and the results of two 
strains are presented in figure 8. The wild-type strain had the lowest Phe removal capacity 
(approximately 7%) compared with the transformant MnP+7 strain which was able to 
remove approximately 44% of the initial Phe (0.6 mg/g IMD) in 14 d. The Phe extraction 
efficiency of the abiotic controls was 98%.  

The increase in the removal percentage of Phe by the MnP+7 transformant strain in solid 
culture suggests that it is due to the production of MnP enzyme by the transformant strain 
which showed the ability to express the mnp1 gene regulated by the constitutive gpdA 
promoter. This fact has led to an increased tolerance in plate and solid culture and greater 
removal efficiency in high Phe concentrations in solid culture. This result is important 
because PAH degradation has only been studied in submerged culture by ligninolytic fungi 
isolated from contaminated soils and, since PAHs have low solubility in water, only low 
concentrations have been used; for example, a strain of Aspergillus terreus has been isolated 



 
Hydrocarbon 

 

128 

MnP productivity of the four selected strains was quantified in liquid culture using MM 
medium with hemoglobin. The activity was measured every 24 h for 7 days. As shown in 
figure 6, the wild-type strain did not present MnP activity. Although all transformant strains 
present different MnP activity, maximum activity was obtained by A. niger MnP+7 strain at 4 
d (25.4 U/L); specific activity during this time was 3.67 U/mg of total protein, whereas the 
control strains of P. chrysosporium reached 7 U/L. These results demonstrate that the o-
anisidine plate assay was consistent with the MnP production of the transformants in liquid 
culture. The results also confirmed that MnP production occurred in the transformants by 
introducing the mnp1 gene, since this activity was not detected in the wild-type strain. 
Differences observed between transformants are often explained by a differential integration 
of the heterologous gene within the fungal genome [33, 55]. 

 
Figure 6. Enzymatic activity of MnP exerted by the wild-type strain and transformants of A. niger in 
liquid culture in MM medium supplemented with hemoglobin. () A. niger MnP+1; () A. niger MnP+4; 
() A. niger MnP+7; () A. niger MnP+8; and () A. niger SCB2. 

After 48 h, all transformant strains showed MnP activity in liquid medium. Because mnp1 
expression is regulated by the constitutive gpdA promoter, which is involved in the 
glycolysis metabolic pathway forming part of the central metabolism, MnP production was 
started early on and maintained throughout the growth phase of the fungus [56].  

The specific activity obtained by recombinant MnP with A. niger MnP+7 strain regulated by 
the constitutive gpdA promoter, and A. niger SCB2 T3 strain regulated by Taka-amylase 
promoter, showed similar results (3.67 and 3 U/L respectively); this may be caused by the 
culture media used for producing the recombinant enzymes since the medium used for 
SCB2 -T3 was COVE's medium, with maltose (50 g/L) as carbon source and inducer of mnp1 
expression, supplemented with hemoglobin to increase MnP activity [32], and the medium 
used for MnP+7 was MM [47] also supplemented with hemoglobin but using glucose (10 g/L) 
as carbon source. It is well known that several factors should be considered in mnp1 
expression, such as the carbon source, the culture medium, and the addition of a heme 
group. Recombinant MnP production by MnP+7 strain was increased by adding hemoglobin 
to the culture medium. Similar results have been obtained by other research groups in their 
studies on mnp1 expression in Aspergillus [40,42,51] and are explained by how the 
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recombinant protein is produced by Aspergillus, i.e., as an unstable apoprotein. This 
apoprotein requires the heme group to produce the active hemoprotein, which acquires a 
more stable conformation for proteolytic attack than the apoprotein. Due to low availability 
of heme provided by the heme biosynthetic pathway, this fact is considered a limiting factor 
for the production of heme proteins in different expression systems [41- 43, 52]. If the 
amount of heme produced by a microorganism is low in relation to the amount of 
apoprotein produced, the apoprotein will accumulate in the culture medium and undergo 
proteolytic degradation lowering the yield of the active hemoprotein. Other studies on 
manganese peroxidase expression in Aspergillus assume that hemoglobin may play a role 
not only in supplying heme but also in providing a protein excess in the culture medium, 
thereby protecting recombinant MnP from proteolytic degradation [42,51,57]. 

3.3. Phenanthrene removal by A. niger Mnp+7 and wild-type strain in solid 
culture 

In order to evaluate the growth of the microorganism in solid culture, CO2 evolution was 
quantified. Two tested strains showed different profiles and the ANOVA test indicated a 
significant (p<0.05) difference in the accumulated CO2 production: the transformant strain 
produced more CO2 than the wild-type, both in the presence and absence of Phe, and was 
around 15-18 mg CO2 accumulated per gram of initial dry matter (IDM), whereas the wild-
type strain produced only around 5-7 mg CO2 accumulated/g IDM (figure 7A). This result 
demonstrated that A. niger MnP+7 strain was able to grow more on solid culture than A. niger 
SCB2; however, both strains presented a decrease in CO2 production in the presence of Phe. 
This can be interpreted as a toxic effect of the compound on the growth of fungi and these 
results demonstrate that the plate assay with 600 ppm of Phe was consistent with a toxic 
effect on the growth. The highest microbial activity in all treatments analyzed was at 4 d (5 
mg CO2 instantaneous/g IDM) and a decrease in microbial activity was observed in all the 
inoculum treatments at 14 days (figure 7B). CO2 production in the control without fungi was 
negligible.  

The residual Phe extracted from treated soil was quantified by HPLC and the results of two 
strains are presented in figure 8. The wild-type strain had the lowest Phe removal capacity 
(approximately 7%) compared with the transformant MnP+7 strain which was able to 
remove approximately 44% of the initial Phe (0.6 mg/g IMD) in 14 d. The Phe extraction 
efficiency of the abiotic controls was 98%.  

The increase in the removal percentage of Phe by the MnP+7 transformant strain in solid 
culture suggests that it is due to the production of MnP enzyme by the transformant strain 
which showed the ability to express the mnp1 gene regulated by the constitutive gpdA 
promoter. This fact has led to an increased tolerance in plate and solid culture and greater 
removal efficiency in high Phe concentrations in solid culture. This result is important 
because PAH degradation has only been studied in submerged culture by ligninolytic fungi 
isolated from contaminated soils and, since PAHs have low solubility in water, only low 
concentrations have been used; for example, a strain of Aspergillus terreus has been isolated 
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from a PAH-polluted soil and the metabolism of pyrene and benzo(a)pyrene by this fungus 
was investigated in liquid submerged culture supplemented with 50 and 25 ppm, 
respectively, of each compound [58]. Penicillium chrysogenum degraded 60% of fluorene (50 
ppm initial) in the presence of Tween 80 after 2 days [53]. There are also reports of PAH 
removal by ligninolytic fungi in soils, but only concentrations below 200 ppm have been 
tested. Fusarium sp. E033 strain was isolated and able to survive in the presence of 
concentrations up to 300 ppm of benzo(a)pyrene and demonstrated that this strain was able 
to degrade 65 to 70% of the initial benzo(a)pyrene (using 100 ppm) provided within 30 d of 
incubation at 32°C [59]. Other authors report PAH degradation by some strains of the genus 
Penicillium, such as P. frequentans, capable of removing 52% of Phe in soil contaminated with 
200 ppm in 17 d [60]. P. janthinellum degraded 50 ppm of benzo(a)pyrene after 48 d of 
incubation in soil in co-culture with bacteria [24]. 

 
Figure 7. Microbial activity of both A. niger strains in solid culture in microcosm. A) CO2 accumulated 
production and B) CO2 instantaneous production. The different treatments were: () A. niger SCB2 
without Phe; () A. niger SCB2 with Phe; () A. niger MnP+7 without Phe; () A. niger MnP+7 with Phe; 
() abiotic control without Phe and () abiotic control with Phe. 
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Figure 8. Phenanthrene removal percentage in solid culture by A. niger SCB2 and A. niger MnP+7 strains 
in soil contaminated with 600 ppm of Phe. 

The increase in Phe concentration in solid culture showed a higher toxic effect on the wild-
type strain. Compared to cultures carried out using soil contaminated with 0.4 mg/g IMD, 
the wild-type strain SCB2 was able to remove 75% of Phe, while A. niger SCB2-T3 strain 
removed 95% of Phe [32], so although the removal percentage obtained with MnP+7 strain 
was lower than A. niger SCB2-T3, MnP+7 strain is considered to be efficient in the removal of 
Phe in soil. 

With respect to the intermediaries formed during Phe oxidation in solid culture for A. niger 
MnP+7, preliminary results using polyurethane foam (PUF) as inert support have shown that 
the chromatographic profiles of the two strains in the presence of 600 ppm of Phe were 
different and the peaks observed in the chromatograms of the two strains in the presence of 
Phe were not observed in the respective controls (control inoculated without Phe and abiotic 
controls with Phe) (data not shown). This suggests that these peaks correspond to 
metabolites formed from Phe degradation; furthermore, the concentrations of residual Phe 
and intermediaries obtained from the transformant strain were lower when compared to 
those obtained from the wild-type strain. This result can be attributed to mnp1 expression 
since this is the only difference between the two strains, which were grown under the same 
culture conditions. These results allow us to infer that the differences in metabolism were 
caused by the presence of recombinant MnP enzyme, although we, have not yet identified 
the metabolites or intermediaries formed from degradation by transformant MnP+7 and 
wild-type strains.  

1-phenanthrol, 2-phenanthrol, and phenanthrene trans-9,10-dihydrodiol have been reported 
as major metabolites from the metabolism of Phe by A. niger [61]. Other authors have 
reported that Phe was metabolized by A. niger into small amounts of 1- and 2-phenanthrol, 
and also 1-methoxyphenanthrene as a major ethyl acetate extractable metabolite; its retention 
time (RT) was of 36.7 min, indicating a less polar metabolite than Phe [62]. We have reported 
that the chromatographic profiles of A. niger SCB2-T3 in liquid culture in the presence of Phe 
were different to the wild-type strain. In the culture medium of the wild-type strain, a 
principal metabolite of Phe degradation with a RT of 1.7 min was detected. On the other 
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from a PAH-polluted soil and the metabolism of pyrene and benzo(a)pyrene by this fungus 
was investigated in liquid submerged culture supplemented with 50 and 25 ppm, 
respectively, of each compound [58]. Penicillium chrysogenum degraded 60% of fluorene (50 
ppm initial) in the presence of Tween 80 after 2 days [53]. There are also reports of PAH 
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Penicillium, such as P. frequentans, capable of removing 52% of Phe in soil contaminated with 
200 ppm in 17 d [60]. P. janthinellum degraded 50 ppm of benzo(a)pyrene after 48 d of 
incubation in soil in co-culture with bacteria [24]. 
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controls with Phe) (data not shown). This suggests that these peaks correspond to 
metabolites formed from Phe degradation; furthermore, the concentrations of residual Phe 
and intermediaries obtained from the transformant strain were lower when compared to 
those obtained from the wild-type strain. This result can be attributed to mnp1 expression 
since this is the only difference between the two strains, which were grown under the same 
culture conditions. These results allow us to infer that the differences in metabolism were 
caused by the presence of recombinant MnP enzyme, although we, have not yet identified 
the metabolites or intermediaries formed from degradation by transformant MnP+7 and 
wild-type strains.  

1-phenanthrol, 2-phenanthrol, and phenanthrene trans-9,10-dihydrodiol have been reported 
as major metabolites from the metabolism of Phe by A. niger [61]. Other authors have 
reported that Phe was metabolized by A. niger into small amounts of 1- and 2-phenanthrol, 
and also 1-methoxyphenanthrene as a major ethyl acetate extractable metabolite; its retention 
time (RT) was of 36.7 min, indicating a less polar metabolite than Phe [62]. We have reported 
that the chromatographic profiles of A. niger SCB2-T3 in liquid culture in the presence of Phe 
were different to the wild-type strain. In the culture medium of the wild-type strain, a 
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hand, two metabolites with a lower RT than Phe were extracted from the mycelium of the 
transformant strain; these are considered more polar compounds produced by Phe oxidation. 
No residual Phe was detected in the transformant strain’s culture medium [32]. 

Bioaugmentation with an Aspergillus strain isolate did increase the extent of removal of 
benzo(a)anthracene and benzo(a) pyrene in soils significantly [65]. Bioaugmentation with 
Cladosporium sphaerospermum significantly stimulated PAH degradation, especially for high 
molecular weight PAH [66]. Other authors have reported a significantly improved 
degradation of high molecular weight PAH after bioaugmentation in PAH-contaminated 
soil [24, 29]. 

The results from this study also show that non-ligninolytic fungal strains are a viable 
alternative for application in bioremediation systems; moreover, bioaugmentation with 
genetically modified exogenous fungal strains for heterologous protein production in solid 
culture accelerates the process of removal and biodegradation of toxic compounds in 
contaminated soils. 

4. Conclusion 
The action of genetically modified non-ligninolytic fungal strains in bioremediation systems 
has not been reported, so that the results obtained in this investigation suggest that these 
microorganisms may have some potential as a bioaugmentation agent: they are efficient 
degraders of PAHs in high concentrations compared to other non-ligninolytic fungal strains 
which produce more toxic intermediaries than the original compound and tolerate lower 
PAH concentrations, and also compared to ligninolytic fungi not grown in soil and which 
are displaced by native soil microflora. 
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hand, two metabolites with a lower RT than Phe were extracted from the mycelium of the 
transformant strain; these are considered more polar compounds produced by Phe oxidation. 
No residual Phe was detected in the transformant strain’s culture medium [32]. 

Bioaugmentation with an Aspergillus strain isolate did increase the extent of removal of 
benzo(a)anthracene and benzo(a) pyrene in soils significantly [65]. Bioaugmentation with 
Cladosporium sphaerospermum significantly stimulated PAH degradation, especially for high 
molecular weight PAH [66]. Other authors have reported a significantly improved 
degradation of high molecular weight PAH after bioaugmentation in PAH-contaminated 
soil [24, 29]. 

The results from this study also show that non-ligninolytic fungal strains are a viable 
alternative for application in bioremediation systems; moreover, bioaugmentation with 
genetically modified exogenous fungal strains for heterologous protein production in solid 
culture accelerates the process of removal and biodegradation of toxic compounds in 
contaminated soils. 

4. Conclusion 
The action of genetically modified non-ligninolytic fungal strains in bioremediation systems 
has not been reported, so that the results obtained in this investigation suggest that these 
microorganisms may have some potential as a bioaugmentation agent: they are efficient 
degraders of PAHs in high concentrations compared to other non-ligninolytic fungal strains 
which produce more toxic intermediaries than the original compound and tolerate lower 
PAH concentrations, and also compared to ligninolytic fungi not grown in soil and which 
are displaced by native soil microflora. 
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of unaltered fossil fuels. By definition, only C and H atoms are shown in PAH structures, 
but nitrogen, sulfur and oxygen atoms may readily substitute in the benzene ring to form 
herterocyclic aromatic compounds, commonly grouped with PAHs.  In general, petroleum, 
coal, by-products of industrial processing, the products of incomplete combustion of organic 
compounds are considered to be the major sources of PAHs. Anthropogenic sources, 
particularly the combusting of fossil fuels, are the most significant sources of PAHs entering 
to the environment (Lim, et al. 1999). Sites where refining petroleum have occurred are 
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contaminants for extremely long time periods. The chemical properties are related to 
molecule size and the pattern of ring linkage. Persistence increases as PAH molecular 
weight increases. Low-molecular-weight PAHs (those containing less than four benzene 
rings) are acutely toxic, with some having effects on the reproduction and mortality rates in 
aquatic animals. Most high-molecular –weight PAHs (containing four or more benzene 
rings) are mutagenic and carcinogenic (Boonchan et al., 2000). Therefore, the US 
Environmental protection Agency (USEPA) has listed 16 PAHs as priority pollutants to be 
monitored in industrial waste effluents.  

Sites contaminated with hydrocarbons are difficult to remediate. The type of petroleum 
product discharged will influence the terrestrial migration; in general, the more viscous the 
product, the slower it will migrate. Smaller more volatile fractions will move quickly, or 
evaporate, while larger fractions will take more time to flow through soil. The spill profile, 
or spatial area directly contacted with discharged hydrocarbons, depends on the time, 
amount, extent, and type of petroleum product, in addition, the soil particle size of the spill 
site also is the important factor. Hydrocarbons move through the soil and larger soil 
particles generally allow greater migration. The state of the ground on which the spill is 
discharged affects the vertical and horizontal spill profile.  

When the hydrocarbons flow down through the soil, some of the organic carbon will be 
removed from the system by abiotic uptake. Some of the hydrocarbons such as PAHs, can 
be adsorbed to humic substances. The sorption characteristics of hydrocarbons to soil can 
further depend on the soil matrix; in a marsh environment with multiple soil types, a greater 
reduction of hydrocarbons was observed in sandy soils than in mineral soils (Lin et al. 1999).  

The loss of hydrocarbons by abiotic processes in a system is finite, reaching a saturation 
point that, unless conditions change, will prevent further removal (Ping et al. 2006). This is 
apparent in aged spills where the residual hydrocarbons, especially for PAHs, can remain in 
the soil for long time without any apparent removal by abiotic processes. Volitization of 
hydrocarbons can remove hydrocarbons, mostly in the C6- C10 fraction, from hydrocarbon 
contaminated sites, but the cold temperatures will greatly reduce this volitization.  

Bioremediation that uses microorganisms to remove toxic substances from the environment 
in an attempt to return the environment to pre-contaminated conditions has been 
developing for some 40 years. Bioremediation of PAHs contaminated soil and sediment is 
believed to be a promising cleanup process in comparison to other remediation processes 
such as chemical or physical ones. Therefore, many investigations have focused attention on 
bioremediation process that showed higher efficiency to clean up the contaminated sites. 
The approaches for the bioremediation of PAHs contaminated sites have included the three 
major processes: monitored natural attenuation; bioaugmentation and biostimulation 
(Stallwood et al. 2005). Environmental conditions determine which bioremediation 
approach, or combination, is most appropriate.  Bioaugmentation, the addition of 
specialized microorganisms to enhance the biodegradation efficiency of contaminants in 
soil, has proved to be a feasible and economic method compared with other treatment 
techniques, such as chemical or physical ones, and has been received increasing attention in 
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recent years (Vogel 1996). Monitored natural attenuation is considered the simplest 
bioremediation approach and comprises checking the intrinsic degradation of contaminants 
in an environment. Contaminated sites that have remained unchanged for long periods of 
time represent situations not suited for monitored natural attenuation because there is no 
evidence that once monitoring of the site starts, the contamination level would decrease 
without anthropogenic intervention. Biostimulation addresses the deficiencies of the 
environment, providing the optimal conditions for microbial growth, activity and thus 
biodegradation. Common biostimulation processes include supplementation with necessary 
or additional nutrients, water or air. More site-specific treatments may include chelating 
agents to detoxify metals or surfactants to increase hydrocarbon bioavailability. The 
application of biostimulants to a contaminated site can be an important factor that should 
account for the environmental conditions and other biodegradation limitations of the 
system. 

Biodegradation efficiency and extent of PAHs in contaminated sites depend upon a 
multitude of factors, including bioavailability of the PAH to microorganisms, the 
characteristics of the environment (pH, temperature, concentration and availability of 
suitable electron acceptors), the extent of sorption of the PAH, identity of the sorbent, mass 
transfer rates, and microbial factors (buildup of toxic intermediates, kinetics, or the presence 
or absence of organisms capable of degrading a given compound). The bioavailability of 
PAHs is of paramount importance, which is a compound-specific phenomenon, as sorption, 
desorption. Physical-chemical factors affecting bioavailability include sorption, nonaqueous 
phase identity, the length of time the PAH has been in contact with the soil, and microbial 
factors. These factors are interrelated, complex, and compound-specific. The sum of these 
processes determine the bioavailability of a PAH to an organism. The type of soil to which 
PAHs are bound can have a profound influence upon the bioavailability of PAHs.  

Four steps can be put forward during the biodegradation of soil-sorbed PAH. Firstly, the 
PAH must be desorbed from the soil into particle-associated pore water. Secondly, the 
dissolved PAH must travel through the pore water to the bulk aqueous fluid. Thirdly, bulk 
fluid movement must transport the PAH to the microbial cell. Lastly, the microbial cell must 
transport the PAH molecule across its cell membranes to the cell interior where metabolism 
occurs. Each of these steps is subject to equilibrium and kinetic effects, and each is capable of 
being the rate-limiting step for a particular PAHs contaminated sites. 

Mass transfer between the site where a PAH is sorbed and the microbial cell is a prerequisite 
to biodegradation. Both mass transfer factors and biological factors are relevant. Mass 
transfer concerns include desorption of the PAH molecule and arrival of the PAH and the 
organism at the same location, either by mixing, PAH diffusion, or cell locomotion. The cell 
must possess the necessary enzymes to degrade the PAH, and those enzymes must be 
expressed at a sufficient level of activity.  

The maximum potential rate of PAH biodegradation is determined by the rate of mass transfer 
of the PAH to the microbial cell and the intrinsic metabolic activity of the cell. The 
bioavailability of a compound reflects the balance between these two processes. Inherent 
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properties such as the octanol:water partitioning coefficient (Kow) and molar volume affect the 
behavior of a PAH in processes such as sorption/desorption and diffusion. The hydrophobic 
nature of PAHs results in their partitioning onto soil matrix and their strong adsorption onto 
the soil organic matter (Manilal and Alexander 1991; Weissenfiels et al. 1992).  Because of their 
hydrophobicity and low solubility, PAHs in a soil or sediment matrix will tend to associate 
with the organic matter coating of the particle matrix rather than the hydrated mineral surface. 
The sorption of organic contaminants by natural organic matter often limits the bioavailability 
of substrates, and is an important factor affecting microbial degradation rates in soils and 
sediments (Grosser et al. 2000). Sorption behavior of PAHs is complicated by the physical 
complexity and heterogeneity of the soil matrix (Luthy et al. 1997; Stokes et al. 2005).  It is 
generally believed that adsorbed hydrophobic pollutants are not directly available to the 
microbial population. A well-designed bioremediation process should consider methods to 
mobilize these contaminants from soil surface and make them available to the microorganism. 
Variable results have been shown concerning the utility of using surfactants or solvents in 
hydrocarbon solubilization and biodegradation. It is to be expected that some of these flushing 
agents will remain in the treated soil after the flushing process. The potential impact of 
residual flushing agents on microbial processes is a question of concern.  

Soil is thought to contain the greatest biodiversity of any environment on Earth. Different 
investigation strategies into the biodiversity in soil exist that involve of environmental 
sampling and extraction of target molecules and include analysis of key biogenic molecules 
like membrane lipid and/ or respiratory quinone profiles. The most commonly used method 
for microbial classification is by sequencing the 16S rRNA gene. The 16S rRNA gene 
provides a highly conserved marker, with a slow and constant mutational rate that can be 
used to measure taxonomic distances between species based on differences in the DNA 
sequence. Many molecular phylogenetic environmental studies using 16S gene analyses 
have uncovered numerous, potentially new microbial species, genera and even domains 
lurking, with no cultured, laboratory strain representative for comparison. Speculation of 
the order of magnitude concerning the total number of bacterial species is debated by 
microbiologists (Hong et al. 2006), making it impossible to precisely quantify the 
significance of the cultured laboratory stains, which may only represent ~ 1 % of the total 
number of species on the planet (Amann et al. 1995). 

16S rRNA gene analysis introduces biases and limits the practicality of basing community 
profiles solely on DNA isolation, amplification and sequencing. The process can be divided 
into three major stages, each of which can introduce bias; DNA extraction; polymerase chain 
reaction (PCR); DNA sequencing and bioinformatic analyses. Various chemical and 
mechanical techniques exist that are designed to extract DNA from within cells and the 
surrounding physical matrix, and purify this separated DNA (Sambrook and Russell 2001). 
The efficiency for DNA extraction depends on the methods used, the physical matrix, and 
the cell type (Greer 2005). Although extraction methods are designed to deal with distinct 
matrices and cell types, for instance Gram-positive cells are generally more resistant than 
Gram-negative cells to lysis, no method is considered infallible (Krsek and Wellington 1999; 
Martin-Laurent et al. 2001). 
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2. Background of the contaminated site 

The Beijing Coking and Chemistry Plant was constructed in 1959, and was totally 
suspended in July 2006 and relocated to Tangshan City, Hebei Province. The plant was 
located in the east of Beijing city, was adjacent to Beijing Dye Processing Plant in the west, 
5th Ring Road in the east, Huagong Road in the south, old Boluoying Village in the north 
and Huagong Bridge in the southeast corner, as the starting point of another Jing-jin-tang 
Expressway and also a major part of Beijing (Fig.1). 

 
Figure 1. Location of Beijing Coking and Chemistry Plant 

The identification of appropriate remediation technologies will be conditioned by 
knowledge of the soil conditions that exist, and of water movement and contaminant 
transport in the unsaturated zone. Field investigations are conducted to initially determine 
fundamental soil and contaminant properties, and to pilot test and evaluate remediation 
technologies. In addition to standard sampling at various depths, and laboratory 
determinations of soil organic carbon, total P, total N, total K etc., it is intended to make use 
of more sophisticated geophysical techniques to map shallow water tables and 
contamination distribution. All of the results were shown in Table1 and Table 2. 
 

Parameter Value 
Soil organic carbon (dry weight.%) 3.32 
Total P (mg P/kg soil) 0.29 
Total N (mg N/kg soil) 0.81 
Total K (mg K/kg soil) 14.91 
Soil pH (in reagent grade water) 8.13 

Table 1. The characteristics of the soil. 
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fundamental soil and contaminant properties, and to pilot test and evaluate remediation 
technologies. In addition to standard sampling at various depths, and laboratory 
determinations of soil organic carbon, total P, total N, total K etc., it is intended to make use 
of more sophisticated geophysical techniques to map shallow water tables and 
contamination distribution. All of the results were shown in Table1 and Table 2. 
 

Parameter Value 
Soil organic carbon (dry weight.%) 3.32 
Total P (mg P/kg soil) 0.29 
Total N (mg N/kg soil) 0.81 
Total K (mg K/kg soil) 14.91 
Soil pH (in reagent grade water) 8.13 

Table 1. The characteristics of the soil. 
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PAHs 
Soil depth 

0.5m 1.2m 3.0m 
Acenaphthylene 11.37 10.70 7.70 
Acenaphthene+ Fluorene 2.83 1.43 5.51 
Anthracene 2.17 0.49 6.18 
Fluoranthene 14.0 3.93 1.81 
Phenanthrene 16.32 5.76 2.98 
Pyrene 6.14 1.54 0.84 
Benzo(a)anthracene + Chrysene 18.14 8.60 21.94 
Benzo(b)fluoranthe 24.05 8.73 17.79 
Benzo(k)fluoranthene 10.14 3.81 4.04 
Benzo(a)pyrene 9.88 4.06 8.72 
Dibenzo(a,h)anthracene 23.43 3.17 6.10 
Indeno(1,2,3-cd)pyrenene 21.21 7.38 12.96 
Total amount 159.68 59.59 96.57 

Table 2. PAH concentration in soil of different depth (mg/kg)  

3. Sampling and analytical methods 

3.1. Soil and groundwater sampling and analysis 

Collection of representative soil samples groundwater samples for contaminants of concern 
are crucial for the whole analysis process. The sampling programs would employ a 
judgemental sampling approach with borehole and monitoring wells being targeted to 
assess known areas/depths of contamination. Soil samples were taken by bores located on 
the site. Surface soil samples were collected from the bores and Selected distances, up to 
12.74 m; in depth samples were collected at 1 m intervals. Control samples were collected 
from points located far away from the disposal sites, where soil contamination is practically 
nonexistent. The soil samples used in the experiment were collected in brown glass bottles 
and stored at 4°C until analysed. The samples were dried and then sieved with 2 mm 
diameter before experiment. The groundwater was sampled after purging the wells using a 
submersible pump and a Teflon hose. The samples were stored in brown glass bottles at 4°C 
until analyses.  

Soil analysis was carried out using standard methodologies (Page, 1982). Particle size 
distribution was carried out using the Bouyoukos method (Bouyoucos, 1962); pH and electrical 
conductivity were measured in the paste extract using pH/EC meter equipped with glass 
electrode; Field moisture, water holding capacity (WHC)and degree of saturation were 
determined for each homogenized sample upon return to the laboratory. Organic matter was 
determined by dichromate oxidation; carbonates by using Bernard calcimeter; total N by the 
Kjeldahl method; available phosphorous using sodium hydrogen carbonate extraction; 
exchangeable K, Ca and Mg using BaCl2 extraction, while available Mn, Fe, Cu and Zn using 
DTPA extraction. Determination of NH4+, NO3−, Cl−, PO43−, and SO42− was performed in 
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1:10 water extracts using Dionex-100 Ionic Chromatography. Soil was extracted with boiling 
water using the azomethine-H method. Methanol extractable phenol compounds were 
quantified by means of the Folin–Ciocalteu colorimetric method (Box, 1983).  

3.2. Microbial parameters analysis 

3.2.1. Counting of the total bacterial community and PAH-degraders 

The total bacteria cultured from the soil samples were quantied by mixing 10 g of soil with 50 
mL of sterile Ringer solution in a Waring Blender for 1.5 min at high speed. From this soil 
suspension, successive 1/10 dilutions were made by adding 1 mL of the soil suspension to 9 
mL of sterile Ringer’s solution. An aliquot (0.1 mL) of each diluted soil suspension was spread 
on media constituted by Nutrient Agar (Difco, Detroit, USA). Colonies were counted after 7 d 
of incubation at 30°C. Total cultivated bacteria were expressed in colony-forming units per 
gram of dry soil (CFU g-1 of dry soil). Bacterial counts were carried out in triplicate. 

Bacterial PAH-degraders were quantied in sterile polypropylene microplates (Nunc, 
Germany) according to Stieber et al. (1994). The wells were lled with 250μL of mineral salts 
medium. One of the PAHs that was most representative of the studied soil, phenanthrene or 
uoranthene, was added, according to the selected test. The wells were inoculated with 25 
μL of previously diluted soil suspension (from 10-1 to 10-8). Inoculation was done in 
triplicate. The microplates were incubated at 30°C for 20–30 d and then were evaluated for 
colored products. Enumeration of bacterial PAH degraders was carried out using the Most 
Probable Number (MPN) method (De Man, 1977). 

3.2.2. Polymerase chain reaction (PCR) amplication technique 

The screening and cultivation of PAHs-degrading microorganisms usually precede the other 
steps in studies of PAHs microbial degradation. Once such microorganisms were obtained, 
identication and categorization of related microorganisms is a frequently confused 
technical problem. Categorization and identication of newly isolated above mentioned 
microorganisms traditionally depend on phenotypic characteristics such as colony and cell 
morphology as well as biochemical and serological characteristics such as protein and fatty 
acid pattern proles. However, it is often time-consuming and highly experience-reliance. 
With the rapid development of molecular-biology, modern taxonomy prefers sequencing 
technologies of molecular markers such as 16S rRNA or 18S rRNA. These technologies allow 
the identication of colonies isolated from microbial consortia and the establishment of 
phylogenetic relationships between them (Molina et al., 2009). In addition to taxonomy, PCR 
combined with other approaches could also be used to estimate in situ how pollution affects 
the bacterial community structure and composition of sediments. Several PCR techniques 
such as random amplied polymorphic DNA (RAPD-PCR), arbitrarily primed-PCR (AP-
PCR) could be used to identify species. Besides, bacterial 16S rRNA has become the most 
commonly used molecular index for its evolutionary distinctive sequence. PCR approach 
(16S rRNA) did make categorization and identication of interested strains convenient.  
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Collection of representative soil samples groundwater samples for contaminants of concern 
are crucial for the whole analysis process. The sampling programs would employ a 
judgemental sampling approach with borehole and monitoring wells being targeted to 
assess known areas/depths of contamination. Soil samples were taken by bores located on 
the site. Surface soil samples were collected from the bores and Selected distances, up to 
12.74 m; in depth samples were collected at 1 m intervals. Control samples were collected 
from points located far away from the disposal sites, where soil contamination is practically 
nonexistent. The soil samples used in the experiment were collected in brown glass bottles 
and stored at 4°C until analysed. The samples were dried and then sieved with 2 mm 
diameter before experiment. The groundwater was sampled after purging the wells using a 
submersible pump and a Teflon hose. The samples were stored in brown glass bottles at 4°C 
until analyses.  

Soil analysis was carried out using standard methodologies (Page, 1982). Particle size 
distribution was carried out using the Bouyoukos method (Bouyoucos, 1962); pH and electrical 
conductivity were measured in the paste extract using pH/EC meter equipped with glass 
electrode; Field moisture, water holding capacity (WHC)and degree of saturation were 
determined for each homogenized sample upon return to the laboratory. Organic matter was 
determined by dichromate oxidation; carbonates by using Bernard calcimeter; total N by the 
Kjeldahl method; available phosphorous using sodium hydrogen carbonate extraction; 
exchangeable K, Ca and Mg using BaCl2 extraction, while available Mn, Fe, Cu and Zn using 
DTPA extraction. Determination of NH4+, NO3−, Cl−, PO43−, and SO42− was performed in 
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1:10 water extracts using Dionex-100 Ionic Chromatography. Soil was extracted with boiling 
water using the azomethine-H method. Methanol extractable phenol compounds were 
quantified by means of the Folin–Ciocalteu colorimetric method (Box, 1983).  

3.2. Microbial parameters analysis 

3.2.1. Counting of the total bacterial community and PAH-degraders 

The total bacteria cultured from the soil samples were quantied by mixing 10 g of soil with 50 
mL of sterile Ringer solution in a Waring Blender for 1.5 min at high speed. From this soil 
suspension, successive 1/10 dilutions were made by adding 1 mL of the soil suspension to 9 
mL of sterile Ringer’s solution. An aliquot (0.1 mL) of each diluted soil suspension was spread 
on media constituted by Nutrient Agar (Difco, Detroit, USA). Colonies were counted after 7 d 
of incubation at 30°C. Total cultivated bacteria were expressed in colony-forming units per 
gram of dry soil (CFU g-1 of dry soil). Bacterial counts were carried out in triplicate. 

Bacterial PAH-degraders were quantied in sterile polypropylene microplates (Nunc, 
Germany) according to Stieber et al. (1994). The wells were lled with 250μL of mineral salts 
medium. One of the PAHs that was most representative of the studied soil, phenanthrene or 
uoranthene, was added, according to the selected test. The wells were inoculated with 25 
μL of previously diluted soil suspension (from 10-1 to 10-8). Inoculation was done in 
triplicate. The microplates were incubated at 30°C for 20–30 d and then were evaluated for 
colored products. Enumeration of bacterial PAH degraders was carried out using the Most 
Probable Number (MPN) method (De Man, 1977). 

3.2.2. Polymerase chain reaction (PCR) amplication technique 

The screening and cultivation of PAHs-degrading microorganisms usually precede the other 
steps in studies of PAHs microbial degradation. Once such microorganisms were obtained, 
identication and categorization of related microorganisms is a frequently confused 
technical problem. Categorization and identication of newly isolated above mentioned 
microorganisms traditionally depend on phenotypic characteristics such as colony and cell 
morphology as well as biochemical and serological characteristics such as protein and fatty 
acid pattern proles. However, it is often time-consuming and highly experience-reliance. 
With the rapid development of molecular-biology, modern taxonomy prefers sequencing 
technologies of molecular markers such as 16S rRNA or 18S rRNA. These technologies allow 
the identication of colonies isolated from microbial consortia and the establishment of 
phylogenetic relationships between them (Molina et al., 2009). In addition to taxonomy, PCR 
combined with other approaches could also be used to estimate in situ how pollution affects 
the bacterial community structure and composition of sediments. Several PCR techniques 
such as random amplied polymorphic DNA (RAPD-PCR), arbitrarily primed-PCR (AP-
PCR) could be used to identify species. Besides, bacterial 16S rRNA has become the most 
commonly used molecular index for its evolutionary distinctive sequence. PCR approach 
(16S rRNA) did make categorization and identication of interested strains convenient.  
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3.2.3. Fingerprinting techniques based on 16S rRNA 

The applications of molecular biological techniques to detect and identify microorganisms 
have shown enormous wealth of microbial diversity, and at the same time the limitations of 
traditional cultivation techniques to retrieve this diversity. However, although successful, 
these studies have only focused on the exploration of microbial diversity, they have not 
given any information on the complex dynamics in which microbial communities can 
undergo by PAHs changes and seasonal uctuations or after environmental perturbations. It 
is now widely accepted that it is the whole community, but not only one or several microbes 
that could fulll the complex degradation of the PAHs. According to widely accepted 
opinion, about 99% of the microorganisms in natural environment are unculturable through 
traditional methods until now. In this sense, molecular technique is a preferable approach 
avoiding this insurmountable obstacle to discover the whole community of certain 
microorganisms because the DNA of majority microorganisms in certain environment could 
be obtained. However, the cloning approach exclusively is not efcient, because it is time-
consuming and labour intensive, and hence impractical for multiple sample analysis. 
Fingerprinting techniques based on 16S rRNA such as DGGE（denaturing gradient gel 
electrophoresis）, SSCP (Single-Strand Conformation Polymor-phism ), T-RFLP（terminal 
restriction fragment length polymorphism） and RISA（Ribosomal intergenic spacer 
analysis）could analysis the diversity and dynamics of the whole community at molecular 
level.   

A single nucleotide change in a particular sequence, as seen in a double-stranded DNA, 
cannot be distinguished by electrophoresis, because the physical properties of the double 
strands are almost identical for both alleles. After denaturation, single-stranded DNA 
undergoes a 3-dimensional folding and may assume a unique conformational state based on 
its DNA sequence. The difference in shape between two single-stranded DNA strands with 
different sequences can cause them to migrate differently on an electrophoresis gel. SSCP 
used to be applicable as a diagnostic tool in molecular biology but was rst introduced into 
environmental ecology in 1996 (Lee, 1996). The shortfall of SSCP include low 
reproducibility, short effective sequence (about 150–400 bp) and susceptibility of gel 
concentration and electrophoresis temperature. T-RFLP aims to generate a ngerprint of an 
unknown microbial community for proling of microbial communities based on the 
position of a restriction site closest to a labeled end of an amplied gene. The major 
advantage of T-RFLP is the use of an automated sequencer which gives highly reproducible 
results for repeated samples. However, the fact that only the terminal fragments are being 
read means that any two distinct sequences which share a terminal restriction site will result 
in one peak only on the electropherogram and will be indistinguishable.  

Although above mentioned several molecular methods were widely adapted in microbial 
ecology researches, the most commonly used method in PAHs biodegradation was DGGE. 
The technique is based on the electrophoretic separation of PCR-generated double-stranded 
DNA in an acrylamide gel containing a gradient of a denaturant. As the DNA encounters an 
appropriate denaturant concentration, a sequence-dependent partial separation of the 
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double strands occurs. This conformational change in the DNA tertiary structure causes a 
reduced migration rate and results in a DNA band pattern representative of the sampled 
microbial community. The interested strands could be punched out from the DGGE gel and 
the enclosured DNA could be released and amplied. Thereafter, nucleotide sequence of the 
target DNA could be obtained and then compared with those available in GenBank to 
identify the closest relatives using the BLAST algorithm. On the other hand, it is widely 
accepted that only a pretty small part of the microorganisms community (0.1–10%) present 
in any environmental sample could be cultivated in general laboratory media (Amman et al. 
1995) and the appliance of new developments in culture-independent methods such as 
DGGE/TGGE has greatly increased the understanding of more members of microbial 
consortia than culture-dependent approaches. Although several PAHs degrading bacterial 
species have been isolated, it is not expected that a single isolate would exhibit the ability to 
degrade completely all PAHs. A consortium composed of different microorganisms can 
better achieve this. PCR–DGGE of 16S rRNA gene sequences was used to monitor the 
bacterial population changes during PAHs degradation of the consortium when pyrene, 
chrysene, and benzo[a]pyrene were provided together or separately in the TLP cultures 
(Lafortune et al. 2009). Nevertheless, from the application point of view, cultivated 
microorganisms are more interested and necessary for the further extraction and 
purication of the enzymes involved in PAHs degradation as well as large-scale cultivation 
for engineering input. 

3.3. Extracting DNA and enzymes from soil samples 

3.3.1. DNA extractions 

In the initial efforts to extract DNA from sediments and soils workers used either cell 
extraction (recovery of cells from the soil matrix prior to cell lysis) or direct lysis within the 
soil matrix (Holben et al. 1988). Direct lysis techniques, however, have been used more 
because they yield more DNA and presumably a less biased sample of the microbial 
community diversity than cell extraction techniques yield. A major drawback of direct lysis 
methods is that more PCR-inhibitory substances are extracted along with the DNA (Ogram 
et al. 1987). In addition, the number and diversity of the direct lysis DNA extraction 
protocols used for soils and sediments are daunting (Herrick et al. 1993), but each protocol 
usually includes from one to all three of the following basic elements: physical disruption, 
chemical lysis, and enzymatic lysis. 

Four extraction procedures, method 1 to method 4 (M1–M4), were employed; all were based 
on the direct lysis of cells in the sample, with subsequent recovery and purification of 
nucleic acids. Before extraction, all solutions were rendered DNase-free by treatment with 
0.1% diethyl pyrocarbonate (DEPC). Method 1 (M1) was modified from DeLong et al. (1993). 

 Method 1 (M1): liquid nitrogen (approx. 10 ml) was mixed with 250 mg of each biomass 
sample (wet weightfrom pellet) in a mortar, ground and transferred to a micro-centrifuge 
tube (Eppendorf, Germany), and 1 ml of cetyl trimethylammonium bromide (CTAB) 
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level.   

A single nucleotide change in a particular sequence, as seen in a double-stranded DNA, 
cannot be distinguished by electrophoresis, because the physical properties of the double 
strands are almost identical for both alleles. After denaturation, single-stranded DNA 
undergoes a 3-dimensional folding and may assume a unique conformational state based on 
its DNA sequence. The difference in shape between two single-stranded DNA strands with 
different sequences can cause them to migrate differently on an electrophoresis gel. SSCP 
used to be applicable as a diagnostic tool in molecular biology but was rst introduced into 
environmental ecology in 1996 (Lee, 1996). The shortfall of SSCP include low 
reproducibility, short effective sequence (about 150–400 bp) and susceptibility of gel 
concentration and electrophoresis temperature. T-RFLP aims to generate a ngerprint of an 
unknown microbial community for proling of microbial communities based on the 
position of a restriction site closest to a labeled end of an amplied gene. The major 
advantage of T-RFLP is the use of an automated sequencer which gives highly reproducible 
results for repeated samples. However, the fact that only the terminal fragments are being 
read means that any two distinct sequences which share a terminal restriction site will result 
in one peak only on the electropherogram and will be indistinguishable.  

Although above mentioned several molecular methods were widely adapted in microbial 
ecology researches, the most commonly used method in PAHs biodegradation was DGGE. 
The technique is based on the electrophoretic separation of PCR-generated double-stranded 
DNA in an acrylamide gel containing a gradient of a denaturant. As the DNA encounters an 
appropriate denaturant concentration, a sequence-dependent partial separation of the 
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double strands occurs. This conformational change in the DNA tertiary structure causes a 
reduced migration rate and results in a DNA band pattern representative of the sampled 
microbial community. The interested strands could be punched out from the DGGE gel and 
the enclosured DNA could be released and amplied. Thereafter, nucleotide sequence of the 
target DNA could be obtained and then compared with those available in GenBank to 
identify the closest relatives using the BLAST algorithm. On the other hand, it is widely 
accepted that only a pretty small part of the microorganisms community (0.1–10%) present 
in any environmental sample could be cultivated in general laboratory media (Amman et al. 
1995) and the appliance of new developments in culture-independent methods such as 
DGGE/TGGE has greatly increased the understanding of more members of microbial 
consortia than culture-dependent approaches. Although several PAHs degrading bacterial 
species have been isolated, it is not expected that a single isolate would exhibit the ability to 
degrade completely all PAHs. A consortium composed of different microorganisms can 
better achieve this. PCR–DGGE of 16S rRNA gene sequences was used to monitor the 
bacterial population changes during PAHs degradation of the consortium when pyrene, 
chrysene, and benzo[a]pyrene were provided together or separately in the TLP cultures 
(Lafortune et al. 2009). Nevertheless, from the application point of view, cultivated 
microorganisms are more interested and necessary for the further extraction and 
purication of the enzymes involved in PAHs degradation as well as large-scale cultivation 
for engineering input. 

3.3. Extracting DNA and enzymes from soil samples 

3.3.1. DNA extractions 

In the initial efforts to extract DNA from sediments and soils workers used either cell 
extraction (recovery of cells from the soil matrix prior to cell lysis) or direct lysis within the 
soil matrix (Holben et al. 1988). Direct lysis techniques, however, have been used more 
because they yield more DNA and presumably a less biased sample of the microbial 
community diversity than cell extraction techniques yield. A major drawback of direct lysis 
methods is that more PCR-inhibitory substances are extracted along with the DNA (Ogram 
et al. 1987). In addition, the number and diversity of the direct lysis DNA extraction 
protocols used for soils and sediments are daunting (Herrick et al. 1993), but each protocol 
usually includes from one to all three of the following basic elements: physical disruption, 
chemical lysis, and enzymatic lysis. 

Four extraction procedures, method 1 to method 4 (M1–M4), were employed; all were based 
on the direct lysis of cells in the sample, with subsequent recovery and purification of 
nucleic acids. Before extraction, all solutions were rendered DNase-free by treatment with 
0.1% diethyl pyrocarbonate (DEPC). Method 1 (M1) was modified from DeLong et al. (1993). 

 Method 1 (M1): liquid nitrogen (approx. 10 ml) was mixed with 250 mg of each biomass 
sample (wet weightfrom pellet) in a mortar, ground and transferred to a micro-centrifuge 
tube (Eppendorf, Germany), and 1 ml of cetyl trimethylammonium bromide (CTAB) 
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extraction buffer (Griffiths et al. 2000) was added, followed by vortexing for 30 s. After the 
addition of 500 μl of lysis buffer (50 μM Tris–HCl [pH=8]; 40 μM ethylene diamine 
tetraacetic acid [EDTA; pH=8]; 750 μM filter-sterilised sucrose) and 20 μl of lysozyme (10 mg 
ml−1; Sigma-Aldrich, Germany), mixtures were briefly vor-texed (30 s) and incubated at 37°C 
for 30 min. Sodium dodecyl sulphate was added to a final concentration of 2%; the samples 
were again vortexed and then incubated at 70°C for 1 h. After this, 6 μl of proteinase K 
(Sigma-Aldrich) were added. Samples were then vortexed and incubated at 50°C for a 
further 30 min followed by centrifugation for 15 min (10,000×g). The supernatants were 
transferred to fresh micro-centrifuge tubes, and the aqueous phase was extracted by mixing 
an equal volume of chloroform–isoamyl alcohol (24:1) followed by centrifugation (10,000×g) 
for 10 min.. Total nucleic acids were then precipitated from the extracted aqueous layer with 
0.6 vol of isopropanol overnight, at room temperature, followed by centrifugation (10,000×g) 
for 15 min. The pelleted nucleic acids were washed in 70% (v/v) ice-cold ethanol and air 
dried before re-suspension in 50 μl DEPC-treated water. 

Method 2 (M2): Soil or sediment of 250 mg and 1 ml of 1% CTAB were beaten for 2 min with 
250 mg of zirconia/silica beads (1.0, 0.5 and 0.1 mm; Biospec Products, USA), in the Mini 
Beadbeater-8 (Biospec Products) at the median speed setting. A 500-μl aliquot of lysis buffer 
was added to the mixture, and the remainder of the extraction protocol was continued as 
described for M1. 

Method 3 (M3): Briefly, 500 mg of the soil or sediment samples were added to 0.5 ml of 
CTAB extraction buffer and 0.5 ml of phenol–chloroform–isoamyl alcohol (25:24:1; pH 8.0) 
and lysed for 30 s with 250 mg of zirconia/silica beads (1.0, 0.5 and 0.1 mm), in the Mini 
Beadbeater-8 at the median speed setting. The aqueous phase, containing the nucleic acids, 
was separated by centrifugation at 10,000×g for 5 min and removed to respective fresh 
micro-centrifuge tubes. The aqueous phase was extracted, and phenol was removed by 
addition of an equal volume of chloroform–isoamyl alcohol (24:1) followed by 
centrifugation for 5 min (10,000×g). Two volumes of polyethelene glycol (PEG)–1.6 M NaCl 
(30% w/v) were used to precipitate total nucleic acids at room temperature, which were then 
washed with ice-cold 70% (v/v) ethanol and air dried before re-suspension in 50 μl of DEPC-
treated water (Griffiths et al. 2000). 

Method 4 (M4): The MoBio Ultraclean™ soil DNA kit (Cambio, Cambridge, UK). DNA was 
extracted from 250 mg of soil or sediment according to the manufacturer’s instructions. 

To inspect the quality of extracted DNA, 5-μl aliquots of crude extract were run on Tris–
acetate–EDTA (TAE) agarose gels (1%) containing ethidium bromide (1 ng ml−1; Maniatis et 
al. 1982) for DNA staining and visualisation, with Lambda DNA/HindIII molecular size 
marker (Promega, USA). Gel images were captured using a UV transillumination table and 
the AlphaDigiDoc 1201 system (Alpha Innotech, USA). 

All four methods successfully extracted DNA, which was visible on agarose gels from the 
three soils tested. Many studies of DNA extraction techniques have reported lysis efficiencies 
that concur with the range observed in this study. M2 lysed most cells (93.8%), while M1 was 
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least successful (87.7%). M3 and M4 were very similar with regards to their lysis efficiencies. 
M2 achieved, in almost every case, significantly higher cell lysis than the other three methods; 
however, there was considerable variation in the lysis efficiencies between different soil types, 
indicating that soil texture has a substantial impact on these measurements. 

The choice of the DNA extraction method significantly influenced the bacterial community 
profiles generated. Greater variations were, however, observed between replicate DGGE 
profiles generated with M1 and M4, demonstrating that a lesser degree of reproducibility 
was achieved with these methods. 

The results of this comprehensive evaluation of nucleic acid extraction methods suggested 
that M2 and M3 were both suitable for use in a large-scale study involving the direct 
comparative analysis of multiple soil types. The application of M2—in almost all cases—
resulted in the resolution of greater diversity and employed in the research case on Beijing 
Coking and Chemisitry Plant.  

3.3.2. Enzymes analysis 

The microbial activities, in terms of soil enzymes, in long-term contaminated site soils were 
measured using the following methods. Dehydrogenase activity was determined as 
described by Casida et al. (1964). Soil Catalase activity was determined by the method of 
Cohen et al. (1970). Catalase is an iron porphyrin enzyme which catalyses very rapid 
decomposition of hydrogen peroxide to water and oxygen (Nelson and Cox, 2000). The 
enzyme is widely present in nature, which accounts for its diverse activities in soil. Catalase 
activity alongside with the dehydrogenase activity is used to give information on the 
microbial activities in soil. 

Dehydrogenases (DHA) are enzymes which catalyse the removal of hydrogen atom from 
different metabolites (Nelson and Cox, 2000). Dehydrogenases reect physiologically active 
microorganisms and thus provide correlative information on biological activities and 
microbial populations in soils (Rossel et al., 1997). This parameter is considered to be highly 
relevant to ecotoxicological testing and sensitive to PAH contaminants.  DHA activity in 
soils was carried as following process. Six gram of soil were placed in a test tube, mixed 
with 0.2 g CaCO3, 1 mL TTC (2,3,5-triphenyltetrazolium chloride – as an electron acceptor) 
and 2.5 mL distilled water. The tubes were corked and incubated for 24hr at 37°C. The 
triphenylformazan (TPF) was extracted with ethanol and the intensity of the reddish colour 
was measured on a Beckman DU-68 spectrophotometer at a wavelength of 485 nm with 
ethanol as a blank. All dehydrogenases activity determinations were done in triplicate and 
the results were expressed as an arithmetic mean. 

Soil catalase activity can be an indicator of the metabolic activities of aerobic 
microorganisms and correlated to the population of aerobic microorganisms and soil 
fertility. Catalase activity was determined by the method of Cohen where decomposed 
hydrogen peroxide is measured by reacting it with excess of KMnO4 and residual KMnO4 is 
measured spectrophotometrically at 480 nm. One tenth ml of the supernatant was 
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extraction buffer (Griffiths et al. 2000) was added, followed by vortexing for 30 s. After the 
addition of 500 μl of lysis buffer (50 μM Tris–HCl [pH=8]; 40 μM ethylene diamine 
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for 30 min. Sodium dodecyl sulphate was added to a final concentration of 2%; the samples 
were again vortexed and then incubated at 70°C for 1 h. After this, 6 μl of proteinase K 
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Method 2 (M2): Soil or sediment of 250 mg and 1 ml of 1% CTAB were beaten for 2 min with 
250 mg of zirconia/silica beads (1.0, 0.5 and 0.1 mm; Biospec Products, USA), in the Mini 
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Beadbeater-8 at the median speed setting. The aqueous phase, containing the nucleic acids, 
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Method 4 (M4): The MoBio Ultraclean™ soil DNA kit (Cambio, Cambridge, UK). DNA was 
extracted from 250 mg of soil or sediment according to the manufacturer’s instructions. 

To inspect the quality of extracted DNA, 5-μl aliquots of crude extract were run on Tris–
acetate–EDTA (TAE) agarose gels (1%) containing ethidium bromide (1 ng ml−1; Maniatis et 
al. 1982) for DNA staining and visualisation, with Lambda DNA/HindIII molecular size 
marker (Promega, USA). Gel images were captured using a UV transillumination table and 
the AlphaDigiDoc 1201 system (Alpha Innotech, USA). 

All four methods successfully extracted DNA, which was visible on agarose gels from the 
three soils tested. Many studies of DNA extraction techniques have reported lysis efficiencies 
that concur with the range observed in this study. M2 lysed most cells (93.8%), while M1 was 
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least successful (87.7%). M3 and M4 were very similar with regards to their lysis efficiencies. 
M2 achieved, in almost every case, significantly higher cell lysis than the other three methods; 
however, there was considerable variation in the lysis efficiencies between different soil types, 
indicating that soil texture has a substantial impact on these measurements. 

The choice of the DNA extraction method significantly influenced the bacterial community 
profiles generated. Greater variations were, however, observed between replicate DGGE 
profiles generated with M1 and M4, demonstrating that a lesser degree of reproducibility 
was achieved with these methods. 

The results of this comprehensive evaluation of nucleic acid extraction methods suggested 
that M2 and M3 were both suitable for use in a large-scale study involving the direct 
comparative analysis of multiple soil types. The application of M2—in almost all cases—
resulted in the resolution of greater diversity and employed in the research case on Beijing 
Coking and Chemisitry Plant.  

3.3.2. Enzymes analysis 

The microbial activities, in terms of soil enzymes, in long-term contaminated site soils were 
measured using the following methods. Dehydrogenase activity was determined as 
described by Casida et al. (1964). Soil Catalase activity was determined by the method of 
Cohen et al. (1970). Catalase is an iron porphyrin enzyme which catalyses very rapid 
decomposition of hydrogen peroxide to water and oxygen (Nelson and Cox, 2000). The 
enzyme is widely present in nature, which accounts for its diverse activities in soil. Catalase 
activity alongside with the dehydrogenase activity is used to give information on the 
microbial activities in soil. 

Dehydrogenases (DHA) are enzymes which catalyse the removal of hydrogen atom from 
different metabolites (Nelson and Cox, 2000). Dehydrogenases reect physiologically active 
microorganisms and thus provide correlative information on biological activities and 
microbial populations in soils (Rossel et al., 1997). This parameter is considered to be highly 
relevant to ecotoxicological testing and sensitive to PAH contaminants.  DHA activity in 
soils was carried as following process. Six gram of soil were placed in a test tube, mixed 
with 0.2 g CaCO3, 1 mL TTC (2,3,5-triphenyltetrazolium chloride – as an electron acceptor) 
and 2.5 mL distilled water. The tubes were corked and incubated for 24hr at 37°C. The 
triphenylformazan (TPF) was extracted with ethanol and the intensity of the reddish colour 
was measured on a Beckman DU-68 spectrophotometer at a wavelength of 485 nm with 
ethanol as a blank. All dehydrogenases activity determinations were done in triplicate and 
the results were expressed as an arithmetic mean. 

Soil catalase activity can be an indicator of the metabolic activities of aerobic 
microorganisms and correlated to the population of aerobic microorganisms and soil 
fertility. Catalase activity was determined by the method of Cohen where decomposed 
hydrogen peroxide is measured by reacting it with excess of KMnO4 and residual KMnO4 is 
measured spectrophotometrically at 480 nm. One tenth ml of the supernatant was 
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introduced into differently labelled test tubes containing 0.5 ml of 2 mMol hydrogen 
peroxide and a blank containing 0.5ml of distilled water. Enzymatic reactions were initiated 
by adding sequentially, at the same fixed interval, 1ml of 6 N H2SO4 to each of the labelled 
test tubes containing different concentrations of spent engine oil ranging from 0.25 to 2%and 
to the blank sample. Also, 7 ml of 0.1N KMnO4 was added within 30 s and thoroughly 
mixed. Spectrophotometer standard was prepared by adding 7 ml of 0.1 N KMnO4 to a 
mixture of 5.5 ml of 0.05 N phosphate buffer, pH 7 and 1 ml of 6NH2SO4, the spectro-
phosphotometer was then zeroed with distilled water before taking absorbance readings. 

3.4. Analyzing microbial diversity using PCR-DGGE 

Bacterial diversity was analysed using the culture independent molecular techniques 16S 
rDNA gene PCR following with denaturing gradient gel electrophoresis (DGGE) . This 
technique proved to be a powerful tool to monitor the changes in total and PAH-degrading 
bacterial communities during a bioremediation process. This technique is based on the 
direct extraction of genomic DNA from soil samples, the amplification of 16S rRNA genes 
(V3 region) by using the specific primers and the separation of the PCR products by DGGE. 
The soils sampled in different places and different depths can be analysis in the same DGGE 
profiles. After the genomic DNA of samples were extracted. 16S rDNA fragments (16S 
rRNA gene V3 region) were amplified by using two sets of specific primers F341GC, R907 
with a GC clamp in 5′end of the forward primer and F341. Initial denaturation was at 94 °C 
for 45 s, amplification was carried out using 30 cycles including denaturation at 94°C for 45 
s, annealing at 55°C for 45 s and DNA extension at 72°C for 60 s, and final extension at 72°C 
for 6 min. An aliquot of 5μL of the PCR product was run in 1.5% agarose gel at 120 V for 45 
min. DGGE was performed using a D-Code 16/16-cm gel system with a 1-mm gel width 
(Bio-Rad, Hercules, Calif.) maintained at a constant temperature of 60°C in 7L of 1xTAE 
buffer. The acrylamide concentration in the gel was 6% and gradients were formed between 
35% and 65% denaturant. Gels were run at a constant voltage of 110 V for 11 h, at 60°C. The 
gels were then stained with 0.5 mg L-1 ethidium bromide solution for 30 min, destained in 
1xTAE buffer for 15 min, and photographed. Pieces of the DGGE bands of total community 
DNA to be sequenced were cut out with a sterile scalpel and placed in Eppendorf tubes 
containing 50μL of sterilized milli-Q water. The DNA of each band was allowed to diffuse 
into the water at 4°C overnight. After centrifugation at 10,000g for 6 min, 10μL of the 
solution was used as the DNA template in a PCR reaction using the same conditions. PCR 
products were analyzed using DGGE to confirm that the expected products were isolated.  

The PCR products are separated by DGGE respectively. DGGE patterns from environmental 
samples were compared with the migration of reference clones of known sequence, and the 
major environmental bands were excised, reamplied, and sequenced to investigate their 
identities further. Similar bands were matched after normalising the bands using Gaussian 
modelling and background subtraction. The matched band profiles were converted into 
binary data using Quantity One Software. The similarity matrix was calculated based on the 
Dice coefficient (Dice, 1945). The clustering algorithm of unweighted pair-group method 
with arithmetic averages (UPGMA) was used to calculate the dendrogram. 
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4. Results and discussions 

4.1. Relationship between microbial population and soil contamination levels  

The reduction of PAH content was linked to the bacterial degrading activity of the soil, 
which was kept at an optimal level with respect to humidity and oxygenation during the 
treatment. Soils highly contaminated by hydrocarbons displayed different microbiological 
properties. In particular the higher/the lower the pollutant content, the smaller/the greater 
are the activities of some enzymes related to nutrient cycling and the viable bacterial cell 
numbers. The different microbiological properties of the soils probably reflect the different 
bacterial diversity as assessed. Studies showed that: PAH induce perturbations in the 
microbial communities in terms of density and metabolism; indigenous bacteria seem to 
have a high capacity of PAH degradation, depending on the physicochemical properties and 
the availability of substances present. 

A number of bacterial species are known to degrade PAHs and most of them are isolated 
from contaminated soil or sediments. Pseudomonas aeruginosa, Pseudomons fluoresens, 
Mycobacterium spp., Haemophilus spp., Rhodococcus spp., Paenibacillus spp. are some of the 
commonly studied PAH-degrading bacteria. Lignolytic fungi too have the property of PAH 
degradation. Phanerochaete chrysosporium, Bjerkandera adusta, and Pleurotus ostreatus are the 
common PAH-degrading fungi. Among the PAH in petrochemical waste, 5 and more rings 
PAHs always have toxicity and harder to be degraded. Fungi have prevalent capability of 
degrading five-ring PAHs because of their recalcitrant and hydrophobic nature (Cerniglia, 
1993). Both lignin-degrading white-rot and some non-white-rot fungi (Aspergillus niger, 
Penicillium glabrum, zygomycete Cunninghamella elegans, basidiomycete Crinipellis stipitaria) 
have been shown to degrade a variety of pollutants including PAH, DDT, PCP, and TNT 
(Haemmerli et al., 1986). Benzo(a)pyrene is considered as the most carcinogenic and toxic. 
And some kinds of bacteria are also found having the ability to degrade BaP. Ye et al. 
Sphingomonas paucimobilis strain EPA 505 can degrade BaP and also indicated that has the 
significant ability of hydroxylation and ring cleavage of the 7,8,9,10-benzo ring. Aitken et al. 
(1991) isolated 11 strains from a variety of contaminated sites (oil, motor oil, wood 
treatment, and refinery) with the ability to degrade BaP. The organismswere identified as at 
least three species of Pseudomonas, as well as Agrobacterium, Bacillus, Burkholderia and 
Sphingomonas species. and BaP has been reported to be degraded by other bacteria including 
Rhodococcus sp., Mycobacterium, and mixed culture of Pseudomonas and Flavobacterium species 
(Walter et al.1991). Small molecular weight PAHs such as 2-, 3- and 4-ring PAHs are 
considered to be degraded easier than 5 and more rings. Christine et al (2010) used by 
DGGE profiles of the 16S rDNA genes assessed the bacterial community in soil 
contaminated by mostly 2-, 3- and 4-ring PAHs produced by coal tar distillation, and found 
persistence of a bacterial consortium represented by Gram-negative bacterial strains 
belonging mainly to Gamma-proteobacteria, and in particular to the Pseudomonas and 
Enterobacter genera .These strains had a strong PAH-degrading capacity that remained 
throughout the biotreatment. Thus, the presence of Pseudomonas and Enterobacter strains in 
this type of PAH-contaminated soil seems to be a good bioindicator for the potential 
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(Bio-Rad, Hercules, Calif.) maintained at a constant temperature of 60°C in 7L of 1xTAE 
buffer. The acrylamide concentration in the gel was 6% and gradients were formed between 
35% and 65% denaturant. Gels were run at a constant voltage of 110 V for 11 h, at 60°C. The 
gels were then stained with 0.5 mg L-1 ethidium bromide solution for 30 min, destained in 
1xTAE buffer for 15 min, and photographed. Pieces of the DGGE bands of total community 
DNA to be sequenced were cut out with a sterile scalpel and placed in Eppendorf tubes 
containing 50μL of sterilized milli-Q water. The DNA of each band was allowed to diffuse 
into the water at 4°C overnight. After centrifugation at 10,000g for 6 min, 10μL of the 
solution was used as the DNA template in a PCR reaction using the same conditions. PCR 
products were analyzed using DGGE to confirm that the expected products were isolated.  
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4. Results and discussions 

4.1. Relationship between microbial population and soil contamination levels  

The reduction of PAH content was linked to the bacterial degrading activity of the soil, 
which was kept at an optimal level with respect to humidity and oxygenation during the 
treatment. Soils highly contaminated by hydrocarbons displayed different microbiological 
properties. In particular the higher/the lower the pollutant content, the smaller/the greater 
are the activities of some enzymes related to nutrient cycling and the viable bacterial cell 
numbers. The different microbiological properties of the soils probably reflect the different 
bacterial diversity as assessed. Studies showed that: PAH induce perturbations in the 
microbial communities in terms of density and metabolism; indigenous bacteria seem to 
have a high capacity of PAH degradation, depending on the physicochemical properties and 
the availability of substances present. 

A number of bacterial species are known to degrade PAHs and most of them are isolated 
from contaminated soil or sediments. Pseudomonas aeruginosa, Pseudomons fluoresens, 
Mycobacterium spp., Haemophilus spp., Rhodococcus spp., Paenibacillus spp. are some of the 
commonly studied PAH-degrading bacteria. Lignolytic fungi too have the property of PAH 
degradation. Phanerochaete chrysosporium, Bjerkandera adusta, and Pleurotus ostreatus are the 
common PAH-degrading fungi. Among the PAH in petrochemical waste, 5 and more rings 
PAHs always have toxicity and harder to be degraded. Fungi have prevalent capability of 
degrading five-ring PAHs because of their recalcitrant and hydrophobic nature (Cerniglia, 
1993). Both lignin-degrading white-rot and some non-white-rot fungi (Aspergillus niger, 
Penicillium glabrum, zygomycete Cunninghamella elegans, basidiomycete Crinipellis stipitaria) 
have been shown to degrade a variety of pollutants including PAH, DDT, PCP, and TNT 
(Haemmerli et al., 1986). Benzo(a)pyrene is considered as the most carcinogenic and toxic. 
And some kinds of bacteria are also found having the ability to degrade BaP. Ye et al. 
Sphingomonas paucimobilis strain EPA 505 can degrade BaP and also indicated that has the 
significant ability of hydroxylation and ring cleavage of the 7,8,9,10-benzo ring. Aitken et al. 
(1991) isolated 11 strains from a variety of contaminated sites (oil, motor oil, wood 
treatment, and refinery) with the ability to degrade BaP. The organismswere identified as at 
least three species of Pseudomonas, as well as Agrobacterium, Bacillus, Burkholderia and 
Sphingomonas species. and BaP has been reported to be degraded by other bacteria including 
Rhodococcus sp., Mycobacterium, and mixed culture of Pseudomonas and Flavobacterium species 
(Walter et al.1991). Small molecular weight PAHs such as 2-, 3- and 4-ring PAHs are 
considered to be degraded easier than 5 and more rings. Christine et al (2010) used by 
DGGE profiles of the 16S rDNA genes assessed the bacterial community in soil 
contaminated by mostly 2-, 3- and 4-ring PAHs produced by coal tar distillation, and found 
persistence of a bacterial consortium represented by Gram-negative bacterial strains 
belonging mainly to Gamma-proteobacteria, and in particular to the Pseudomonas and 
Enterobacter genera .These strains had a strong PAH-degrading capacity that remained 
throughout the biotreatment. Thus, the presence of Pseudomonas and Enterobacter strains in 
this type of PAH-contaminated soil seems to be a good bioindicator for the potential 
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biodegradation of 2-, 3- and 4-ring PAHs. Other species, such as Beta-proteobacteria, appeared 
over the course of time, when the PAH concentration was low enough to strongly decrease 
the ecotoxicity of the soil. Thus, the Beta-proteobacteria group could be a good indicator to 
estimate the end point of biotreatment of mostly 2-, 3- and 4-ring PAH-polluted soil to 
complement chemicalmethods. 

In the study of Beijing Coking and Chemistry plant, the direct count of microbes from all 68 
samples showed the microbes distribution varied in each borehole and increased with 
contaminates concentration. The minimum, 8.90×106 CFU/g, appeared at the depth of 4.10m, 
the maximum, 1.422×108 CFU/g, appeared at the depth of 6.80m. The reasons may be that the 
sites have been exposured to coal tar pollution for a long time, and indigenous 
microorganisms can survive after selected by the pressure of the coal tar-contaminated 
environment, that is "survival of the fittest”. Microorganisms in this site survive well can be 
well adapted to the coal tar, suggesting that the number of indigenous microorganisms in the 
local underground environment may have a relationship with coal tar pollutants. There is 
obvious correspondence between the distribution rules of the number of microorganisms at 
vertical depth of the same drilling and the distribution rules of pollutant concentration. The 
numbers of microorganisms increase in the soil with higher concentrations of pollutants. In 
fact, the maintenance of an adequate microbial biomass in soil, with a high microbial activity, 
could be a mechanism for soil resistance to degradation factors and thus of paramount 
importance for ecosystem sustainability. We can find that there is a growing trend of the 
number of microorganisms as the concentration of PAHs increased (Fig.2) and it is consistent 
with the finding of the research of Duncan et al. (1997). The results of this study show that the 
characteristics of the distribution of microorganisms in the contaminated soil is an important 
biological factors affecting natural attenuation and biological degradation of organic pollutants 
of coal tar. The coal tar contamination on soil can enhance the adaptability of degrading 
microorganisms in soil and increase the number of indigenous degrading bacteria. 

 
Figure 2. The relationship between the microorganisms quantities and concentrations of pollutants of 
sampling point 
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The determination and the analysis of the sequence of the advantages and the specific belt in 
DGGE fingerprints shows that 14 kinds of the indigenous prokaryotic microorganisms had 
been found in underground environment of pollution site, namely Bacillus sp. EPI- R1 (Bacillus 
genus EPI-R1 strains), Bacillus cereus.03BB102, Bacillus thuringiensis (Bacillus thuringiensis), 
Bacillus sp. SA, Ant14 (Bacillus SA Ant14 strains), the Bacillus weihenstephanensis KBAB4 
(Wechsler Bacillus KBAB4), Uncultured Bacillus sp. (uncultured Bacillus certain bacteria) and 
Ralstonia pickettii (Petri Ralston bacteria), Nocardioides sp. (Nocardia certain bacteria), Azoarcus sp. 
BH72 (nitrogen-fixing Vibrio genus BH72 strain), Erythrobacter litoralis HTCC2594 
(Erythrobacter genus HTCC2594 strain), Magnetospirillum magneticum (Acidovorax Willems genus 
magnetotactic spiral strains), Acidovorax avenae subsp. (food acid sub-species of the genus avenae 
strain), clavibacter michiganensis subsp. (a sub-species of Michigan stick rod-shaped bacteria) 
and an unknown new species has not been reported in GenBank.  

In the research, the wildly existed bacteria underground environmental of contaminated sites 
can be classified as 4 groups (shows in Fig.3). (1) Bacillus cereus, the Bacillus genus, has an 
absolute advantage and are all found at different depth of the drilling. Bacillus sp. EPI-R1, the 
Bacillus genus; Bacillus cereus 03BB102, Bacillus sp.; Bacillus thuringiensis; Bacillus sp. SA, Ant14; 
Bacillus weihenstephanensis KBAB4, can also exist in various vertical depth in the venues. It 
means these five kinds of Bacillus genus bacteria share a common living space. However, in 
the Bacillus genus, there is a kind of bacteria named Uncultured Bacillus sp. different from the 
other five kinds. It survives in the depth range of 6.30 ~ 12.90m and is not grown in the 
laboratory and making the anaerobic living.  (2) Actinobacteria, Nocardioides and Actinobacteria 
Clavibacter are the dominant Actinobateria to exist in this contaminated environment. 
Nocardioides sp. and Clavibacter michiganensis subsp are widely distributed at the vertical depth 
from the surface to the deepest. It indicates that these two actinomyces have the highly 
viability and can live in both aerobic and anaerobic environments. (3) Alphaproteobacteria, 
Magnetospirillum and Alphaproteobacteria, Erythrobacter are the dominant bacteria existing in the 
depth range of 12.20 ~ 12.70 m.  The Erythrobacter litoralis HTCC2594 and Magnetospirillum 
magneticum, exist in the aqueous medium near the groundwater level, indicating that these 
two bacteria of the Alphaproteobacteria live an anaerobic life. (4)Azoarcus sp. BH72, Ralstonia 
pickettii and Acidovorax avenae subsp. are widely exsist in the whole of the vertical distribution 
of the contaminated sites, indicating that these three Betaproteobacteria (Beta Proteobacteria) 
bacteria can survive both in aerobic and anaerobic conditions and are facultativebacteria. 

4.2. Relationship between catalase and dehydrogenase distribution and 
hydrocarbon contamination levels 

The changes of soil catalase activities influenced by PAHs contamination are showed in 
Fig.4 from the study of Zhang et al. (2009). The soil catalase activities were stimulated at first 
and then inhibited slightly during PAHs injection within the range ~ 0.05mL (0.1M 
KMnO4)/g (soil). Lin et al. (2005) also revealed that soil catalase activities were declined with 
the increase of oil concentration. At the beginning of the experiment the PAHs 
concentrations were low which could be as carbon sources to the indigenous 
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biodegradation of 2-, 3- and 4-ring PAHs. Other species, such as Beta-proteobacteria, appeared 
over the course of time, when the PAH concentration was low enough to strongly decrease 
the ecotoxicity of the soil. Thus, the Beta-proteobacteria group could be a good indicator to 
estimate the end point of biotreatment of mostly 2-, 3- and 4-ring PAH-polluted soil to 
complement chemicalmethods. 

In the study of Beijing Coking and Chemistry plant, the direct count of microbes from all 68 
samples showed the microbes distribution varied in each borehole and increased with 
contaminates concentration. The minimum, 8.90×106 CFU/g, appeared at the depth of 4.10m, 
the maximum, 1.422×108 CFU/g, appeared at the depth of 6.80m. The reasons may be that the 
sites have been exposured to coal tar pollution for a long time, and indigenous 
microorganisms can survive after selected by the pressure of the coal tar-contaminated 
environment, that is "survival of the fittest”. Microorganisms in this site survive well can be 
well adapted to the coal tar, suggesting that the number of indigenous microorganisms in the 
local underground environment may have a relationship with coal tar pollutants. There is 
obvious correspondence between the distribution rules of the number of microorganisms at 
vertical depth of the same drilling and the distribution rules of pollutant concentration. The 
numbers of microorganisms increase in the soil with higher concentrations of pollutants. In 
fact, the maintenance of an adequate microbial biomass in soil, with a high microbial activity, 
could be a mechanism for soil resistance to degradation factors and thus of paramount 
importance for ecosystem sustainability. We can find that there is a growing trend of the 
number of microorganisms as the concentration of PAHs increased (Fig.2) and it is consistent 
with the finding of the research of Duncan et al. (1997). The results of this study show that the 
characteristics of the distribution of microorganisms in the contaminated soil is an important 
biological factors affecting natural attenuation and biological degradation of organic pollutants 
of coal tar. The coal tar contamination on soil can enhance the adaptability of degrading 
microorganisms in soil and increase the number of indigenous degrading bacteria. 
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Magnetospirillum and Alphaproteobacteria, Erythrobacter are the dominant bacteria existing in the 
depth range of 12.20 ~ 12.70 m.  The Erythrobacter litoralis HTCC2594 and Magnetospirillum 
magneticum, exist in the aqueous medium near the groundwater level, indicating that these 
two bacteria of the Alphaproteobacteria live an anaerobic life. (4)Azoarcus sp. BH72, Ralstonia 
pickettii and Acidovorax avenae subsp. are widely exsist in the whole of the vertical distribution 
of the contaminated sites, indicating that these three Betaproteobacteria (Beta Proteobacteria) 
bacteria can survive both in aerobic and anaerobic conditions and are facultativebacteria. 

4.2. Relationship between catalase and dehydrogenase distribution and 
hydrocarbon contamination levels 

The changes of soil catalase activities influenced by PAHs contamination are showed in 
Fig.4 from the study of Zhang et al. (2009). The soil catalase activities were stimulated at first 
and then inhibited slightly during PAHs injection within the range ~ 0.05mL (0.1M 
KMnO4)/g (soil). Lin et al. (2005) also revealed that soil catalase activities were declined with 
the increase of oil concentration. At the beginning of the experiment the PAHs 
concentrations were low which could be as carbon sources to the indigenous 
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microorganisms, the catalase activities were higher than the original soil before day 30. With 
the accumulation of PAHs in the soil, its toxicity became significant and inhibited the 
growth of aerobic microorganisms, the catalase activities declined after 60 days, lower than 
those in the unpolluted soil. This is also indicated by the environmental conditions change 
from aerobic to anaerobic with the continuous input of PAHs contaminants. 

 
Figure 3. The 16S rDNA phylogenetic tree of dominant prokaryotic microorganisms in underground 
environmental of contaminated sites 

 
Figure 4. Change of soil catalase activities 
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In the present study, it was clearly shown that a positive correlation between 
dehydrogenase activity and the content of phenanthrene and also fluoranthene, chrysene 
and dibenzo[ah]anthraacene was observed. We can conclude that the effect of PAHs 
contamination on soil dehydrogenase activity. There was a progressive increase in the 
values obtained as the concentrations of the PAHs contamination increased and this was 
found to be significant between in soil contamination relative to the control value. Also 
dehydrogenase activity depends not only on the PAH type, but also primarily on the other 
compounds from this group and also their amount. 

In the case of Beijing Coking and Chemistry plant, the spatial trends of the catalase activity 
at different depths of vertical drilling on the whole are the same. For each drilling, the 
catalase activity of the surface is higher and the catalase activity of the deep drillings is 
lower, the overall trend is that the catalase activity decreases with depth, indicating that the 
distribution characteristics of aerobic microorganisms. Catalase activity of the contaminated 
sites of all 68 sampling points range between 0.554 mL 0.02M KMnO4 /g•h~6.230 mL 0.02M 
KMnO4 /g•h; while the difference of catalase activity in the same formation of the entire site 
is not particularly large. 

As to dehydrogenase in this case, the result of measurement show that the trend of 
dehydrogenase activity overall is the same at different depths drilling vertically, the range 
of the change is between 0.14 μg TF/g•h~2.54 μg TF /g•h. The differences of dehydrogenase 
activity are not particularly large, the reason maybe that the indigenous microorganisms of 
the different vertical depth of the contaminated sites can generate dehydrogenase and to 
some extent all have the ability to degrade organic pollutants of coal tar.  

Distribution rules of dehydrogenase activity in vertical depth of the same drilling and the 
rules of the distribution of number of microorganisms have a certain correlation. Fig.5 
shows the relationship between the dehydrogenase activities with numbers of 
microorganisms in this sampling site. Activities of dehydrogenase can be enhanced in the 
soil with more numbers of microorganisms. It means that the selection of coal tar 
contamination on soil microorganisms can enhance the adaptability of microorganisms and 
the ability of degradation.  

In the vertical spatial scale, the distribution rules of the concentrations of pollutants in the 
site and the distribution of number of microorganisms and dehydrogenase activity has a 
certain correlation. The higher concentrations of pollutants in the soil, the more numbers of 
microorganisms and the greater the activities of dehydrogenase produced by indigenous 
microorganisms with of the degradation function. 

4.3. Relationship of microbial diversity with soil contamination levels   

PAHs present in soil may exhibit a toxic activity towards different plants, microorganisms 
and invertebrates. Microorganisms, being in intimate contact with the soil environment, are 
considered to be the best indicators of soil pollution. In general, they are very sensitive to 
low concentrations of contaminants and rapidly response to soil perturbation. An alteration 
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of their activity and diversity may result, and in turn it will reflect in a reduced soil quality 
(Schloter et al., 2003). Hydrocarbon contamination may affect soil microbial structure. 
However, in soil microbiology there is a lack of knowledge regarding the environmental 
determinants of microbial population variation in soil environments contaminated by 
complex hydrocarbon mixtures (Hamamura et al., 2006). In this sense, different authors 
have observed, by denaturing gradient gel electrophoresis (DGGE) or terminal restriction 
fragment length polymorphism (T-RFLP), a decrease in the microbial diversity of fuel 
contaminated soils, leading to the predominance of well-adapted microorganisms (Ahn et 
al., 2006), and a change in the community structure (Labb´e et al., 2007).  

 
Figure 5. The relationship between the dehydrogenase activities with  microorganisms quantities in the 
sampling sites 

When bacterial diversity is analyzed by DGGE profiles of the 16S rDNA genes, the number 
of DGGE bands was taken as an indication of species in each sample. The relative surface 
intensity of each DGGE band and the sum of all the surfaces for all bands in a sample were 
used to estimate species abundance (Fromin et al., 2002; Sekiguchi et al., 2002). The different 
microbiological properties of the soils reflect the different bacterial diversity as assessed by 
DGGE profiles of the 16S rDNA genes. 

The Shannon index, sometimes referred to as the Shannon-Wiener index or the Shannon-
Weaver index, was used to evaluate the biodiversity of both soils and enrichment cultures. 
The Shannon-Weaver diversity index is a general diversity index which increases with the 
number of species and which is higher when the mass is distributed more evenly over the 
species. The evenness is independent of the number of species. Evenness is lower if a small 
number of bands are dominant and highest if the relative abundance of all bands is the 
same. The equitability correspondingly indicates whether there are dominant bands. The 
Shannon index of soils was calculated on the basis of the number and intensity of bands 
present on DGGE samples, run on the same gel, as follows: H=-∑Pi logPi, where Pi is the 
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importance probability of the bands in a gel lane. Pi was calculated as follows: Pi =ni/N, 
where ni is the band intensity for each individual band and N is the sum of intensities of 
bands in a lane. H was used as a parameter that reflects the structural diversity of the 
dominant microbial community.  

In particular the lower / the higher the parameter H, the higher/ the lower the pollutant 
content, the smaller/the greater are the activities of some enzymes related to nutrient cycling 
and the viable bacterial cell numbers. (Andreoni et al., 2004 ).  

In the study of Beijing Coking and Chemistry plant, the relationship of microbial diversity 
with soil contamination levels was show in Fig.6. Generally there are more numbers of the 
microorganisms in contaminated soil. However the result shows the relationship between 
the microbial diversity of different depth of the drilling and the soil contamination levels is 
not clear. The trend of the microbial diversity is also not clear. It means that the microbial 
diversity not only decides by the contamination levels and it is the result of the coaction of 
various environmental factors. The relational graph of the relationship between the 
prokaryotic microbial community diversity and concentration of pollutants of 68 sampling 
points of the underground environment also shows that the correlation between the 
prokaryotic microbial diversity and concentration of pollutants is not obvious. 

 
Figure 6. The relationship between the prokaryotic microbial diversity and concentration of pollutants 

5. Conclusions 

In the case of Beijing Coking and Chemistry plant, dehydrogenase and catalase activities 
were analysis to assess soil biological activity. Dehydrogenase activity (DHA), a very 
sensitive soil enzyme to pollutants, showed significant variation between soils. The research 
showed that the trend of dehydrogenase activity overall is the same at different depths 
drilling vertically, the range of the change is between 0.14 μg TF / g • h ~ 2.54 μg TF / g • h. 
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The higher concentrations of pollutants in the soil, the more numbers of microorganisms 
and the greater the activities of dehydrogenase activity produced by indigenous 
microorganisms with the degradation function. As to catalase, for each drilling, the catalase 
activity of the surface is higher and the catalase activity of the deep drillings is lower, the 
overall trend is that the catalase activities decreased with depth, indicating that the 
distribution characteristics of aerobic microorganisms. 

The sequencing analysis of the specific belts in DGGE fingerprints showed that the 
prokaryotic microbial community structure had a certain degree of changes with vertical 
depth of the site and the DGGE finger-print of the six holes were so different. The analysis 
of the sequence of the advantages and the specific bands in DGGE fingerprints showed that 
14 kinds of the indigenous prokaryotic microorganisms had been found in underground 
environment of pollution site. They could be classified into 4 classes by Phylogenetic 
analysis:  Bacilli, Alphaproteobacteria, Betaproteobacteria, Actinobacteria.  
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1. Introduction 

1.1. Environmental pollution with petroleum hydrocarbons  

Anthropogenic contamination of soil, subsurface and surface waters and atmosphere with 
toxic organic chemicals is an environmental issue of world wide concern. While energy and 
goods production from fossil hydrocarbon sources is one of the driving factors of global 
economy, the often adverse environmental effects of exploration, production, transport and 
processing of crude and shale oils, tar sands, coal and natural gas seldom come into the 
focus of attention.  

Chemically, the term hydrocarbons encompasses a large variety of compounds. Saturated and 
unsaturated structures composed of hydrogen and carbon make up the largest fraction of 
organic compounds derived from fossil sources, including crude oil, its derivatives and 
distillates as well tar oils originating from coal gasification. These are often referred to as 
petroleum hydrocarbons (Cermak, 2010), also encompassing mono- and polycyclic aromatic 
structures of environmental and toxicological concern (Loibner et al., 2004). 

In the US alone, between 5,000 and 7,000 spills of hazardous material occur every year 
(Scholz et al., 1998). Although the US-EPA’s Spill Prevention Control and Countermeasure 
Program for inland oil spills has reduced the amount of undesired hydrocarbon release to 
less than 1% of the total volume of oil handled each year (US-EPA, 2012), considerable 
surface areas and contaminated ground water bodies remain to be decontaminated. 
Microbial, physical and chemical remediation strategies are available.  

1.2. In situ bioremediation of petroleum hydrocarbons 

For soil and water bodies contaminated with organic pollutants, bioremediation refers to the 
engineered exploitation of an ecosystem’s intrinsic capacity for the attenuation of adverse 
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biogeochemical influences. In in situ remediation soil, water and contamination remain in 
place1. These processes are driven by a large variety of microorganisms, including bacteria, 
fungi and archaea (microbial bioremediation) and may also involve plants (phytoremediation). 
The targeted addition of enriched or modified microorganisms (bioaugmentation) is justified 
in case the resident microbial population is incapable or incapacitated to perform substantial 
contaminant transformation or, more importantly, mineralisation. In contrast, the naturally 
present microbial population at a long-term contaminated site is expected to have the 
potential metabolic capacity for the degradation of aromatic and aliphatic petroleum 
hydrocarbons under both aerobic and anaerobic conditions (Widdel and Rabus, 2001). In 
biostimulation efforts, growth factors are administered to the contaminated area, including 
electron acceptors or donors for biochemical contaminant oxidation or reduction, 
respectively, and / or of micro-and macronutrients, vitamins and trace elements and others 
(Bartha, 1986; Cerniglia, 1992). A variety of strategies is in application or under 
development.  

Implementing in situ bioremediation is an intricate task for designing and executive 
engineers, while decreasing the burden to economy and environment in lessening the need 
for soil excavation. Some strategies of physical, chemical and also microbial remediation 
involve harsh and cost-intensive measures effecting substantial changes to the 
biogeochemical conditions in the treated environments. Thus, the optimization of existing 
strategies and the development of novel approaches to deal with environmental pollution in 
sustainable ways is required both from economic and environmental viewpoints. 

1.3. Objective  

This review is dedicated to elucidating mechanisms for extracellular electron transfer to 
geogenic electron acceptors, which can potentially be coupled to oxidative hydrocarbon 
detoxification. An increase in the accessibility of naturally present electron accepting 
compounds to hydrocarbon-degrading bacteria could substantially improve bioremediation 
efficacy of anaerobic petroleum hydrocarbon contaminated aquifers.  

2. Petroleum hydrocarbon degradation under different terminal electron 
accepting conditions  

Petroleum hydrocarbons such as normal, branched and cycloalkanes and aromatic 
hydrocarbons are degradable in situ via biochemical oxidation both under aerobic and 
anaerobic conditions (DeLaune et al., 1980), provided the degradative activity is not 
inhibited by a lack of nutrients (nitrogen, phosphor, potassium), electron acceptors, trace 
elements and moisture, of if pH, temperature, salinity and contaminant concentrations are 
outside certain boundaries (Bartha, 1986; DeLaune et al., 1980). In contrast, hydrocarbons 
carrying strongly electron-withdrawing substituents are preferentially degraded via 
                                                                 
1 In contrast, ex situ bioremediation refers to manipulation strategies of excavated or delocalized contaminated matrices 
(e.g. in biopiles, biofilters and others) intended to decrease the contaminant load via microbial degradation.  
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contaminant reduction, such as sequential reductive dechlorination for chlorinated solvents 
(Maymo-Gatell et al., 1999).  

A large range of microorganisms have the metabolic capability of oxidative hydrocarbon 
degradation using a variety of terminal electron acceptors (TEA) in the vadose and 
saturated zones of the subsurface (Heider et al., 1998).  

2.1. Molecular oxygen as TEA 

In the range of naturally occurring TEAs, molecular oxygen yields the largest amount of 
energy in terms of ATP production and is associated with high degradation rates with 
aerobic microbial communities. Molecular oxygen, however, has a low aqueous solubility 
(up to 10 mg/L). Fast oxygen depletion in microbial contaminant oxidation processes is 
opposed to slow diffusive replenishing in the groundwater. Thus, petroleum hydrocarbon 
contaminated aquifers are often depleted of molecular oxygen, while other, energetically 
less favourable TEA are reduced more slowly. Oxygen limitation is thus manifested in low 
natural contaminant attenuation rates, and anaerobic conditions are often encountered at 
biologically active contaminated sites.  

2.2. Soluble alternative TEA 

This has prompted the development of strategies for the stimulation of anaerobic 
hydrocarbon degradation. One approach is the addition of naturally occurring, well-soluble 
alternative terminal electron acceptors such as nitrate and sulphate (Hasinger & Scherr et al., 
2012; Bregnard et al., 1998). Hydrocarbon oxidation coupled to nitrate reduction, however, 
yields approximately one tenth of the biochemical energy of aerobic degradation per mole 
hydrocarbon, and sulphate reduction about 1%. Both terminal electron accepting processes 
are associated with significantly lower degradation rates compared to aerobic degradation 
(Widdel and Rabus, 2001). The use of well soluble and less chemically reactive alternative 
electron acceptors, however, is connected to an increase in influence radii when introduced 
into the aquifer (Hasinger & Scherr et al., 2012). 

Considerable amounts of alternative TEA, however, are required for aquifer remediation. 
On a theoretical mass basis, around  5 g of nitrate and sulphate are needed for the anaerobic 
mineralisation of 1 g of n-hexadecane, a mid-weight petroleum hydrocarbon, although 
lower demands were observed in practice (Hasinger & Scherr et al., 2012), are required. In 
addition, possible by-products of alternative TEA consumption, including products from 
incomplete nitrate reduction and sulphide precipitation, can render the implementation of 
these strategies under field conditions an intricate task.   

2.3. Poorly soluble alternative TEA 

Despite their poor aqueous solubility2, and thus originally somewhat surprising, naturally 
abundant solid-phase minerals are known to play a quantitatively important role in 
                                                                 
2 Poor aqueous solubility and insoluble in water are often used as synonyms in this context. 
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biogeochemical influences. In in situ remediation soil, water and contamination remain in 
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1 In contrast, ex situ bioremediation refers to manipulation strategies of excavated or delocalized contaminated matrices 
(e.g. in biopiles, biofilters and others) intended to decrease the contaminant load via microbial degradation.  
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contaminant reduction, such as sequential reductive dechlorination for chlorinated solvents 
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On a theoretical mass basis, around  5 g of nitrate and sulphate are needed for the anaerobic 
mineralisation of 1 g of n-hexadecane, a mid-weight petroleum hydrocarbon, although 
lower demands were observed in practice (Hasinger & Scherr et al., 2012), are required. In 
addition, possible by-products of alternative TEA consumption, including products from 
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subsurface microbial reduction and oxidation3 processes (Weber et al., 2006). Poorly soluble 
alternative TEA refers mainly to iron (Fe) and manganese (Mn) minerals in their tri- and 
tetravalent oxidation states (Lovley et al., 2004). Their oxides, hydroxides and 
oxyhydroxides are amongst the most abundant redox-active elements on the earth’s surface.  

This comes surprising since solubility in water is deemed a prerequisite for chemicals to 
participate in microbial transformation processes. The participation of poorly soluble 
minerals in environmental redox-processes, however, is made possible by a variety of 
bacterial strategies to access and transfer electrons to (and from) poorly soluble mineral 
surfaces. These strategies include the secretion of chelators, production of electrically 
conductive protein structures and the participation of redox active natural organic moieties, 
or electron shuttles.  

These processes are summarized as mechanisms for extracellular electron transfer, and are the 
subject of this review. 

2.4. Potential use of extracellular electron transfer in bioremediation 

Poorly soluble, naturally abundant alternative electron acceptors have the potential to be 
incorporated into efficient bioremediation strategies. The abundance of reducible iron and 
manganese minerals in the subsurface, may, provided these minerals can be involved into 
microbial hydrocarbon oxidation, alleviate the need to artificially introduce electron 
acceptors, such as molecular oxygen, nitrate and sulphate.  

There is evidence that iron and manganese respiration can be coupled to anaerobic 
contaminant oxidation of monoaromatic compounds (Kunapuli et al., 2008; Lovley et al., 
1989). Under field conditions, however, pronounced iron reduction coupled to the oxidation 
of higher molecular weight hydrocarbons is seldom reported (Aichberger et al., 2007). These 
data, however, indicate that hydrocarbon oxidation coupled to solid-state mineral 
respiration is possible, however at limited rates. The rates of Mn and Fe respiration, on the 
other hand, can be significantly increased via the enhancement of extracellular transport 
mechanisms. Geobacter sulfurreducens, a model dissimilatory metal reducing bacterium 
(DMRB) transfers electrons 27 times faster to a transient electron storage, an electron shuttle 
or mediator, than to iron hydroxide (Jiang and Kappler, 2008). The introduction of such 
electron transfer facilitators is one of the key issues where extracellular electron transport 
mechanisms could be incorporated into petroleum hydrocarbon bioremediation. 
Extracellular electron shuttles are reversibly reduced and oxidized in many subsequent 
cycles. Thus, only substoichiometric amounts would theoretically be required to achieve 
substantially increased degradation rates.  

Provided a comprehensive understanding of the underlying mechanisms, efficient 
bioremediation strategies may be devised to enhance extracellular electron transfer from 
polluting organic substances to poorly soluble mineral surfaces, adjoined by oxidative 
pollutant transformation and detoxification. The mechanisms of electron shuttling and other 
                                                                 
3 Reduction / oxidation processes are also abbreviated as redox-processes.  
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extracellular electron transfer strategies devised by DRMBs, thermodynamic considerations 
and microorganisms involved are reviewed in Chapters 3 through 8.  

In summary, possible strategies to enhance anaerobic petroleum hydrocarbon degradation 
using naturally occurring, poorly soluble TEA include the addition of electron shuttling 
compounds (ES) of natural or anthropogenic origin, as was demonstrated for the anaerobic 
oxidation of dichloroethene (Scherr et al., 2011) before, to contaminated aquifers. The addition 
or targeted stimulation of microorganisms equipped with the metabolic capability to transfer 
electrons to mineral surfaces, via secretion of chelators and microbial ES or expression of 
conductive protein appendages, such as Geobacter or Shewanella, represents another approach.  

A tentative collection of bioremediation strategies incorporating extracellular electron transfer 
for petroleum hydrocarbon contaminated aquifer remediation is provided in Chapter 9. 

3. Interactions in extracellular electron transfer  

3.1. Possible participants and pathways 

Different reactions can be mediated between participants of subsurface redox-processes via 
extracellular electron transfer, involving microbes as well as soluble and insoluble, organic and 
inorganic electron acceptors and donors. Extracellular electron transport is required in case the 
electron donor, electron acceptor or both can not be taken up by the bacterial cell, be it due to 
poor solubility, or if a direct contact between the microbe and electron sources or sinks is not 
possible, e.g. due to occlusion in pore spaces too small for microorganisms to enter. Possible 
extracellular pathways include, besides direct contact between cell and mineral surfaces:  

 Secretion of chelators for, e.g. Fe(III) and Mn(IV) minerals 
 Electron shuttling, i.e. reversible electron uptake and release by redox-active organic 

compounds excreted by microbes or in the natural background 
 Expression of electrically conductive, pilus-like bacterial assemblages, also termed nano-

wires 

These will be discussed in more detail in Chapter 5. 

3.2. Routes for extracellular electron transfer in the saturated zone 

Electrons may be transported extracellularly between any of the parties participating in 
redox-processes: (i) microbes and poorly soluble bulk (ii) sinks and (iii) sources of electrons. 
Where either electron donor or acceptor are well soluble, usually no extracellular transport 
pathway is required. Figure 1 shows four possible flow paths or routes between the parties. 
Where extracellular transport is required, is indicated by solid lines. Dashed lines represent 
pathways for well-soluble participants.  

Electron route A: electron donor to microbe 

Via route A electrons are transported from an electron source to a microbe, a typical half-
reaction pathway for the oxidation of zero-valent iron (ZVI). In case soluble polluting and 
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There is evidence that iron and manganese respiration can be coupled to anaerobic 
contaminant oxidation of monoaromatic compounds (Kunapuli et al., 2008; Lovley et al., 
1989). Under field conditions, however, pronounced iron reduction coupled to the oxidation 
of higher molecular weight hydrocarbons is seldom reported (Aichberger et al., 2007). These 
data, however, indicate that hydrocarbon oxidation coupled to solid-state mineral 
respiration is possible, however at limited rates. The rates of Mn and Fe respiration, on the 
other hand, can be significantly increased via the enhancement of extracellular transport 
mechanisms. Geobacter sulfurreducens, a model dissimilatory metal reducing bacterium 
(DMRB) transfers electrons 27 times faster to a transient electron storage, an electron shuttle 
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extracellular electron transfer strategies devised by DRMBs, thermodynamic considerations 
and microorganisms involved are reviewed in Chapters 3 through 8.  

In summary, possible strategies to enhance anaerobic petroleum hydrocarbon degradation 
using naturally occurring, poorly soluble TEA include the addition of electron shuttling 
compounds (ES) of natural or anthropogenic origin, as was demonstrated for the anaerobic 
oxidation of dichloroethene (Scherr et al., 2011) before, to contaminated aquifers. The addition 
or targeted stimulation of microorganisms equipped with the metabolic capability to transfer 
electrons to mineral surfaces, via secretion of chelators and microbial ES or expression of 
conductive protein appendages, such as Geobacter or Shewanella, represents another approach.  

A tentative collection of bioremediation strategies incorporating extracellular electron transfer 
for petroleum hydrocarbon contaminated aquifer remediation is provided in Chapter 9. 

3. Interactions in extracellular electron transfer  

3.1. Possible participants and pathways 

Different reactions can be mediated between participants of subsurface redox-processes via 
extracellular electron transfer, involving microbes as well as soluble and insoluble, organic and 
inorganic electron acceptors and donors. Extracellular electron transport is required in case the 
electron donor, electron acceptor or both can not be taken up by the bacterial cell, be it due to 
poor solubility, or if a direct contact between the microbe and electron sources or sinks is not 
possible, e.g. due to occlusion in pore spaces too small for microorganisms to enter. Possible 
extracellular pathways include, besides direct contact between cell and mineral surfaces:  

 Secretion of chelators for, e.g. Fe(III) and Mn(IV) minerals 
 Electron shuttling, i.e. reversible electron uptake and release by redox-active organic 

compounds excreted by microbes or in the natural background 
 Expression of electrically conductive, pilus-like bacterial assemblages, also termed nano-

wires 

These will be discussed in more detail in Chapter 5. 

3.2. Routes for extracellular electron transfer in the saturated zone 

Electrons may be transported extracellularly between any of the parties participating in 
redox-processes: (i) microbes and poorly soluble bulk (ii) sinks and (iii) sources of electrons. 
Where either electron donor or acceptor are well soluble, usually no extracellular transport 
pathway is required. Figure 1 shows four possible flow paths or routes between the parties. 
Where extracellular transport is required, is indicated by solid lines. Dashed lines represent 
pathways for well-soluble participants.  

Electron route A: electron donor to microbe 

Via route A electrons are transported from an electron source to a microbe, a typical half-
reaction pathway for the oxidation of zero-valent iron (ZVI). In case soluble polluting and 
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non-polluting organic compounds (petroleum hydrocarbons, acetate and others) yield 
electrons, no extracellular pathway is required (dashed lines).  

Route B: microbe to electron acceptor 

In the oxidation of petroleum hydrocarbons coupled to iron or manganese reduction, the 
microbe gains energy from donating the electron obtained directly from the pollutant donor 
(dashed line to green microbe) to the energetically favourable, poorly soluble terminal 
electron acceptor (route B). 

In case the terminal, inorganic electron acceptor is insoluble, as in the case for Fe(III) and 
Mn(IV) minerals, and/or no direct contact between cellular and electron accepting surface 
can be established, electron transfer rates can significantly be increased via extracellular 
electron transport vehicles (Jiang and Kappler, 2008). This can be aided by the production of 
electrically conductive pilus-like assemblages, also termed microbial nanowires (Reguera et 
al., 2005), electron shuttles or metal chelating agents chelators, as depicted in Figure 1. 

 

 
Figure 1. Electron routes in biogeochemical redox-processes: extracellular electron transport (A) from an 
electron source (donor) to microbe, (B) from microbe to electron sink (acceptor), (C) between microbes and 
(D) abiotic source/sink exchange. Solid lines indicate extracellular electron transport, dashed lines represent 
direct transport, usually via uptake of donor or acceptor. HS = humic substances, VC = vinyl chloride.  
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Route C: electron transport between microbes 

Shuttling of electrons between microbes is represented by route C. Electron shuttles have 
been hypothesized to syntrophically link diverse organisms in nature (Lovley et al., 2004). 
This may occur, for example, between outer and inner layers of a biofilm (Lies et al., 2005). 
Intraspecies electron transfer has been observed with a naphthoquinone moiety as shuttle in 
the gastrointestinal tract (Yamazaki et al., 1999); its functionality in the subsurface has not 
been investigated yet.  

Route D: electron transfer between abiotic parties 

Moreover, electron shuttles may participate in purely abiotic electron transfer reactions 
between electron donors and acceptors (route D in Figure 1).  

Route D symbolises the abiotic reduction of metals by microbially reduced humic 
substances (HS), in case the HS-oxidation process is literally terminal. In case of microbial 
’regeneration’, i.e. re-oxidation of HS, it serves as an electron shuttle in route B. Route D also 
describes abiotic chlorophenol degradation via ZVI, mediated by the presence of humic and 
fulvic acids (Kang and Choi, 2009), or shuttle-mediated abiotic reductive dechlorination 
mechanisms (Lee and Batchelor, 2002). This route also refers to the ability of natural organic 
matter to shuttle between oxidized and reduced forms of mercury that has only recently 
been recognized (Gu et al., 2011; Zheng et al., 2012).  

4. Breathing solids: microbial respiration of poorly soluble iron and 
manganese minerals in uncontaminated environments 

4.1. Not attached: respiration from a distance   

Electrons need to be associated to a vector to participate in reactions beyond the 
immediate bacterial surface, i.e for travelling distances exceeding 0.01 m (Gorby et al., 
2006; Gray and Winkler, 1996). Soluble electron acceptors commonly used for petroleum 
hydrocarbon degradation include oxygen, nitrate and sulphate. These compounds can 
easily diffuse into the cell where they are reduced. Unlike these, the prevalent forms of 
iron and manganese in the environment are insoluble and remain extracellular, rendering 
the direct contact of cell and mineral surfaces an apparent necessity for respiration. This is 
contrasted by the ability of a number of microorganisms for dissimilatory reduction  
of undissolved mineral oxy(hydr)oxides, entailing electron transfer over distances of 50 
m and up. As an example the reduction of physically trapped or occluded iron(III) 
crystals was observed (Lies et al., 2005; Nevin and Lovley, 2002b). Different strategies 
enabling for long-distance electron transfer have been identified; they will be discussed in  
Chapter 5. 

Microbes capable of dissimilatory metal reduction (DRMB) are phylogenetically dispersed 
throughout the Bacteria and Archaea; the most prominent members belong to  Geobacter, 
Shewanella and Geothrix (see Chapter 7). 
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Route C: electron transport between microbes 

Shuttling of electrons between microbes is represented by route C. Electron shuttles have 
been hypothesized to syntrophically link diverse organisms in nature (Lovley et al., 2004). 
This may occur, for example, between outer and inner layers of a biofilm (Lies et al., 2005). 
Intraspecies electron transfer has been observed with a naphthoquinone moiety as shuttle in 
the gastrointestinal tract (Yamazaki et al., 1999); its functionality in the subsurface has not 
been investigated yet.  

Route D: electron transfer between abiotic parties 

Moreover, electron shuttles may participate in purely abiotic electron transfer reactions 
between electron donors and acceptors (route D in Figure 1).  

Route D symbolises the abiotic reduction of metals by microbially reduced humic 
substances (HS), in case the HS-oxidation process is literally terminal. In case of microbial 
’regeneration’, i.e. re-oxidation of HS, it serves as an electron shuttle in route B. Route D also 
describes abiotic chlorophenol degradation via ZVI, mediated by the presence of humic and 
fulvic acids (Kang and Choi, 2009), or shuttle-mediated abiotic reductive dechlorination 
mechanisms (Lee and Batchelor, 2002). This route also refers to the ability of natural organic 
matter to shuttle between oxidized and reduced forms of mercury that has only recently 
been recognized (Gu et al., 2011; Zheng et al., 2012).  

4. Breathing solids: microbial respiration of poorly soluble iron and 
manganese minerals in uncontaminated environments 

4.1. Not attached: respiration from a distance   

Electrons need to be associated to a vector to participate in reactions beyond the 
immediate bacterial surface, i.e for travelling distances exceeding 0.01 m (Gorby et al., 
2006; Gray and Winkler, 1996). Soluble electron acceptors commonly used for petroleum 
hydrocarbon degradation include oxygen, nitrate and sulphate. These compounds can 
easily diffuse into the cell where they are reduced. Unlike these, the prevalent forms of 
iron and manganese in the environment are insoluble and remain extracellular, rendering 
the direct contact of cell and mineral surfaces an apparent necessity for respiration. This is 
contrasted by the ability of a number of microorganisms for dissimilatory reduction  
of undissolved mineral oxy(hydr)oxides, entailing electron transfer over distances of 50 
m and up. As an example the reduction of physically trapped or occluded iron(III) 
crystals was observed (Lies et al., 2005; Nevin and Lovley, 2002b). Different strategies 
enabling for long-distance electron transfer have been identified; they will be discussed in  
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Microbes capable of dissimilatory metal reduction (DRMB) are phylogenetically dispersed 
throughout the Bacteria and Archaea; the most prominent members belong to  Geobacter, 
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4.2. Biogeochemical role of poorly soluble iron minerals    

Iron, comprising approximately 3.5% per mass of the earth’s crust (Martin and Meybeck, 
1979; Reimann and de Caritat, 2012) is the most abundant redox-active metal in the modern 
environment. While the main iron fraction is located in silica structures, approximately one 
third of iron atoms are present as amorphous or crystalline oxides in surface rocks (Canfield, 
1997). At a circumneutral pH, iron is present primarily as quasi-insoluble minerals in di-valent 
ferrous (Fe(II), e.g. wüstite) trivalent ferric (Fe(III), e.g. goethite) or mixed-valence (Fe(II,II), e.g. 
magnetite) oxides, hydroxides and oxihydroxides (Scheffer and Schachtschabel, 2002).  

Quasi-insoluble refers here to log K values of around -40 for goethite, ferric hydroxide and 
hematite (Morel and Hering, 1993). In the face of the poor solubility of iron oxides, it may 
come surprising that iron redox cycling in soil and sedimentary environments is now assumed 
to be dominated by microbial action (Arrieta and Grez, 1971; Chaudhuri et al., 2001; Weber et 
al., 2006). In fact, Fe(III) represents one of the most important terminal electron acceptors for 
microbes under anaerobic conditions (Lovley et al., 2004; Weber et al., 2006). 

Iron, in its various oxidized or reduced states, has a high versatility in energy-creating 
processes in oxygen-rich and suboxic environments, as an electron donor for iron-oxidizing 
microbes under oxic and anoxic conditions as well as a terminal electron acceptor under 
anoxic conditions, and also influences other biogeochemical cycles. Microbial iron redox-
cycling, also termed the iron redox wheel, is mechanistically connected to carbon, nitrogen, 
phosphorous and sulphur redox cycling (Li et al., 2012). 

While poorly crystalline oxides appear to be readily metabolized (Phillips et al., 1993), the 
microbial utilization of highly crystalline oxides as electron acceptors in a (real) soil or 
sediment environment appears to be thermodynamically unfavourable (Thamdrup, 2000).  

4.3. Dissimilatory manganese reduction 

Mineral-bound manganese is significantly less abundant than iron in our environment, 
contributing approximately 0.07% by mass to surface rocks (Martin and Meybeck, 1979; 
Reimann and de Caritat, 2012).  

The main fraction of manganese in the earth’s surface, roughly 75%, is present as oxides 
(Canfield, 1997) with the remainder located in silicates. Minerals contain varying amounts of 
both Mn(III) and Mn(IV), with poorly crystalline manganite, vernadite and birnessite 
minerals as most abundant minerals (Friedl et al., 1997; Zhu et al., 2012). Similarly to iron 
cycling, biotic manganese oxidation and reduction are commonly encountered processes in 
soils and sediments. It appears that the mechanisms for manganese respiration and 
oxidation are similar to those for iron, as most organisms that can respire Fe can also respire 
Mn and vice versa (Lovley et al., 2004; Shi et al., 2007). 

4.4. Behaviour of reduced manganese and iron 

Following reduction, both Fe(II) and Mn(II) are re-oxidized biologically or chemically rather 
quickly. The thermodynamics of Fe(II) regeneration appear more favourable than those for 
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Mn(II) oxidation. Adding to this, Mn(II) has higher aqueous solubility than Fe(II), rendering 
microbe-driven post-depositional redistribution by reductive dissolution and transport from 
anoxic to oxic interfaces, where precipitation takes place, a main mechanism governing 
manganese localization (Thamdrup, 2000). Every atom may participate in subsequent 
reduction / oxidation cycles as many as 100 times (Thamdrup, 2000). 

4.5. Side note: Bacterial reduction and oxidation of heavy metals  

Besides iron and manganese, also polluting metals can be involved into bacterially mediated 
oxidation and reduction processes. These approaches can be used for bioremediation and 
the facilitated recovery of metals from waste water streams due to precipitation (Lovley and 
Phillips, 1992). 

Uranium reduction 

Some microbes can also reduce uranium (Cologgi et al., 2011; Lovley and Phillips, 1992; 
Lovley et al., 1991) at rates comparable to those of Fe(III) reduction (Lovley and Phillips, 
1992). In contrast to manganese and iron, uranium precipitates during reduction from its 
hexavalent to its tetravalent form. The simultaneous precipitation of uranium with the 
reduction of Fe(III) has been observed for Geobacter sulfurreducens (Cologgi et al., 2011), 
leading to the assumption that similar mechanisms are governing both processes.  

Reduction of other elements by DRMB 

Similarly, Shewanella has been observed to precipitate reduced chrome (Cr(III)), likely 
involving the same enzymes as for Fe(III) reduction (Belchik et al., 2011). It can be 
hypothesised that the expression of extracellular electron transport pathways for soluble, 
oxidized electron acceptors precipitating during reduction, such as chrome and uranium 
was intended to keep the precipitates from forming inside the cells.  

Dissimilatory iron-reducing bacteria were also found to participate in the reduction of 
technetium (Istok et al., 2004), cobalt, gold (Kashefi et al., 2001) and other metals, metalloids 
and radionuclides (Lloyd, 2003) as well as graphene oxide reduction (Jiao et al., 2011). These 
abilities may be used for the recovery or removal of metal resources from waste water 
streams or in situ remediation.  

The ability to grow on these metals as sole electron acceptors has not been adequately 
demonstrated. Reducible iron and manganese minerals, however, will quantitatively 
dominate in most contaminated environments over heavy metals (Lovley et al., 2004) as 
terminal electron acceptors. 

5. Microbial strategies to enhance extracellular electron transfer  

In this chapter, mechanisms devised by DMRB for accessing poorly soluble electron 
acceptors are reviewed. Most of our understanding of these processes is derived from 
investigations of dissimilatory iron and manganese reduction under anaerobic conditions. 
Geobacter and Shewanella are considered as model organisms in this respect (cf. Chapter 7). 
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third of iron atoms are present as amorphous or crystalline oxides in surface rocks (Canfield, 
1997). At a circumneutral pH, iron is present primarily as quasi-insoluble minerals in di-valent 
ferrous (Fe(II), e.g. wüstite) trivalent ferric (Fe(III), e.g. goethite) or mixed-valence (Fe(II,II), e.g. 
magnetite) oxides, hydroxides and oxihydroxides (Scheffer and Schachtschabel, 2002).  

Quasi-insoluble refers here to log K values of around -40 for goethite, ferric hydroxide and 
hematite (Morel and Hering, 1993). In the face of the poor solubility of iron oxides, it may 
come surprising that iron redox cycling in soil and sedimentary environments is now assumed 
to be dominated by microbial action (Arrieta and Grez, 1971; Chaudhuri et al., 2001; Weber et 
al., 2006). In fact, Fe(III) represents one of the most important terminal electron acceptors for 
microbes under anaerobic conditions (Lovley et al., 2004; Weber et al., 2006). 

Iron, in its various oxidized or reduced states, has a high versatility in energy-creating 
processes in oxygen-rich and suboxic environments, as an electron donor for iron-oxidizing 
microbes under oxic and anoxic conditions as well as a terminal electron acceptor under 
anoxic conditions, and also influences other biogeochemical cycles. Microbial iron redox-
cycling, also termed the iron redox wheel, is mechanistically connected to carbon, nitrogen, 
phosphorous and sulphur redox cycling (Li et al., 2012). 

While poorly crystalline oxides appear to be readily metabolized (Phillips et al., 1993), the 
microbial utilization of highly crystalline oxides as electron acceptors in a (real) soil or 
sediment environment appears to be thermodynamically unfavourable (Thamdrup, 2000).  

4.3. Dissimilatory manganese reduction 

Mineral-bound manganese is significantly less abundant than iron in our environment, 
contributing approximately 0.07% by mass to surface rocks (Martin and Meybeck, 1979; 
Reimann and de Caritat, 2012).  

The main fraction of manganese in the earth’s surface, roughly 75%, is present as oxides 
(Canfield, 1997) with the remainder located in silicates. Minerals contain varying amounts of 
both Mn(III) and Mn(IV), with poorly crystalline manganite, vernadite and birnessite 
minerals as most abundant minerals (Friedl et al., 1997; Zhu et al., 2012). Similarly to iron 
cycling, biotic manganese oxidation and reduction are commonly encountered processes in 
soils and sediments. It appears that the mechanisms for manganese respiration and 
oxidation are similar to those for iron, as most organisms that can respire Fe can also respire 
Mn and vice versa (Lovley et al., 2004; Shi et al., 2007). 

4.4. Behaviour of reduced manganese and iron 

Following reduction, both Fe(II) and Mn(II) are re-oxidized biologically or chemically rather 
quickly. The thermodynamics of Fe(II) regeneration appear more favourable than those for 
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Mn(II) oxidation. Adding to this, Mn(II) has higher aqueous solubility than Fe(II), rendering 
microbe-driven post-depositional redistribution by reductive dissolution and transport from 
anoxic to oxic interfaces, where precipitation takes place, a main mechanism governing 
manganese localization (Thamdrup, 2000). Every atom may participate in subsequent 
reduction / oxidation cycles as many as 100 times (Thamdrup, 2000). 

4.5. Side note: Bacterial reduction and oxidation of heavy metals  

Besides iron and manganese, also polluting metals can be involved into bacterially mediated 
oxidation and reduction processes. These approaches can be used for bioremediation and 
the facilitated recovery of metals from waste water streams due to precipitation (Lovley and 
Phillips, 1992). 

Uranium reduction 

Some microbes can also reduce uranium (Cologgi et al., 2011; Lovley and Phillips, 1992; 
Lovley et al., 1991) at rates comparable to those of Fe(III) reduction (Lovley and Phillips, 
1992). In contrast to manganese and iron, uranium precipitates during reduction from its 
hexavalent to its tetravalent form. The simultaneous precipitation of uranium with the 
reduction of Fe(III) has been observed for Geobacter sulfurreducens (Cologgi et al., 2011), 
leading to the assumption that similar mechanisms are governing both processes.  

Reduction of other elements by DRMB 

Similarly, Shewanella has been observed to precipitate reduced chrome (Cr(III)), likely 
involving the same enzymes as for Fe(III) reduction (Belchik et al., 2011). It can be 
hypothesised that the expression of extracellular electron transport pathways for soluble, 
oxidized electron acceptors precipitating during reduction, such as chrome and uranium 
was intended to keep the precipitates from forming inside the cells.  

Dissimilatory iron-reducing bacteria were also found to participate in the reduction of 
technetium (Istok et al., 2004), cobalt, gold (Kashefi et al., 2001) and other metals, metalloids 
and radionuclides (Lloyd, 2003) as well as graphene oxide reduction (Jiao et al., 2011). These 
abilities may be used for the recovery or removal of metal resources from waste water 
streams or in situ remediation.  

The ability to grow on these metals as sole electron acceptors has not been adequately 
demonstrated. Reducible iron and manganese minerals, however, will quantitatively 
dominate in most contaminated environments over heavy metals (Lovley et al., 2004) as 
terminal electron acceptors. 

5. Microbial strategies to enhance extracellular electron transfer  

In this chapter, mechanisms devised by DMRB for accessing poorly soluble electron 
acceptors are reviewed. Most of our understanding of these processes is derived from 
investigations of dissimilatory iron and manganese reduction under anaerobic conditions. 
Geobacter and Shewanella are considered as model organisms in this respect (cf. Chapter 7). 
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In the course of microbial energy generation, electrons are transferred from an electron 
source to a sink, usually inside a cell. DMRB, in contrast, are faced with the problem of how 
to effectively access an electron acceptor that can not diffuse to the cell. In case the electron 
donor or acceptor do not permeate through the membrane, as in the case of insoluble 
metals, or where the presence of redox-products inside the cell is not desired, such as for 
uranium precipitates, cells can rely on active processes to access poorly soluble TEAs or 
utilize extracellular electron shuttles. These are naturally present or anthropogenically 
administered compounds that have the potential to facilitate extracellular electron transfer. 

Several mechanisms to overcome the physiological challenges for the dissimilatory 
reduction of poorly soluble electron acceptors have been identified. 

5.1. Direct transport and electrochemical wiring 

Direct electron transport 

One route for extracellular electron transfer is the direct transport of electrons between the 
cellular envelope and electron accepting mineral surfaces, however requiring direct contact 
between cell and mineral surfaces. In these reactions, electrons have been found to travel 
over distances of 10 to 15 Å (Kerisit et al., 2007).  

This direct transfer is mediated by outer-membrane cytochromes directly to the mineral’s 
surface, and are typical of Gram-negative bacteria such as Geobacter and Shewanella 
(Hernandez and Newman, 2001). Geobacter and also Shewanella are representatives of a 
family of ferric iron reducers that were found in a variety of anaerobic environments (more 
about them in Chapter 7). The involved multihaem c-type cytochromes are essential 
electron-transferring proteins, rendering the journey of respiratory proteins from trough the 
cell to the outer membrane possible (Myers and Myers, 1992; Shi et al., 2007) and forming a 
respiratory chain extended beyond the cell’s physiological periphery.  

Directly nano-wired  

Both Shewanella and Geobacter were observed to form pilus-like assemblages extending to the 
mineral surface when grown on insoluble electron acceptors, representing a special case of 
direct transport.  

Geobacter was reported to produce monolateral pili to access iron and manganese oxides 
physically, i.e. via chemotaxis (Childers et al., 2002). Mineral reductases are located on the 
outer cell membrane but also on electrically conductive pilus-like assemblages prominently 
termed nano-wires (see Figure 1). These conductive protein nanostructures are ‘wiring’ the 
cell and the mineral phase, enabling for electron transport via a physical extension of the 
cell, thus outsourcing direct contact between cell and mineral surface to thin conductive 
appendages. Evidence for the production of nano-wires has been reported for both Shewanella 
(Gorby et al., 2006) and Geobacter (Reguera et al., 2005), however with distinct molecular 
mechanisms for the electron transport. 

Different strategies are required for iron reducing microorganisms lacking conductive 
surface cytochromes, requiring for alternative strategies for extracellular electron transfer.  
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5.2. Electron shuttles and metal chelating agents 

Electron shuttles are small molecules capable of undergoing repeated reduction and 
oxidation processes. An electron shuttle can be an organic or inorganic compound that is 
reversibly redox active and has the right redox potential, i.e. poised between the E0’ of the 
reductant and the oxidant. It serves as an electron acceptor and, once reduced, can itself 
transfer electrons to other organic or inorganic electron acceptors, whereupon it becomes re-
oxidized. Such a shuttle provides a mechanism for an indirect reduction or oxidation 
process. In principle, a single shuttle molecule could cycle thousands of times and, thus, 
have a significant effect on the turnover of the terminal acceptor in a given environment.  

Extracellular electron shuttles may be produced by microorganisms, originate from the 
humification of plant and animal matter or be anthropogenically added. While most 
electron shuttles are organic, heterocyclic aromatic structures, theoretically also inorganic, 
nonenzymatic compounds such as sulphide and reduced uranium, and organic compounds 
equipped with sulfhydryl groups (Nevin and Lovley, 2000) may serve as electron shuttles 
themselves.  

In Figure 2 the redox-active groups of frequently encountered microbial, natural and 
anthropogenic electron shuttles are displayed. Heterocyclic aromatic compounds with 
redox-active functional groups, with di-ketone moieties in quinones, and nitrogen for 
phenazines and viologen, are common structures. Isoalloxazine represents the reactive 
structure in flavins.  

 
Figure 2. Main redox-active structures found in extracellular electron shuttles 
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5.2.1. Microbially produced extracellular electron transporters 

In case the electron acceptor is physically detached from the cell, e.g. oxides occluded in 
pores, direct contact is not possible for a large fraction of bacteria, e.g. in biofilms, or the 
microbe lacks the enzymatic toolkit to respire electron acceptors, electrons are encouraged to 
take alternative routes through extracellular space by using transport facilities provided by 
the microorganism itself, such as electron shuttles and / or chelating agents.  

The production of electron transport mediators is known for many microbes. Beside 
melanin, produced by Shewanella alga (Turick et al., 2002), phenazine derivatives 
(Hernandez et al., 2004), flavins (von Canstein et al., 2008), quinone-type structures (Nevin 
and Lovley, 2002a) and possibly also siderophores (Fennessey et al., 2010; Kouzuma et al., 
2012) were shown to enhance anaerobic ferric iron respiration.  

Phenazine and its derivatives 

Phenazines are small redox-active molecules secreted by bacteria and functionally similar to 
those of anthraquinones. They are, due to their antibiotic effect, believed to be part of the 
organisms’ biological warfare arsenal (Chin-A-Woeng et al., 2003; Hernandez and Newman, 
2001). They are able to reductively dissolve iron and manganese (Hernandez et al., 2004; 
Wang and Newman, 2008), and are applied in microbial fuel cells (Pham et al., 2008). 
Phenazines are, however, of toxicological concern, such as pyocyanin, a blue pigment 
excreted by Pseudomonas aeruginosa, rendering the application of phenazines in 
environmental biotechnology an intricate task.  

Flavins 

Flavins have a midpoint potential of -0.2 to -0.25 V and can reduce most iron oxides and 
soluble forms of ferric iron, contributing to metal acquisition in plants and yeasts (Marsili et 
al., 2008). They have been proven to mediate the reduction of iron hydroxides inaccessible to 
microbes, via penetration through pores too small to allow for microbial passage (Nevin and 
Lovley, 2002b). Their isoalloxazine group acts as metal chelator.  

The production of iron-solubilizing ligands has first been observed for Shewanella 
putrefaciens (Taillefert et al., 2007), which were shortly afterwards simultaneously identified 
as flavins by von Canstein and Marsili (Marsili et al., 2008; von Canstein et al., 2008). Also 
other -proteobacteria and Marinobacter are able to produce flavins, which may be used or 
pirated by other organisms directly (Hirano et al., 2003; von Canstein et al., 2008) and from 
flavin-coated surfaces (Marsili et al., 2008). The role of flavins in electron shuttling has 
recently been reviewed (Brutinel and Gralnick, 2012). 

Side note: flavin or not flavin 

Flavins were identified to have a major role in iron respiration of Shewanella oneidensis. In 
this context, both riboflavin (RF, Vitamin B2) and flavin mononucleotide (FMN) were 
detected in iron-respiring Shewanella cultures. Flavins are now well-studied (Brutinel and 
Gralnick, 2012; Marsili et al., 2008; von Canstein et al., 2008) examples of endogenously 
synthesized electron transporting compounds deployed to donate respiratory electrons to a 
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distant mineral phase. Here, electrons are conveyed to extracellular flavins via cytochromes 
that are re-oxidized upon direct contact to Fe(III), resulting in increased electron transfer 
rates than at direct contact to the mineral surface (Brutinel and Gralnick, 2012).  

Experimental evidence for the functionality of flavin-mediated enhanced iron respiration 
was manifested in the presence of flavins in the supernatant of Shewanella reducing poorly 
soluble Fe(III). A stoichiometric ratio of 1 (FMN oxidized) to 2 (Fe(II) produced) was noted 
(von Canstein et al., 2008). The nature of the force bringing these compounds into the outer 
cell space remains disputed in that FMN and RF may either be actively secreted (Marsili et 
al., 2008; von Canstein et al., 2008) or merely be released during cell lysis as part of the 
common intracellular enzymatic mix. In this context, the former hypothesis is corroborated 
by different concentrations and species of intra- and extracellular flavins detected in the 
supernatant and the proportionality of extracellular flavin concentrations to live rather than 
dead cell density (von Canstein et al., 2008). These arguments were, in turn, challenged 
recently (Richter et al., 2012).  

Siderophores 

Siderophores are low molecular weight compounds produced by bacteria, fungi and plants 
when exposed to low-iron stress conditions, and are very strong Fe(III) chelating agents. 
Most of them contain catechol or hydroxamate groups as iron-chelating groups (Neilands, 
1995). In forming Fe(III)-siderophore complexes, they are scavenging Fe(III) from the 
environment, rendering it more accessible for bacterial uptake. Its role in increasing metal 
respiration is, to our knowledge, uncertain.  

Although siderophores were found to catalyze the mineralisation of carbon tetrachloride, it 
is not known whether microorganisms can gain energy from the process (Lee et al., 1999). 
Recent research suggests indirect effects of siderophores on respiration in increasing iron 
uptake, which is in turn required for the synthesis of cytochromes for manganese respiration 
(Kouzuma et al., 2012), while others indicate no effect of siderophore-related iron 
solubilisation on its respiration (Fennessey et al., 2010). It appears likely that iron-containing 
shuttles participate in iron solubilizing mechanisms, where the cation remains with the redox-
active centre, thus corresponding to permanent rather than transient iron complexation.  

5.3. Exogenous electron shuttles and chelators 

5.3.1. Types of electron shuttles 

For a large variety of naturally occurring redox-active compounds, at least some 
functionality as extracellular electron shuttles was described (Guo et al., 2012; O’Loughlin, 
2008; Van der Zee and Cervantes, 2009; Watanabe et al., 2009; Wolf et al., 2009). Main 
functional structures are depicted in Figure 2. Frequently encountered shuttles encompass 
the following:  

 Quinones, including 
- anthraquinones, their sulfonates, carboxylic acids and chlorinated moieties 
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distant mineral phase. Here, electrons are conveyed to extracellular flavins via cytochromes 
that are re-oxidized upon direct contact to Fe(III), resulting in increased electron transfer 
rates than at direct contact to the mineral surface (Brutinel and Gralnick, 2012).  

Experimental evidence for the functionality of flavin-mediated enhanced iron respiration 
was manifested in the presence of flavins in the supernatant of Shewanella reducing poorly 
soluble Fe(III). A stoichiometric ratio of 1 (FMN oxidized) to 2 (Fe(II) produced) was noted 
(von Canstein et al., 2008). The nature of the force bringing these compounds into the outer 
cell space remains disputed in that FMN and RF may either be actively secreted (Marsili et 
al., 2008; von Canstein et al., 2008) or merely be released during cell lysis as part of the 
common intracellular enzymatic mix. In this context, the former hypothesis is corroborated 
by different concentrations and species of intra- and extracellular flavins detected in the 
supernatant and the proportionality of extracellular flavin concentrations to live rather than 
dead cell density (von Canstein et al., 2008). These arguments were, in turn, challenged 
recently (Richter et al., 2012).  

Siderophores 

Siderophores are low molecular weight compounds produced by bacteria, fungi and plants 
when exposed to low-iron stress conditions, and are very strong Fe(III) chelating agents. 
Most of them contain catechol or hydroxamate groups as iron-chelating groups (Neilands, 
1995). In forming Fe(III)-siderophore complexes, they are scavenging Fe(III) from the 
environment, rendering it more accessible for bacterial uptake. Its role in increasing metal 
respiration is, to our knowledge, uncertain.  

Although siderophores were found to catalyze the mineralisation of carbon tetrachloride, it 
is not known whether microorganisms can gain energy from the process (Lee et al., 1999). 
Recent research suggests indirect effects of siderophores on respiration in increasing iron 
uptake, which is in turn required for the synthesis of cytochromes for manganese respiration 
(Kouzuma et al., 2012), while others indicate no effect of siderophore-related iron 
solubilisation on its respiration (Fennessey et al., 2010). It appears likely that iron-containing 
shuttles participate in iron solubilizing mechanisms, where the cation remains with the redox-
active centre, thus corresponding to permanent rather than transient iron complexation.  

5.3. Exogenous electron shuttles and chelators 

5.3.1. Types of electron shuttles 

For a large variety of naturally occurring redox-active compounds, at least some 
functionality as extracellular electron shuttles was described (Guo et al., 2012; O’Loughlin, 
2008; Van der Zee and Cervantes, 2009; Watanabe et al., 2009; Wolf et al., 2009). Main 
functional structures are depicted in Figure 2. Frequently encountered shuttles encompass 
the following:  

 Quinones, including 
- anthraquinones, their sulfonates, carboxylic acids and chlorinated moieties 
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- juglone, 
- lawsone,  
- menadione and other naphthoquinones 
- ubiquinone, coenzyme Q10 

 Humic substances 
 Phenazines cores, including  

- neutral red 
- methylene blue 

 Vitamine cores, including 
- corrin 
- isoalloxazine 

 Indigo sulfonates and other derivatives 
 Viologens, including 

- methyl viologen 
- benzyl viologen 

 Cysteine and other thiol-containing molecules  

Amongst these, the role of quinones and humic substances are discussed in more detail 
below.  

5.3.2. Quinones 

Structure  

Chemically, quinones are fully conjugated cyclic di-ketone structures derived from the 
oxidation of aromatic compounds, where an even number of –CH= groups is converted into 
–C(=O) groups. This is adjoined by a re-arrangement of double bonds and connected to the 
loss of aromaticity. Quinones may also be considered as products from polyphenol 
reduction (Figure 3). Quinones are stable throughout a number of repeated oxidation and 
reduction processes. In their redox-cycling, one- and two-electron reduction reactions lead 
to the formation of free semiquinone radicals and hydroquinones, as displayed in Figure 3 
(Michaelis and Schubert, 1938). 

Occurrence  

Quinones are abundant structures in nature, participating in a wide variety of reactions in 
pro- and eukaryotic organisms. Membrane-bound ubiquinones and menaquinones shuttle 
electrons between respiratory protein complexes in bacteria. Phylloquinone participates in 
the electron transfer chain of in photosynthesis. Other quinones may have antimicrobial 
(Lown, 1983; Zhou et al., 2012) or even toxic (Shang et al., 2012) effects, such as juglone. 
Isoalloxazine, the reactive structure in flavins, is also a quinone (Muller et al., 1981).  

Role of quinones in electron shuttling 

The hydroquinone moiety chemically reduces Fe(III) to Fe(II) while it is  simultaneously 
oxidized to a quinone (Scott et al., 1998). In turn, it is reduced back to hydroquinone by 
microbes deriving electrons from hydrocarbon oxidation and other processes. This is a type 
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B reaction (Figure 1), with the electron donor being a hydrocarbon and the acceptor an 
insoluble mineral, such as a Fe(III) or Mn(IV) mineral. Although the energy gain from 
quinone reduction is lower than from direct reduction of Fe(III) minerals, the use of 
extracellular shuttles enables for significantly increased reduction rates, i.e. a higher 
bacterial energy gain per unit time (Jiang and Kappler, 2008). 

 
Figure 3. Simple quinoid structures: 1,4- or para-benzoquinone (left), its semiquinone (center) and its 
hydroquinone (right) 

The manifestation of a type A route would reflect electron shuttling from an organic 
electron donor to a halogenated or nitrous contaminant. 

In summary, electron shuttles participate in facilitating the electron transfer from the 
microbe towards the electron acceptor in the type B reaction and from electron donor to 
microbe for sulphide, reduced metals or the cathode for a type A reaction; in both contexts, 
quinones are often encountered.  

Iron-reducing microorganisms are able to grow on extracellular quinones as the sole source 
of energy. Humic substance-derived quinones are possible the most important natural 
source of extracellular shuttles for Fe(III) reducers (Lovley et al., 1996a; Scott et al., 1998).  

In many studies, anthraquinone disulfonate (AQDS) was used as a model humic substance 
(Aulenta et al., 2010; Bhushan et al., 2006; Collins and Picardal, 1999; Kwon and Finneran, 
2006; Kwon and Finneran, 2008; Scherr et al., 2011) to study extracellular electron transfer in 
the reduction of halogenated and nitrous organic compounds.  

5.3.3. Humic substances 

Humic substances (HS) are a heterogeneous family of dark-coloured, biologically largely 
refractory compounds originating from the incomplete biodegradation of plant, animal and 
microbial debris. They account for up to 80% of soil and sedimentary organic carbon 
(Schnitzer, 1989). Humic substances consist of structurally diverse macromolecules, 
containing a variety of functional groups including hydroxy- and carboxygroups as well as 
aromatic and aliphatic structures that can be resolved using infrared and magnetic 
resonance spectroscopy, amongst others (Ehlers and Loibner, 2006; Nguyen et al., 1991). 

On a more general scale, the classification of humic substances is commonly performed 
based on isolation procedures rather than on molecular characteristics, usually by their acid 
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- juglone, 
- lawsone,  
- menadione and other naphthoquinones 
- ubiquinone, coenzyme Q10 

 Humic substances 
 Phenazines cores, including  

- neutral red 
- methylene blue 

 Vitamine cores, including 
- corrin 
- isoalloxazine 

 Indigo sulfonates and other derivatives 
 Viologens, including 

- methyl viologen 
- benzyl viologen 

 Cysteine and other thiol-containing molecules  

Amongst these, the role of quinones and humic substances are discussed in more detail 
below.  
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B reaction (Figure 1), with the electron donor being a hydrocarbon and the acceptor an 
insoluble mineral, such as a Fe(III) or Mn(IV) mineral. Although the energy gain from 
quinone reduction is lower than from direct reduction of Fe(III) minerals, the use of 
extracellular shuttles enables for significantly increased reduction rates, i.e. a higher 
bacterial energy gain per unit time (Jiang and Kappler, 2008). 

 
Figure 3. Simple quinoid structures: 1,4- or para-benzoquinone (left), its semiquinone (center) and its 
hydroquinone (right) 
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containing a variety of functional groups including hydroxy- and carboxygroups as well as 
aromatic and aliphatic structures that can be resolved using infrared and magnetic 
resonance spectroscopy, amongst others (Ehlers and Loibner, 2006; Nguyen et al., 1991). 

On a more general scale, the classification of humic substances is commonly performed 
based on isolation procedures rather than on molecular characteristics, usually by their acid 
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(in)solubility, with brown to black humic acids (HA) defined as insoluble at a pH <2, with 
yellow-coloured fulvic acids (FA) completely soluble and humins insoluble both under all pH 
conditions (Scheffer and Schachtschabel, 2002).  

Multiple interactions occur between the organic and inorganic soil matter fractions, 
including encapsulation (Baldock and Skjemstad, 2000), formation of adducts with organic 
contaminants (Karickhoff et al., 1979), chelation of metals (Arrieta and Grez, 1971; Gu et al., 
2011; Lovley et al., 1996b), and as terminal and subterminal electron acceptors for abiotic and 
biotic reduction processes (Benz et al., 1998; Jiang and Kappler, 2008; McCarthy and Jimenez, 
1985), amongst others. The multiple functions of humic substances have been proposed to be 
incorporated in different remediation technologies for contaminated sites, including 
bioremediation, reactive barriers and in situ immobilization (Perminova and Hatfield, 2005). 

In terms of contributing to extracellular electron transfer enhancing contaminant transfer, 
humic substances play multiple roles.  

Humic acids as chelators  

Humic acids were found to increase the concentration of soluble Fe(III) by forming chelates 
(Lovley et al., 1996b). Chelated Fe(III) has a higher redox potential, rendering Fe(III) 
reduction more thermodynamically favourable (Thamdrup, 2000) and rendering the  cation 
more accessible to microbes for reduction (Dobbin et al., 1995). It is, however, not clear 
whether extracellular chelated Fe(III) can be used by the cell directly via surface contact or 
absorption by the periplasm is required prior to reduction (Haas and Dichristina, 2002; 
Lovley et al., 1996b).  

Terminal electron acceptors versus electron shuttles 

Although humic substances are rather refractory to microbial breakdown, microorganisms 
interact with a variety of their functional groups, including the donation of electrons to 
reactive humic moieties. The ability to reduce humic substances and iron by bacteria and 
archaea appears to be closely linked (Benz et al., 1998; Lovley et al., 1998). The nature of 
electron transfer to humic or fulvic acids may be terminal or subterminal. In the latter case, 
microbially reduced humic matter abiotically transfers electrons to the Fe(III) surface, being 
re-oxidized themselves in the process (Lovley et al., 1996a; Lovley et al., 1996b) and thus 
function as natural, biogenic extracellular electron shuttles (see Figure 1). Reduced humic 
matter can also be „pirated“ by other microorganisms (Lovley et al., 1999), i.e. those that did 
not create them (route C in Figure 1) and be used as electron donors for microbially 
mediated reactions (route A).  

Originally, the effect of humic substances in promoting biodegradation of organic pollutants 
was assumed to be dominated by chelation (Lovley et al., 1996b). Humic substances, 
however, are only weak chelators of iron. The role of humified organic matter as electron 
shuttle was first raised in 1989 (Tratnyek and Macalady, 1989) and is also referred to as the 
Tratnyek-Macalady hypothesis (Sposito, 2011). In fact, the function of fulvic acids of different 
origin can be explained as an initial contribution by electron shuttling, further enhanced by 
iron complexation in latter stages of contact (Royer et al., 2002).  
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Quality and origin of humic matter  

Different humic substance fractions and origins have different effects on the rate and extent 
of extracellular electron shuttling. While there might be no effect at all by neither humic nor 
fulvic acids (O’Loughlin, 2008), humic acids, on a mass unit base, were found to stimulate 
iron reduction more strongly stronger than fulvic acids, also in environmentally relevant 
concentrations, due to thermodynamic mechanisms (Wolf et al., 2009). On the other hand, 
aquatic humic substances appear to have a higher electron accepting capacity than those 
derived from terrestrial environments (Royer et al., 2002; Scott et al., 1998). On a general 
basis, the shuttling capacity of humic matter is determined mainly by with its aromaticity 
(Aeschbacher et al., 2010; Chen et al., 2003), where carbohydrate fractions were found to be 
less redox-active than polyphenolic fractions (Chen et al., 2003) 

Soil organic matter aromaticity is also one of the main functional groups in determining 
sorption of petroleum hydrocarbons (Ehlers et al., 2010; Perminova et al., 1999). Surface-
adsorbed and freely dissolved humic matter were found to exhibit similar shuttling 
activities (Wolf et al., 2009).  

The disputed role of quinones in electron shuttling by humic substances 

While the role of humic substances in soil and sediment electron shuttling is unchallenged, 
the nature of functional structures in humic or fulvic acids conveying the electron shuttling 
capacity to humic substances is not fully elucidated yet. 

Profound influence of humic quinone moieties in conveying shuttling properties to humic 
substances has been attested by numerous studies (Aeschbacher et al., 2010; Jiang and 
Kappler, 2008; Kang and Choi, 2009; Perminova et al., 2005; Scott et al., 1998). Quinone 
moieties such as AQDS are often used as practical and standardized surrogates to model the 
effect of humic substances in extracellular electron transfer, while representing only the 
humics’ redox properties, since AQDS can not chelate metals. The relevance of quinones, 
however, can be demonstrated by comparing shuttling efficacy of humic acid and pure 
AQDS. Two gram per litre of humic acids had a similar stimulating effect on the reduction 
of poorly crystalline ferric iron as approximately 40 mg / L AQDS (Lovley et al., 1996a).  

In the search for other redox-active groups in humic substances, one model proposed three 
distinct sites participating in the redox activity of humic and fulvic acids (Ratasuk and 
Nanny, 2007), including two quinone structures with different electronegative properties 
plus one non-quinone structure. Evidence was supplied in that humic substances artificially 
depleted of their aromatic structures were not entirely depleted of their reducing capacity. 
In a different study, the humic substances’ content of free radicals accounted for only a 
small fraction of the observed electron equivalents in shuttling between iron and iodine 
moieties (Struyk and Sposito, 2001). 

These studies corroborate the possibility that also non-quinone structures participate in 
conveying redox-activity to natural organic matter. The nature of these compounds, 
however, is unknown, while there is general agreement points towards that quinone 
moieties are the main, however not only redox-active groups in humic substances. 
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(in)solubility, with brown to black humic acids (HA) defined as insoluble at a pH <2, with 
yellow-coloured fulvic acids (FA) completely soluble and humins insoluble both under all pH 
conditions (Scheffer and Schachtschabel, 2002).  

Multiple interactions occur between the organic and inorganic soil matter fractions, 
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1985), amongst others. The multiple functions of humic substances have been proposed to be 
incorporated in different remediation technologies for contaminated sites, including 
bioremediation, reactive barriers and in situ immobilization (Perminova and Hatfield, 2005). 

In terms of contributing to extracellular electron transfer enhancing contaminant transfer, 
humic substances play multiple roles.  

Humic acids as chelators  

Humic acids were found to increase the concentration of soluble Fe(III) by forming chelates 
(Lovley et al., 1996b). Chelated Fe(III) has a higher redox potential, rendering Fe(III) 
reduction more thermodynamically favourable (Thamdrup, 2000) and rendering the  cation 
more accessible to microbes for reduction (Dobbin et al., 1995). It is, however, not clear 
whether extracellular chelated Fe(III) can be used by the cell directly via surface contact or 
absorption by the periplasm is required prior to reduction (Haas and Dichristina, 2002; 
Lovley et al., 1996b).  

Terminal electron acceptors versus electron shuttles 

Although humic substances are rather refractory to microbial breakdown, microorganisms 
interact with a variety of their functional groups, including the donation of electrons to 
reactive humic moieties. The ability to reduce humic substances and iron by bacteria and 
archaea appears to be closely linked (Benz et al., 1998; Lovley et al., 1998). The nature of 
electron transfer to humic or fulvic acids may be terminal or subterminal. In the latter case, 
microbially reduced humic matter abiotically transfers electrons to the Fe(III) surface, being 
re-oxidized themselves in the process (Lovley et al., 1996a; Lovley et al., 1996b) and thus 
function as natural, biogenic extracellular electron shuttles (see Figure 1). Reduced humic 
matter can also be „pirated“ by other microorganisms (Lovley et al., 1999), i.e. those that did 
not create them (route C in Figure 1) and be used as electron donors for microbially 
mediated reactions (route A).  

Originally, the effect of humic substances in promoting biodegradation of organic pollutants 
was assumed to be dominated by chelation (Lovley et al., 1996b). Humic substances, 
however, are only weak chelators of iron. The role of humified organic matter as electron 
shuttle was first raised in 1989 (Tratnyek and Macalady, 1989) and is also referred to as the 
Tratnyek-Macalady hypothesis (Sposito, 2011). In fact, the function of fulvic acids of different 
origin can be explained as an initial contribution by electron shuttling, further enhanced by 
iron complexation in latter stages of contact (Royer et al., 2002).  
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Quality and origin of humic matter  

Different humic substance fractions and origins have different effects on the rate and extent 
of extracellular electron shuttling. While there might be no effect at all by neither humic nor 
fulvic acids (O’Loughlin, 2008), humic acids, on a mass unit base, were found to stimulate 
iron reduction more strongly stronger than fulvic acids, also in environmentally relevant 
concentrations, due to thermodynamic mechanisms (Wolf et al., 2009). On the other hand, 
aquatic humic substances appear to have a higher electron accepting capacity than those 
derived from terrestrial environments (Royer et al., 2002; Scott et al., 1998). On a general 
basis, the shuttling capacity of humic matter is determined mainly by with its aromaticity 
(Aeschbacher et al., 2010; Chen et al., 2003), where carbohydrate fractions were found to be 
less redox-active than polyphenolic fractions (Chen et al., 2003) 

Soil organic matter aromaticity is also one of the main functional groups in determining 
sorption of petroleum hydrocarbons (Ehlers et al., 2010; Perminova et al., 1999). Surface-
adsorbed and freely dissolved humic matter were found to exhibit similar shuttling 
activities (Wolf et al., 2009).  

The disputed role of quinones in electron shuttling by humic substances 

While the role of humic substances in soil and sediment electron shuttling is unchallenged, 
the nature of functional structures in humic or fulvic acids conveying the electron shuttling 
capacity to humic substances is not fully elucidated yet. 

Profound influence of humic quinone moieties in conveying shuttling properties to humic 
substances has been attested by numerous studies (Aeschbacher et al., 2010; Jiang and 
Kappler, 2008; Kang and Choi, 2009; Perminova et al., 2005; Scott et al., 1998). Quinone 
moieties such as AQDS are often used as practical and standardized surrogates to model the 
effect of humic substances in extracellular electron transfer, while representing only the 
humics’ redox properties, since AQDS can not chelate metals. The relevance of quinones, 
however, can be demonstrated by comparing shuttling efficacy of humic acid and pure 
AQDS. Two gram per litre of humic acids had a similar stimulating effect on the reduction 
of poorly crystalline ferric iron as approximately 40 mg / L AQDS (Lovley et al., 1996a).  

In the search for other redox-active groups in humic substances, one model proposed three 
distinct sites participating in the redox activity of humic and fulvic acids (Ratasuk and 
Nanny, 2007), including two quinone structures with different electronegative properties 
plus one non-quinone structure. Evidence was supplied in that humic substances artificially 
depleted of their aromatic structures were not entirely depleted of their reducing capacity. 
In a different study, the humic substances’ content of free radicals accounted for only a 
small fraction of the observed electron equivalents in shuttling between iron and iodine 
moieties (Struyk and Sposito, 2001). 

These studies corroborate the possibility that also non-quinone structures participate in 
conveying redox-activity to natural organic matter. The nature of these compounds, 
however, is unknown, while there is general agreement points towards that quinone 
moieties are the main, however not only redox-active groups in humic substances. 



 
Hydrocarbon 178 

Further understanding can be expected by the computational and procedural determination 
of quinone redox properties (Aeschbacher et al., 2010; Cape et al., 2006; Guo et al., 2012). 

5.4. Concentrations of electron shuttles 

Depending on the stability of the electron shuttling compound, it may undergo multiple 
cycles of electron take up and release. Thus, concentrations of redox-active moieties in the 
environment theoretically need to be substoichiometric in comparison to the amount of 
electron donating hydrocarbon and acceptor.  

The oxidation state of a mediator itself also, at least theoretically, plays a role in its efficacy. 
Thus, an electron shuttle is effective at certain ratios of oxidized : reduced between 1:100 and 
100:1 (Meckstroth et al., 1981), although in many studies it is attempted to completely 
reduce shuttles using harsh methods ahead of experimental use.  

Practically, concentrations of pure quinones generally between 0.1 to 100 micromoles are 
commonly used for shuttling experiments. For some compounds, however, higher 
concentrations are inhibitory due to antimicrobial effects (Lown, 1983; Wolf et al., 2009). For 
some of the tested substances tested in a recent study (Wolf et al., 2009), a linear correlation 
between the normalized reaction rates and the logarithm of their concentrations was 
observed (humic and fulvic acid and AQDS), while others showed no concentration 
dependence (carminic acid and alizarin). 

There has been criticism that concentrations of humic and fulvic acids commonly employed 
for experimental shuttling studies would far exceed those relevant under natural conditions, 
which are in the milligram per litre scale (Wolf et al., 2009), amounting to between 5 and 25 
mg C/L (Curtis and Reinhard, 1994; Jiang and Kappler, 2008; O’Loughlin, 2008).  

For humic and fulvic acids, enhancing effects on Fe(III) reduction attributed to electron 
shuttling were observed for concentrations of dissolved fulvic acids as low as 0.61 mg/L and 
of humic acids of 0.025 mg/L, i.e. at concentrations which do occur under natural conditions 
(Wolf et al., 2009) such as in pore waters of sediments rich in organic matter.    

6. Thermodynamic considerations for extracellular electron shuttles 

The ability to shuttle electrons between different organic and inorganic participants in the 
subsurface is largely dependent on the energies driving the extracellular electron transfer 
processes in simultaneous oxidation and reduction processes. 

6.1. Minimum requirements for ATP production  

The relation of electrochemical potentials of electron donor, shuttle and electron acceptor 
determine the amount of energy, in terms of ATP generation or free energy (ΔG0′), a 
microorganism may harvest from the electron transfer. A minimum energy yield of -20kJ/mol 
is required for ATP production (Schink, 1997). This determines the lower threshold amount of 
energy required to be transformed in the process of microbial electron transfer from donor to 
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shuttle to allow for ATP synthesis in the cells (Wolf et al., 2009). This first step depends on the 
potential of the electron donor or, more precisely, of its redox couple, and the shuttle.  

In the subsequent, rate-limiting step of electron transport from the shuttle to the electron 
acceptor, the difference voltage between the mediator and the acceptor couple should be as 
negative as possible (Wolf et al., 2009). From a theoretical viewpoint, a mediator, assuming a 
concentration of 1M/L, can efficiently mediate between compounds with a E0’ range of +/- 
118 mV of its own midpoint potential (Meckstroth et al., 1981).  

These relations should be regarded in the selection of an electron shuttle. Several 
publications are dedicated to the description of the redox-properties of a wide range of 
mediators (Bird and Kuhn, 1981; Fultz and Durst, 1982; Meckstroth et al., 1981).  

6.2. Effect of shuttle structure on its midpoint potential  

The location and type of the mediator’s functional groups influences its potential. As an 
example, quinones equipped with an increasing number electron donating groups (e.g. –
CH3) become less easily reduced. Redox-potentials (all E0’) decrease from 280 mV for the 
unalkylated para-benzoquinone to 180 mV for 2,5-p-benzoquinone and to 5mV for the fully 
alkylated congener (2,3,5,6-tetramethyl-p-benzoquione). On the other hand, electron-
withdrawing sulphone groups facilitate reduction, as is reflected by an increasing potential 
along with increasing sulphonation for anthraquinone (AQ). Here, an increase of the 
compounds’ potential from -225 mV for AQ-2-sulphonate by almost 40 mV to -184 mV for 
AQ-2,6-disulphonate is connected to the addition of one sulphone group (Fultz and Durst, 
1982). The location of electron donating and accepting groups in respect to the keto-groups 
also determines the shuttles’ stability in recurring redox-processes (Watanabe et al., 2009). 

6.3. Practical relevance  

In practice, however, the translation of thermodynamic principles to complex 
biogeochemical interactions can seldom be expected to be straightforward. In this case, 
small-scale inductive effects do not manifest themselves in decisively different shuttling 
efficacies, however a good correlation of shuttle electrochemical potential to Fe(II) 
production can be observed (O’Loughlin, 2008; Wolf et al., 2009). Mediation of ferrihydrite 
reduction with formate as electron donor was found to be most effective for a quinone range 
with potentials (all E0’) of between -137 mV (2-hydroxynaphtoquinone) to -225 mV for AQS 
as mentioned above (Wolf et al., 2009). These potentials are closely related to those of flavins 
excreted by Shewanella, around -215 mV (Marsili et al., 2008; von Canstein et al., 2008). 
Thermodynamic issues of extracellular electron transfer are discussed elsewhere in more 
detail (O’Loughlin, 2008; Watanabe et al., 2009; Wolf et al., 2009). 

7. Geobacter and Shewanella: Well-studied iron and manganese breathers  
Dissimilatory iron (III) reducing microorganisms are phylogenetically diverse and can be 
found within the bacteria and archaeal domains. They are able to gain energy from the 
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Further understanding can be expected by the computational and procedural determination 
of quinone redox properties (Aeschbacher et al., 2010; Cape et al., 2006; Guo et al., 2012). 
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Depending on the stability of the electron shuttling compound, it may undergo multiple 
cycles of electron take up and release. Thus, concentrations of redox-active moieties in the 
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100:1 (Meckstroth et al., 1981), although in many studies it is attempted to completely 
reduce shuttles using harsh methods ahead of experimental use.  
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some of the tested substances tested in a recent study (Wolf et al., 2009), a linear correlation 
between the normalized reaction rates and the logarithm of their concentrations was 
observed (humic and fulvic acid and AQDS), while others showed no concentration 
dependence (carminic acid and alizarin). 

There has been criticism that concentrations of humic and fulvic acids commonly employed 
for experimental shuttling studies would far exceed those relevant under natural conditions, 
which are in the milligram per litre scale (Wolf et al., 2009), amounting to between 5 and 25 
mg C/L (Curtis and Reinhard, 1994; Jiang and Kappler, 2008; O’Loughlin, 2008).  

For humic and fulvic acids, enhancing effects on Fe(III) reduction attributed to electron 
shuttling were observed for concentrations of dissolved fulvic acids as low as 0.61 mg/L and 
of humic acids of 0.025 mg/L, i.e. at concentrations which do occur under natural conditions 
(Wolf et al., 2009) such as in pore waters of sediments rich in organic matter.    

6. Thermodynamic considerations for extracellular electron shuttles 

The ability to shuttle electrons between different organic and inorganic participants in the 
subsurface is largely dependent on the energies driving the extracellular electron transfer 
processes in simultaneous oxidation and reduction processes. 

6.1. Minimum requirements for ATP production  

The relation of electrochemical potentials of electron donor, shuttle and electron acceptor 
determine the amount of energy, in terms of ATP generation or free energy (ΔG0′), a 
microorganism may harvest from the electron transfer. A minimum energy yield of -20kJ/mol 
is required for ATP production (Schink, 1997). This determines the lower threshold amount of 
energy required to be transformed in the process of microbial electron transfer from donor to 
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publications are dedicated to the description of the redox-properties of a wide range of 
mediators (Bird and Kuhn, 1981; Fultz and Durst, 1982; Meckstroth et al., 1981).  

6.2. Effect of shuttle structure on its midpoint potential  

The location and type of the mediator’s functional groups influences its potential. As an 
example, quinones equipped with an increasing number electron donating groups (e.g. –
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unalkylated para-benzoquinone to 180 mV for 2,5-p-benzoquinone and to 5mV for the fully 
alkylated congener (2,3,5,6-tetramethyl-p-benzoquione). On the other hand, electron-
withdrawing sulphone groups facilitate reduction, as is reflected by an increasing potential 
along with increasing sulphonation for anthraquinone (AQ). Here, an increase of the 
compounds’ potential from -225 mV for AQ-2-sulphonate by almost 40 mV to -184 mV for 
AQ-2,6-disulphonate is connected to the addition of one sulphone group (Fultz and Durst, 
1982). The location of electron donating and accepting groups in respect to the keto-groups 
also determines the shuttles’ stability in recurring redox-processes (Watanabe et al., 2009). 

6.3. Practical relevance  

In practice, however, the translation of thermodynamic principles to complex 
biogeochemical interactions can seldom be expected to be straightforward. In this case, 
small-scale inductive effects do not manifest themselves in decisively different shuttling 
efficacies, however a good correlation of shuttle electrochemical potential to Fe(II) 
production can be observed (O’Loughlin, 2008; Wolf et al., 2009). Mediation of ferrihydrite 
reduction with formate as electron donor was found to be most effective for a quinone range 
with potentials (all E0’) of between -137 mV (2-hydroxynaphtoquinone) to -225 mV for AQS 
as mentioned above (Wolf et al., 2009). These potentials are closely related to those of flavins 
excreted by Shewanella, around -215 mV (Marsili et al., 2008; von Canstein et al., 2008). 
Thermodynamic issues of extracellular electron transfer are discussed elsewhere in more 
detail (O’Loughlin, 2008; Watanabe et al., 2009; Wolf et al., 2009). 

7. Geobacter and Shewanella: Well-studied iron and manganese breathers  
Dissimilatory iron (III) reducing microorganisms are phylogenetically diverse and can be 
found within the bacteria and archaeal domains. They are able to gain energy from the 
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reduction of Fe(III) on the cost of the oxidation of organic substances or molecular 
hydrogen. Behind their rather modest designation as iron-reducers the ability to participate 
in a great variety of biogeochemical processes is hiding. Mechanisms required for iron 
reduction also negotiate interactions with other organic and inorganic chemical species in 
the subsurface. Thus, the influence of these organisms and their metabolic products extends 
far beyond biogeochemical carbon and iron cycling, but also in dissolution of inorganic 
polluting and non polluting metals, transition metals, micro- and macronutrients and of 
organic pollutants. Phylogenetically distinct DMRB have different mechanisms to access 
insoluble electron acceptors. It appears that the ability to reduce these acceptors has evolved 
in evolution several times (Lovley et al., 2004). 

Amongst the variety of involved microorganisms in the terrestrial and aquatic environment, 
the selection of microbial study objects is somewhat biased by their cultivability as pure 
cultures under laboratory conditions (Amann et al., 1995). The large diversity of DMRB shall 
not be underestimated by the selection of few cultivable organisms, which represent less than 
one percent of total bacterial cell counts in soil and sediments (Jones, 1977; Torsvik et al., 1990).  

Beside numerous other organisms capable of dissimilatory metal and transition-metal 
reduction, including Geothrix (Coates et al., 1999) and reservoir-borne bacteria (Greene et al., 
1997; Greene et al., 2009), the most well studied DMRB belong to Geobacter and Shewanella 
species.  

7.1. Members of the Geobacter genus 

Geobacter are a genus of -proteobacteria. They are gram-negative and chemoautotrophic 
strict anaerobes and were found to dominate iron reducing populations in hydrocarbon-
polluted environments over other known Fe(III) reducers such as Shewanella, Geothrix and 
Variovorax. The latter appear to be unable to couple Fe(III) reduction to pollutant oxidation 
(Rooney-Varga et al., 1999; Snoeyenbos-West et al., 2000).  

Thus, Geobacter species appear to be the primary agents in Fe(III) and Mn(IV) reduction 
coupled to the oxidation of organic compounds in anoxic terrestrial environments.  

The first description of the Geobacter species was published by D. Lovley in 1987 (Lovley et 
al., 1987) after isolating them from a Potomac river sediment. The species G. metallireducens 
and sulfurreducens were described in 1993 (Lovley et al., 1993) and 1994 (Caccavo et al., 
1994), respectively. Geobacter sulfurreducens can not, in contrast to G. metallireducens, reduce 
Mn(IV), and can not use alcohols or aromatic compounds as electron donors.  

Geobacter can use AQDS as extracellular electron shuttle to increase electron transfer to 
poorly soluble electron acceptors, and can also precipitate Uranium (VI) (Cologgi et al., 
2011). G. metallireducens is chemotactic towards the soluble reduction products (Fe(II) and 
Mn(II)) of iron and manganese minerals (Childers et al., 2002)).  

Nano-wiring and charging  

Geobacter form pilus-like appendages, so-called bacterial nanowires (Reguera et al., 2005), 
when grown on insoluble Fe(III) and Mn(IV) oxides, to transfer electron to distant and 
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insoluble electron acceptors and electrodes. These pili are electrically conductive. This is 
independent from c-type cytochromes, which are, in contrast, responsible for terminal 
connections with the electron accepting surfaces. They are also responsible for microbial 
‘capacitation’, which allows Geobacter to extracellularly store electrical charge in times of 
scarceness of electron acceptors (Lovley et al., 2011).  

7.2. Members of the Shewanella genus 

Members of Shewanella, originally isolated from dairy products and introduced as 
Achromobacter putrefaciens by Derby & Hammer in 1931, are gram-negative and belong to the 
class of -proteobacteria (Venkateswaran et al., 1999). 

They are facultative anaerobic bacteria equipped with a high respiratory versatility, 
amongst others capable of using oxygen, nitrate, volatile fatty acids and Fe(III), Mn(IV), 
As(V) and U(VI) as electron sinks (Bencheikh-Latmani et al., 2005; Cruz-García et al., 2007; 
Lim et al., 2008; Lovley et al., 2004; Myers and Nealson, 1988; Venkateswaran et al., 1999; 
von Canstein et al., 2008), and supplemented by evidence for Cr(VI) respiration (Bencheikh-
Latmani et al., 2005). Extracellular respiration by Shewanella oneidensis has also been noted to 
comprise graphene oxide (Jiao et al., 2011).  

Flavins, electron shuttles and nano-wires  

The versatility in using electroactive surfaces to donate electrons is reflected in the use of 
anodes (Logan, 2009), and also the ability to produce electrically conductive nanowires, 
similar to Geobacter, themselves (Gorby et al., 2006). 

Shewanella are known to excrete quinones (Newman and Kolter, 2000) that carry electrons 
from the cell surface to the electron acceptor that is located at a distance from the cell. 
Excreted flavins chelate Fe(III), rendering it more accessible to the cells (von Canstein et al., 
2008), thus promoting Fe(III) reduction at a distance.  

8. Anaerobic hydrocarbon oxidation coupled to Fe(III) and Mn(IV) 
reduction 

8.1. Naturally mediated extracellular electron transfer 

A variety of easily degradable electron donors can be used for the anaerobic reduction of 
Fe(III) and Mn(IV), including short chain organic acids, alcohols or sugars (Lovley et al., 
1996a). Iron- and manganese reducers are also known to dwell in petroleum reservoirs 
(Greene et al., 1997; Greene et al., 2009). This suggests that the metabolic pathways for the 
reduction of poorly soluble electron acceptors are resistant to exposure to potential 
inhibitors of microbial activity; this is of potential concern since low molecular weight 
hydrocarbons are known to act as disruptors of biological membranes.  

In fact, poorly soluble electron acceptors can also be used for the anaerobic oxidation of less 
readily degradable organic compounds, including petroleum hydrocarbons. Several studies 
documented the occurrence of microbial hydrocarbon degradation coupled to the reduction 
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reduction of Fe(III) on the cost of the oxidation of organic substances or molecular 
hydrogen. Behind their rather modest designation as iron-reducers the ability to participate 
in a great variety of biogeochemical processes is hiding. Mechanisms required for iron 
reduction also negotiate interactions with other organic and inorganic chemical species in 
the subsurface. Thus, the influence of these organisms and their metabolic products extends 
far beyond biogeochemical carbon and iron cycling, but also in dissolution of inorganic 
polluting and non polluting metals, transition metals, micro- and macronutrients and of 
organic pollutants. Phylogenetically distinct DMRB have different mechanisms to access 
insoluble electron acceptors. It appears that the ability to reduce these acceptors has evolved 
in evolution several times (Lovley et al., 2004). 

Amongst the variety of involved microorganisms in the terrestrial and aquatic environment, 
the selection of microbial study objects is somewhat biased by their cultivability as pure 
cultures under laboratory conditions (Amann et al., 1995). The large diversity of DMRB shall 
not be underestimated by the selection of few cultivable organisms, which represent less than 
one percent of total bacterial cell counts in soil and sediments (Jones, 1977; Torsvik et al., 1990).  

Beside numerous other organisms capable of dissimilatory metal and transition-metal 
reduction, including Geothrix (Coates et al., 1999) and reservoir-borne bacteria (Greene et al., 
1997; Greene et al., 2009), the most well studied DMRB belong to Geobacter and Shewanella 
species.  

7.1. Members of the Geobacter genus 

Geobacter are a genus of -proteobacteria. They are gram-negative and chemoautotrophic 
strict anaerobes and were found to dominate iron reducing populations in hydrocarbon-
polluted environments over other known Fe(III) reducers such as Shewanella, Geothrix and 
Variovorax. The latter appear to be unable to couple Fe(III) reduction to pollutant oxidation 
(Rooney-Varga et al., 1999; Snoeyenbos-West et al., 2000).  

Thus, Geobacter species appear to be the primary agents in Fe(III) and Mn(IV) reduction 
coupled to the oxidation of organic compounds in anoxic terrestrial environments.  

The first description of the Geobacter species was published by D. Lovley in 1987 (Lovley et 
al., 1987) after isolating them from a Potomac river sediment. The species G. metallireducens 
and sulfurreducens were described in 1993 (Lovley et al., 1993) and 1994 (Caccavo et al., 
1994), respectively. Geobacter sulfurreducens can not, in contrast to G. metallireducens, reduce 
Mn(IV), and can not use alcohols or aromatic compounds as electron donors.  

Geobacter can use AQDS as extracellular electron shuttle to increase electron transfer to 
poorly soluble electron acceptors, and can also precipitate Uranium (VI) (Cologgi et al., 
2011). G. metallireducens is chemotactic towards the soluble reduction products (Fe(II) and 
Mn(II)) of iron and manganese minerals (Childers et al., 2002)).  

Nano-wiring and charging  

Geobacter form pilus-like appendages, so-called bacterial nanowires (Reguera et al., 2005), 
when grown on insoluble Fe(III) and Mn(IV) oxides, to transfer electron to distant and 
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insoluble electron acceptors and electrodes. These pili are electrically conductive. This is 
independent from c-type cytochromes, which are, in contrast, responsible for terminal 
connections with the electron accepting surfaces. They are also responsible for microbial 
‘capacitation’, which allows Geobacter to extracellularly store electrical charge in times of 
scarceness of electron acceptors (Lovley et al., 2011).  

7.2. Members of the Shewanella genus 

Members of Shewanella, originally isolated from dairy products and introduced as 
Achromobacter putrefaciens by Derby & Hammer in 1931, are gram-negative and belong to the 
class of -proteobacteria (Venkateswaran et al., 1999). 

They are facultative anaerobic bacteria equipped with a high respiratory versatility, 
amongst others capable of using oxygen, nitrate, volatile fatty acids and Fe(III), Mn(IV), 
As(V) and U(VI) as electron sinks (Bencheikh-Latmani et al., 2005; Cruz-García et al., 2007; 
Lim et al., 2008; Lovley et al., 2004; Myers and Nealson, 1988; Venkateswaran et al., 1999; 
von Canstein et al., 2008), and supplemented by evidence for Cr(VI) respiration (Bencheikh-
Latmani et al., 2005). Extracellular respiration by Shewanella oneidensis has also been noted to 
comprise graphene oxide (Jiao et al., 2011).  

Flavins, electron shuttles and nano-wires  

The versatility in using electroactive surfaces to donate electrons is reflected in the use of 
anodes (Logan, 2009), and also the ability to produce electrically conductive nanowires, 
similar to Geobacter, themselves (Gorby et al., 2006). 

Shewanella are known to excrete quinones (Newman and Kolter, 2000) that carry electrons 
from the cell surface to the electron acceptor that is located at a distance from the cell. 
Excreted flavins chelate Fe(III), rendering it more accessible to the cells (von Canstein et al., 
2008), thus promoting Fe(III) reduction at a distance.  

8. Anaerobic hydrocarbon oxidation coupled to Fe(III) and Mn(IV) 
reduction 

8.1. Naturally mediated extracellular electron transfer 

A variety of easily degradable electron donors can be used for the anaerobic reduction of 
Fe(III) and Mn(IV), including short chain organic acids, alcohols or sugars (Lovley et al., 
1996a). Iron- and manganese reducers are also known to dwell in petroleum reservoirs 
(Greene et al., 1997; Greene et al., 2009). This suggests that the metabolic pathways for the 
reduction of poorly soluble electron acceptors are resistant to exposure to potential 
inhibitors of microbial activity; this is of potential concern since low molecular weight 
hydrocarbons are known to act as disruptors of biological membranes.  

In fact, poorly soluble electron acceptors can also be used for the anaerobic oxidation of less 
readily degradable organic compounds, including petroleum hydrocarbons. Several studies 
documented the occurrence of microbial hydrocarbon degradation coupled to the reduction 
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of Fe(III) and Mn(IV) as sole electron acceptors with aquifer and sedimentary materials. 
Biodegradation of petroleum hydrocarbons under iron- and manganese reducing conditions 
has been noted primarily for low molecular weight aromatic compounds. This includes 
benzene (Kunapuli et al., 2008), toluene (Coates et al., 1999; Edwards and Grbic-Galic, 1994; 
Langenhoff et al., 1997; Lee et al., 2012), ethylbenzene (Siegert et al., 2011) and o-xylene 
(Edwards and Grbic-Galic, 1994) as well as phenol (Lovley et al., 1989), naphthalene and 
also liquid alkanes (Siegert et al., 2011).  

It can be assumed that natural mechanisms, including chemotaxis, expression of electrically 
conductive pilus-like assemblages, extracellular chelators and molecular electron shuttles 
contribute to the occurrence of these processes.  

8.2. Role of anthropogenic extracellular electron shuttles  

The enhancement of naturally occurring iron and manganese reduction coupled to 
hydrocarbon oxidation is a promising strategy for petroleum hydrocarbon bioremediation 
(Lovley, 2011). There is, to our knowledge, only a limited amount of studies where such a 
strategy was followed. Humic substances and quinones were successfully applied to 
stimulate the degradation of a variety of aromatic compounds by Cervantes and co-authors, 
including the increase of toluene oxidation coupled to manganese respiration (Cervantes et 
al., 2001). Degradation of the fuel additive methyl tert-butyl ether (MTBE) under iron-
reducing conditions was stimulated using humic substances (Finneran and Lovley, 2001) as 
well as quinones for anaerobic toluene oxidation (Evans, 2000). Iron chelation with humic 
substances increased anaerobic benzene oxidation (Lovley et al., 1996b), however a 
contribution by electron shutting was not discerned.  

In the light of the large variety of potential applications of these processes for petroleum 
hydrocarbon bioremediation, more research tackling upon a broader variety of priority 
pollutants will be performed.  

9. Outlook: Potential exploitation of enhanced extracellular electron 
transfer for in situ petroleum hydrocarbon bioremediation  

The application of electron shuttles as amendments in a variety of biotechnological 
processes has gained increased attention in the past 20 years. Extracellular electron shuttles 
have, for example, been shown to enhance the reductive degradation of a large variety of 
organic contaminants, including azo- and nitro- compounds such as dyes and explosives, of 
chlorinated hydrocarbons, and to induce the precipitation of metals such as uranium and 
chromium (reviewed by Field et al., 2000; Hernandez and Newman, 2001; Van der Zee and 
Cervantes, 2009; Watanabe et al., 2009). Recent developments include the application of 
novel electron shuttles and the continued investigation to predicting the redox-properties 
the most complex natural redox mediators, humic substances (Aeschbacher et al., 2010; 
Kumagai et al., 2012). The exploitation of extracellular electron transfer in anaerobic 
petroleum hydrocarbon bioremediation is, in contrast, explored to a lesser extent.   
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The limited availability of electron acceptors constraining oxidative hydrocarbon 
biodegradation in situ can be circumvented by a variety of measures, including biosparging, 
the introduction of oxygen releasing compounds or the use of naturally occurring, well 
soluble alternative electron acceptors such as nitrate or sulphate.  

Moreover, the abundance of solid-phase, however microbially accessible electron acceptors 
in the subsurface offers the potential for a significant decrease in the amount of reagents to 
be introduced into an aquifer, provided solid-phase electron acceptors can be efficiently 
involved in oxidative contaminant biodegradation.  

The enhancement of microbially mediated mechanisms to enhance the accessibility of Fe(III) 
and Mn(IV) can be applied in a variety of engineered approaches for the biodegradation of 
aquifers contaminated with fuel hydrocarbons, tar oils and other contaminants susceptible 
to oxidative biodegradation. 

The list of possible approaches includes the following:  

i. Injection of electron shuttles carefully designed by type and concentration, into 
contaminated aquifers, to increase the available pool of native or resident electron 
acceptors such as Fe(III) and Mn(IV) for microbial hydrocarbon oxidation. 

ii. Addition of electron shuttles to increase the electron accepting function of pre-existing 
engineered subsurface structures, such as permeable reactive barriers, gates and 
reactive zones. 

iii. Use of natural or engineered materials slowly releasing electron shuttles by leaching, 
such as humic substances. 

iv. Engineered approaches to increase the density and activity of microbial communities 
with the intrinsic capability to reduce poorly soluble native sources of electron 
acceptors, including but not limited to Geobacter species. 

These considerations shall mediate research and development of an ever broader variety of 
potential opportunities to enhance naturally occurring oxidative contaminant degradation 
under suboxic conditions. The range of available tools for dealing with hydrocarbon 
contaminated environments may be extended by an additional instrument, the utilization of 
extracellular electron transport mechanisms designed by nature.  

Abbreviations 

ATP   adenosine-5’-triphosphate 
AQDS   anthraquinone disulfonate 
Cr   chrome 
DMRB   dissimilatory metal reducing bacteria 
ES   electron shuttle 
FA   fulvic acids 
Fe    iron 
FMN   flavin mononucleotide 



 
Hydrocarbon 182 

of Fe(III) and Mn(IV) as sole electron acceptors with aquifer and sedimentary materials. 
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has been noted primarily for low molecular weight aromatic compounds. This includes 
benzene (Kunapuli et al., 2008), toluene (Coates et al., 1999; Edwards and Grbic-Galic, 1994; 
Langenhoff et al., 1997; Lee et al., 2012), ethylbenzene (Siegert et al., 2011) and o-xylene 
(Edwards and Grbic-Galic, 1994) as well as phenol (Lovley et al., 1989), naphthalene and 
also liquid alkanes (Siegert et al., 2011).  

It can be assumed that natural mechanisms, including chemotaxis, expression of electrically 
conductive pilus-like assemblages, extracellular chelators and molecular electron shuttles 
contribute to the occurrence of these processes.  

8.2. Role of anthropogenic extracellular electron shuttles  

The enhancement of naturally occurring iron and manganese reduction coupled to 
hydrocarbon oxidation is a promising strategy for petroleum hydrocarbon bioremediation 
(Lovley, 2011). There is, to our knowledge, only a limited amount of studies where such a 
strategy was followed. Humic substances and quinones were successfully applied to 
stimulate the degradation of a variety of aromatic compounds by Cervantes and co-authors, 
including the increase of toluene oxidation coupled to manganese respiration (Cervantes et 
al., 2001). Degradation of the fuel additive methyl tert-butyl ether (MTBE) under iron-
reducing conditions was stimulated using humic substances (Finneran and Lovley, 2001) as 
well as quinones for anaerobic toluene oxidation (Evans, 2000). Iron chelation with humic 
substances increased anaerobic benzene oxidation (Lovley et al., 1996b), however a 
contribution by electron shutting was not discerned.  

In the light of the large variety of potential applications of these processes for petroleum 
hydrocarbon bioremediation, more research tackling upon a broader variety of priority 
pollutants will be performed.  

9. Outlook: Potential exploitation of enhanced extracellular electron 
transfer for in situ petroleum hydrocarbon bioremediation  

The application of electron shuttles as amendments in a variety of biotechnological 
processes has gained increased attention in the past 20 years. Extracellular electron shuttles 
have, for example, been shown to enhance the reductive degradation of a large variety of 
organic contaminants, including azo- and nitro- compounds such as dyes and explosives, of 
chlorinated hydrocarbons, and to induce the precipitation of metals such as uranium and 
chromium (reviewed by Field et al., 2000; Hernandez and Newman, 2001; Van der Zee and 
Cervantes, 2009; Watanabe et al., 2009). Recent developments include the application of 
novel electron shuttles and the continued investigation to predicting the redox-properties 
the most complex natural redox mediators, humic substances (Aeschbacher et al., 2010; 
Kumagai et al., 2012). The exploitation of extracellular electron transfer in anaerobic 
petroleum hydrocarbon bioremediation is, in contrast, explored to a lesser extent.   
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The limited availability of electron acceptors constraining oxidative hydrocarbon 
biodegradation in situ can be circumvented by a variety of measures, including biosparging, 
the introduction of oxygen releasing compounds or the use of naturally occurring, well 
soluble alternative electron acceptors such as nitrate or sulphate.  

Moreover, the abundance of solid-phase, however microbially accessible electron acceptors 
in the subsurface offers the potential for a significant decrease in the amount of reagents to 
be introduced into an aquifer, provided solid-phase electron acceptors can be efficiently 
involved in oxidative contaminant biodegradation.  

The enhancement of microbially mediated mechanisms to enhance the accessibility of Fe(III) 
and Mn(IV) can be applied in a variety of engineered approaches for the biodegradation of 
aquifers contaminated with fuel hydrocarbons, tar oils and other contaminants susceptible 
to oxidative biodegradation. 

The list of possible approaches includes the following:  
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contaminated aquifers, to increase the available pool of native or resident electron 
acceptors such as Fe(III) and Mn(IV) for microbial hydrocarbon oxidation. 
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iii. Use of natural or engineered materials slowly releasing electron shuttles by leaching, 
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iv. Engineered approaches to increase the density and activity of microbial communities 
with the intrinsic capability to reduce poorly soluble native sources of electron 
acceptors, including but not limited to Geobacter species. 

These considerations shall mediate research and development of an ever broader variety of 
potential opportunities to enhance naturally occurring oxidative contaminant degradation 
under suboxic conditions. The range of available tools for dealing with hydrocarbon 
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1. Introduction 

Bacteria are ubiquitous in distribution and their exceptionally high adaptability to grow 
on different nutrient sources form the basis of microbial prospecting. Several investigators 
have used bacteria that degrade hydrocarbons, used as indicators for finding oil and gas 
reservoirs. Microbial prospecting method for hydrocarbons is a surface exploration 
method based on the premise that the light gaseous hydrocarbons namely methane (C1), 
ethane (C2), propane (C3) and butane (C4) migrate upward from subsurface petroleum 
accumulations by diffusion and effusion (Horvitz, 1939) and are utilized by a variety of 
microorganisms present in the sub-soil ecosystem. The methane, ethane, propane, and 
butane-oxidizing bacteria exclusively use these gases as a carbon source for their 
metabolic activities and growth. These bacteria are mostly found enriched in the shallow 
soils/sediments above hydrocarbon bearing structures and can differentiate between 
hydrocarbon prospective and non-prospective areas (Tucker and Hitzman, 1994). The 
detection of various groups of methane, ethane, propane or butane oxidizing bacteria, in 
the surface soils or sediments, helps to evaluate the prospects for hydrocarbon 
exploration. Microbial prospecting is a surface prospecting technique,, well known in the 
realm of hydrocarbon  exploration researchers. Microbial anomalies have been proved to 
be reliable indicators of oil and gas in the sub-surface (Pareja, 1994). The direct and 
positive relationship between the microbial population and the hydrocarbon 
concentration in the soils have been observed in various producing reservoirs worldwide 
(Miller, 1976; Sealy 1974a, 1974b; Wagner et al., 2002). These light hydrocarbon are 
utilized by a phylogenetically diverse group of bacteria belonging to genera of 
Brevibacterium, Corynebacterium, Flavobacterium, Mycobacterium, Nocardia, Pseudomonas, 
Rhodococcus etc., (Perry and Williams, 1968; Vestal and Perry, 1971). The microbial 
prospecting method involves the collection of sub-soil samples from the study/survey 
area, packing of samples, preservation and storage of samples in pre-sterilized sample 
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bags under aseptic and cold conditions till analysis and followed by isolation and 
enumeration of hydrocarbon utilizing bacteria. The contour maps for population density 
of hydrocarbon oxidizing bacteria are drawn and the data is integrated with other geo-
scientific and geophysical data to find the hydrocarbon prospectivity of the area. 

The microbial survey was first proposed and applied in the U.S.S.R. Early use of 
bacterial soil flora as a means of detecting gas seepages was a development stemming 
from soil gas surveys performed in the U.S.S.R (Mogilevskii 1959). The initial microbial 
investigations of Mogilevskii and his associates in the field of petroleum prospecting 
incited the interest of petroleum geochemists worldwide. The microbial surveys were 
first proposed and applied in the U.S.S.R, (Mogilevski, 1940).  It has been shown that out 
of 20 microbial anomalies, 16 were proved by successful drilling. These investigations 
initiated the interest of petroleum geochemists worldwide. Sealy (1974a) in USA, carried 
out microbial prospecting surveys and showed a positive correlation of 85.7%. Miller 
(1976) reported microbial survey carried out in the oil fields of the U.S.A, in which the 
microbial activity profile indicated a good contrast between oil fields and nearby dry 
area. Beghtel (1987) predicted hydrocarbon potential of 18 wildcat wells in the Kansas; 
out of which, 13 have proved to be commercial producers of oil and gas.  As a result, 
microbial methods for detecting petroleum gas in the soil and waters have been tested in 
Europe, U.S.A and elsewhere. A sustained effort for the purpose of efficiently utilizing 
microbiological prospecting methods had been underway since 1938 including 
independent surveys, surveys coordinated with geochemical and geophysical operation, 
microbiological tests of both soils and sub surface waters and analysis for methane 
oxidizing as well as higher hydrocarbon oxidizing bacteria. However, oil and gas fields 
also build up micro-seepages at the sub-surface soils, and these micro-seepages are 
detectable using a variety of analytical techniques that have been developed in the past 
70 years. Geochemists developed the basis for these new surface prospecting methods. 
The pioneers were Laubmeyer (1933) in Germany, Rosaire (1939) and Horvitz (1939) in 
the United States. Using methods such as extraction of adsorbed hydrocarbon gases from 
surface samples, they documented a correlation between higher hydrocarbon 
concentrations and oil and gas fields. At almost at the same time, the microbiologists 
Mogilewskii (1938, 1940) in the U.S.S.R. and Taggart (1941) and Blau (1942) in the United 
States described the use of hydrocarbon-oxidizing bacteria (HCO), when measured in 
surface soil samples, as an indicator for oil and gas fields in the deeper subsurface. In the 
1950s and early 1960s, many relevant publications came from the United States 
(Updegraff et al., 1954; Davis, 1956). The U.S.S.R. (Bokova et al., 1947; Davis, 1967 and 
Sealy, 1974 a, b) have published reviews of this early work. Several microbiological 
methods for detecting the distribution and activity of HCO were developed, such as 
enumeration of cell content in soil samples, measuring gas-consumption rates and 
radioautography. The field trials conducted by Sealy (1974) in U.S.A., using 
microbiological techniques, showed that out of 89 locations tested in west Texas, 
wildcats predicated as productive and non-productive correlation of 54% and 92% 
respectively.  Sealy (1974) reported positive prognosis for producers, 8 out of 11 and for 
dry holes 28 out of 31, having an overall correct prognosis of 85.7%. Miller (1976) 
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reported microbial survey of a number of oil fields in the U.S.A. some of which were 
primarily stratigraphic and showed that microbial activity profiles indicated a good 
contrast between oil fields and nearby dry areas.  Beghtel et al., (1987) described a new 
Microbial Oil Survey Technique, named MOST, which uses the higher butanol resistance 
of butane-oxidizing bacteria to detect hydrocarbon micro-seepages. Microbial anomalies 
have been proved to be reliable indicators of oil and gas in the subsurface (Pareja et al., 
1994). Hydrocarbon micro-seepage detection adds value to 2-D and 3-D seismic by 
identifying those features that are charged with hydrocarbons (Schumacher, 1997). There 
is a direct positive relationship between the increased hydrocarbon concentrations and 
increased hydrocarbon indicating microbial populations.  This relationship is easily 
measurable and distinctly reproducible. Microbial anomalies can also used for 
development of field and reservoir characterization studies (Hitzman et al 1999, Hitzman 
1994, Schumacher et al 1997). 

Microbial Prospecting survey has been widely used in Germany since 1961 and a total of 17 
oil and gas fields were identified. The success rate of Microbial Prospecting for Oil and Gas 
(MPOG) method has been reported to be 90%. This method can be integrated with 
geological, geochemical and geophysical methods to evaluate the hydrocarbon prospect of 
an area and to prioritize the drilling locations; thereby, reducing drilling risks and achieving 
higher success in petroleum exploration (Wagner et al., 2002). 

1.1. Oxidation reduction zones 

Bacteria and other microbes play a profound role in the oxidation of migrating 
hydrocarbons. Their activities are directly or indirectly responsible for many of the diverse 
surface manifestations of petroleum seepage. These activities, coupled with long-term 
migration of hydrocarbons, lead to the development of near-surface oxidation-reduction 
zones that favor the formation of this variety of hydrocarbon-induced chemical and 
mineralogical changes. This seep-induced alteration is highly complex and its varied surface 
expressions have led to the development of an equally varied number of geochemical 
exploration techniques. Some detect hydrocarbons directly in surface and seafloor samples, 
others detect seep-related microbial activity, and still others measure the secondary effects 
of hydrocarbon-induced alteration.  

The activities of hydrocarbon oxidizing bacteria cause the development of near-surface 
oxidation –reduction zones and the alteration of soils and sediments above the reservoirs. 
These changes form the basis for other surface exploration techniques, such as soil 
carbonate, magnetic, electrical, radioactivity and satellite-based methods (Richers et al., 
1982; Schumacher, 1996).  

2. Indicators of microbial prospecting 

Methane, ethane, propane and butane oxidizing bacteria have been used by various 
researchers as indicator microbes for prospecting of oil and gas.  
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reported microbial survey of a number of oil fields in the U.S.A. some of which were 
primarily stratigraphic and showed that microbial activity profiles indicated a good 
contrast between oil fields and nearby dry areas.  Beghtel et al., (1987) described a new 
Microbial Oil Survey Technique, named MOST, which uses the higher butanol resistance 
of butane-oxidizing bacteria to detect hydrocarbon micro-seepages. Microbial anomalies 
have been proved to be reliable indicators of oil and gas in the subsurface (Pareja et al., 
1994). Hydrocarbon micro-seepage detection adds value to 2-D and 3-D seismic by 
identifying those features that are charged with hydrocarbons (Schumacher, 1997). There 
is a direct positive relationship between the increased hydrocarbon concentrations and 
increased hydrocarbon indicating microbial populations.  This relationship is easily 
measurable and distinctly reproducible. Microbial anomalies can also used for 
development of field and reservoir characterization studies (Hitzman et al 1999, Hitzman 
1994, Schumacher et al 1997). 

Microbial Prospecting survey has been widely used in Germany since 1961 and a total of 17 
oil and gas fields were identified. The success rate of Microbial Prospecting for Oil and Gas 
(MPOG) method has been reported to be 90%. This method can be integrated with 
geological, geochemical and geophysical methods to evaluate the hydrocarbon prospect of 
an area and to prioritize the drilling locations; thereby, reducing drilling risks and achieving 
higher success in petroleum exploration (Wagner et al., 2002). 

1.1. Oxidation reduction zones 

Bacteria and other microbes play a profound role in the oxidation of migrating 
hydrocarbons. Their activities are directly or indirectly responsible for many of the diverse 
surface manifestations of petroleum seepage. These activities, coupled with long-term 
migration of hydrocarbons, lead to the development of near-surface oxidation-reduction 
zones that favor the formation of this variety of hydrocarbon-induced chemical and 
mineralogical changes. This seep-induced alteration is highly complex and its varied surface 
expressions have led to the development of an equally varied number of geochemical 
exploration techniques. Some detect hydrocarbons directly in surface and seafloor samples, 
others detect seep-related microbial activity, and still others measure the secondary effects 
of hydrocarbon-induced alteration.  

The activities of hydrocarbon oxidizing bacteria cause the development of near-surface 
oxidation –reduction zones and the alteration of soils and sediments above the reservoirs. 
These changes form the basis for other surface exploration techniques, such as soil 
carbonate, magnetic, electrical, radioactivity and satellite-based methods (Richers et al., 
1982; Schumacher, 1996).  

2. Indicators of microbial prospecting 

Methane, ethane, propane and butane oxidizing bacteria have been used by various 
researchers as indicator microbes for prospecting of oil and gas.  
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3. Methane oxidizing bacteria 

Methane oxidizing bacteria were the first type of bacteria studied to identify the location 
of petroleum accumulations.  The presence of methane oxidizing bacteria in the soil, in the 
absence of cellulose oxidizing bacteria, has been interpreted as indicating the presence of 
methane exhalation from the subsurface (Tedesco, 1995). Mogilewskii (1938) described the 
possibility of using methane-oxidizing bacteria for gas exploration. Methane oxidizing 
bacteria were found in the petroleum prospecting operations of the Soviet Union (Kartsev 
et al., 1959). Methane oxidizing bacteria have been isolated from soil as a means of 
prospecting from natural gas and/or oil deposits (Brisbane and Ladd, 1965). The methane 
oxidizing bacteria are usually predominant over gas fields as the gas reservoirs are 
commonly dominated by methane. Microbial Prospection for Oil and Gas (MPOG) 
method establish the separate activities of methane-oxidizing bacteria as gas indicators 
and those bacteria that oxidize only ethane and higher hydrocarbons as oil indicators, it is 
possible to differentiate between oil fields with and without free gas cap, and gas fields 
(Wagner et al., 2002). Methane oxidizing bacteria have been deployed as one of the 
indicator microbes (Jain et al., 1991). Thermogenic processes produce methane and 
substantial amounts of other saturated hydrocarbons by irreversible reaction of residual 
organic matter or kerogen (Klusman, 1993).  Whittenbury et al., (1970) reported the 
isolation of more than 100 strains of methane-oxidizing bacteria. Hanson and Wattenberg 
(1991) and Hanson and Hanson (1996) gave overviews of the ecology of methylotrophic 
bacteria and their role in the methane cycle. The methane oxidizing bacteria 
(Methylotrophs) are Methylococcus, Methylomonas, Methylobacter, Methylocyctis, 
Methylosinus, Methylobacterium etc., (Hanson and Hanson 1996). However, methane 
oxidizing bacteria are known to be poor indicators in petroleum prospecting because 
methane can occur in the absence of petroleum deposits and moreover, some methane 
oxidizing bacteria are unable to oxidize other aliphatic hydrocarbons. Detection of ethane 
and longer chain hydrocarbon oxidizing bacteria on the other hand provides presumptive 
evidence for a hydrocarbon seep and an underlying petroleum reservoir (Davis, 1967). 
The principal advantage of using methane-oxidizing bacteria for petroleum prospecting is 
the preponderance of methane in petroleum gas and it is the most mobile of petroleum 
hydrocarbons and this cannot be ignored. 

3.1. Microbial oxidation of methane  

Microbial methane oxidation starts with an activation of methane by methane-oxygenase 
(MMO), this enzyme is a mono-oxygenase because only one atom of the dioxygen molecule 
is inserted into the methane molecule to produce methanol; and leads, in the presence of 
oxygen, to methanol and then to formaldehyde. Formaldehyde can be directly assimilated to 
produce biomass or oxidized to CO2 for the generation of energy (Leadbetter and Forster 
1958). Because of the high specialization of these bacteria, methane oxidizers can be isolated 
from all other bacteria. The successful detection of these specialists indicates methane 
occurrence in soil samples (Wagner et al., 2002). 
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4. Ethane, propane and butane oxidizing bacteria 

The Soviets were first to use microbial prospecting method. They established that certain 
bacteria specifically consume ethane, propane, or butane, but not methane.  These 
hydrocarbons are assumed to be from petroleum migrating from depth and are not 
associated with generation in the soil (Tedesco 1995).  The isolation and enumeration of 
specific C2+ alkane-oxidizing bacteria have been used as indirect petroleum prospecting 
method (Davis, 1967, Wagner et al., 2002). The detection of bacteria that oxidize n-alkanes 
having chain lengths of 2 to 8 carbon atoms, without any adaptation period, indicates the 
existence of short-chain hydrocarbons in the investigated soil samples, and thus can indicate 
the presence of oil accumulations in the subsurface. In those areas in which both short-chain 
hydrocarbons and methane are detected in this manner, one can assume a thermogenic gas 
with significant quantities of short-chain hydrocarbons, depending on the intensity of the 
signals (Wagner et al., 2002). The short-chain hydrocarbons ethane, propane, and butane can 
be used by a large number of bacteria (Mycobacteria, Flavobacteria, Nocardia, and 
Pseudomonas). The microbial anomalies have proven to be reliable indicators of oil and gas in 
the subsurface (Beghtel et al, 1987; Lopez et al., 1993; Tucker and Hitzman, 1994). The 
microbial prospecting method has been used to prioritize the drilling locations and to 
evaluate the hydrocarbon prospects of an area (Pareja, 1994), thus reducing risks and 
achieving higher success ratio in petroleum exploration. 

4.1. Microbial oxidation of ethane, propane and n-butane  

The microbial oxidation of ethane, propane and n-butane proceeds stepwise to alcohols, 
then to aldehydes and finally to acetate, which can be assimilated into cell material 
(Figure 2). The number of species of bacteria capable of using such hydrocarbons in this 
process increases with the expansion of the chain length of the alkanes. The degradation 
of the alkanes occurs by terminal oxidation by means of mono-oxygenase and by β-
oxidation to acetyl-CoA, which is the initial substance in several biochemical reactions 
(Atlas, 1984).  

5. Halo and apical anomalies 

Distinct and definite petroleum gas seepage could be readily identified by geochemical 
means such as gas chromatographic analysis. There is a possibility that chemically 
detectable petroleum gases will be absent in the soil receiving micro seepages, due to 
microbial oxidation. Idealized model of bacterial effect on adsorbed soil gaseous 
hydrocarbons showed negative signal (Halo anomaly) for adsorbed soil gas and positive 
signal (Apical anomaly) for microbial activity. (Richers, 1985; Tedesco, 1995; Schumacher, 
1996).  The ‘halo’ theory may be reconciled on the basis of microbiology. It is observed 
that bacteria present over the petroleum accumulation would consume the petroleum 
gases adsorbed to the soil surface in this higher concentration zone thus, markedly 
decreasing the concentration of gas directly over soil receiving micro seepages, but the 
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methane exhalation from the subsurface (Tedesco, 1995). Mogilewskii (1938) described the 
possibility of using methane-oxidizing bacteria for gas exploration. Methane oxidizing 
bacteria were found in the petroleum prospecting operations of the Soviet Union (Kartsev 
et al., 1959). Methane oxidizing bacteria have been isolated from soil as a means of 
prospecting from natural gas and/or oil deposits (Brisbane and Ladd, 1965). The methane 
oxidizing bacteria are usually predominant over gas fields as the gas reservoirs are 
commonly dominated by methane. Microbial Prospection for Oil and Gas (MPOG) 
method establish the separate activities of methane-oxidizing bacteria as gas indicators 
and those bacteria that oxidize only ethane and higher hydrocarbons as oil indicators, it is 
possible to differentiate between oil fields with and without free gas cap, and gas fields 
(Wagner et al., 2002). Methane oxidizing bacteria have been deployed as one of the 
indicator microbes (Jain et al., 1991). Thermogenic processes produce methane and 
substantial amounts of other saturated hydrocarbons by irreversible reaction of residual 
organic matter or kerogen (Klusman, 1993).  Whittenbury et al., (1970) reported the 
isolation of more than 100 strains of methane-oxidizing bacteria. Hanson and Wattenberg 
(1991) and Hanson and Hanson (1996) gave overviews of the ecology of methylotrophic 
bacteria and their role in the methane cycle. The methane oxidizing bacteria 
(Methylotrophs) are Methylococcus, Methylomonas, Methylobacter, Methylocyctis, 
Methylosinus, Methylobacterium etc., (Hanson and Hanson 1996). However, methane 
oxidizing bacteria are known to be poor indicators in petroleum prospecting because 
methane can occur in the absence of petroleum deposits and moreover, some methane 
oxidizing bacteria are unable to oxidize other aliphatic hydrocarbons. Detection of ethane 
and longer chain hydrocarbon oxidizing bacteria on the other hand provides presumptive 
evidence for a hydrocarbon seep and an underlying petroleum reservoir (Davis, 1967). 
The principal advantage of using methane-oxidizing bacteria for petroleum prospecting is 
the preponderance of methane in petroleum gas and it is the most mobile of petroleum 
hydrocarbons and this cannot be ignored. 

3.1. Microbial oxidation of methane  

Microbial methane oxidation starts with an activation of methane by methane-oxygenase 
(MMO), this enzyme is a mono-oxygenase because only one atom of the dioxygen molecule 
is inserted into the methane molecule to produce methanol; and leads, in the presence of 
oxygen, to methanol and then to formaldehyde. Formaldehyde can be directly assimilated to 
produce biomass or oxidized to CO2 for the generation of energy (Leadbetter and Forster 
1958). Because of the high specialization of these bacteria, methane oxidizers can be isolated 
from all other bacteria. The successful detection of these specialists indicates methane 
occurrence in soil samples (Wagner et al., 2002). 
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4. Ethane, propane and butane oxidizing bacteria 

The Soviets were first to use microbial prospecting method. They established that certain 
bacteria specifically consume ethane, propane, or butane, but not methane.  These 
hydrocarbons are assumed to be from petroleum migrating from depth and are not 
associated with generation in the soil (Tedesco 1995).  The isolation and enumeration of 
specific C2+ alkane-oxidizing bacteria have been used as indirect petroleum prospecting 
method (Davis, 1967, Wagner et al., 2002). The detection of bacteria that oxidize n-alkanes 
having chain lengths of 2 to 8 carbon atoms, without any adaptation period, indicates the 
existence of short-chain hydrocarbons in the investigated soil samples, and thus can indicate 
the presence of oil accumulations in the subsurface. In those areas in which both short-chain 
hydrocarbons and methane are detected in this manner, one can assume a thermogenic gas 
with significant quantities of short-chain hydrocarbons, depending on the intensity of the 
signals (Wagner et al., 2002). The short-chain hydrocarbons ethane, propane, and butane can 
be used by a large number of bacteria (Mycobacteria, Flavobacteria, Nocardia, and 
Pseudomonas). The microbial anomalies have proven to be reliable indicators of oil and gas in 
the subsurface (Beghtel et al, 1987; Lopez et al., 1993; Tucker and Hitzman, 1994). The 
microbial prospecting method has been used to prioritize the drilling locations and to 
evaluate the hydrocarbon prospects of an area (Pareja, 1994), thus reducing risks and 
achieving higher success ratio in petroleum exploration. 

4.1. Microbial oxidation of ethane, propane and n-butane  

The microbial oxidation of ethane, propane and n-butane proceeds stepwise to alcohols, 
then to aldehydes and finally to acetate, which can be assimilated into cell material 
(Figure 2). The number of species of bacteria capable of using such hydrocarbons in this 
process increases with the expansion of the chain length of the alkanes. The degradation 
of the alkanes occurs by terminal oxidation by means of mono-oxygenase and by β-
oxidation to acetyl-CoA, which is the initial substance in several biochemical reactions 
(Atlas, 1984).  

5. Halo and apical anomalies 

Distinct and definite petroleum gas seepage could be readily identified by geochemical 
means such as gas chromatographic analysis. There is a possibility that chemically 
detectable petroleum gases will be absent in the soil receiving micro seepages, due to 
microbial oxidation. Idealized model of bacterial effect on adsorbed soil gaseous 
hydrocarbons showed negative signal (Halo anomaly) for adsorbed soil gas and positive 
signal (Apical anomaly) for microbial activity. (Richers, 1985; Tedesco, 1995; Schumacher, 
1996).  The ‘halo’ theory may be reconciled on the basis of microbiology. It is observed 
that bacteria present over the petroleum accumulation would consume the petroleum 
gases adsorbed to the soil surface in this higher concentration zone thus, markedly 
decreasing the concentration of gas directly over soil receiving micro seepages, but the 
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bacteria would not be stimulated to utilize the lower ‘edge’ concentrations. In soil-gas 
analysis, the edge or halo concentrations would show little difference from soil gas over 
the soil receiving microseepages. However, in soil analysis (gas desorption) samples from 
the halo region would actually have a higher concentration of hydrocarbons (Rosaire et al, 
1940) since bacteria have not been stimulated to develop on hydrocarbons adsorbed to soil 
in this lower emanation area. The consumption of vertical migrating light hydrocarbons 
by bacteria will result in varying degrees of depletion of the hydrocarbons in the free soil 
gas and in hydrocarbons adsorbed soil gas (Richers 1985, Klusman 1993). The light 
hydrocarbons micro seepage is preferentially consumed over the area of highest seepage, 
resulting in a high rate of bacterial activity. The bacteria present over the petroleum 
accumulation would consume petroleum gases, whereas the edges will show high 
concentration of gases as not being utilized by bacteria where the microbial activity is 
very low.  Thus geochemical technique of quantitative or qualitative adsorbed soil gas 
analysis may have limitations in place where high soil microbial activity exists resulting 
in nearly complete utilization of soil gases by microbes. The light hydrocarbon 
distribution will show a low signal directly over the source, resulting in a halo anomaly. 
The ratio of bacterial activity to hydrocarbon concentration will then exhibit an apical 
anomaly. The microbial indicators are therefore target specific, associated directly over 
the oil pool, where microbes flourish utilizing upcoming hydrocarbon gases. The Halo 
anomaly theory for hydrocarbon exploration is reconciled on the basis of microbiology, 
and has significant importance in hydrocarbon exploration (Horvitz, 1981; Jillman, 1987; 
Baum, 1994). 

6. Sample collection method 

The geo-microbial surveys of prospecting involve collection of suitable samples from sub 
soil horizon and detection of specific micro flora in the samples. Sampling is important since 
the validity of the test results depend largely upon the manner in which the samples are 
taken. The samples are collected using a hollow metal pipe by manual hammering. The soil 
samples of about 100 gm each were collected in pre-sterilized whirl-pack bags under aseptic 
conditions from a depth of about 0.5 to 1m (Davis 1967), and preferably on a grid pattern 
with a spacing of 200m. The samples were immediately stored at 2 to 4°C and subsequently 
transported to the laboratory and are stored cryogenic conditions  till analysis. Soil samples 
should not be stored for long time, and samples should be analyzed as early as possible after 
collection.. Sampling should not be done in disturbed or excavated areas, soils contaminated 
with hydrocarbons, chemicals or animal wastes, swamps and areas under water shed.  
During collection of soil samples, rocks, coarse materials, plant residues, and animal debris 
have to be excluded. 

7. Isolation of hydrocarbon oxidizing bacteria 

The specific bacterial populations are measured by standard microbiological screening 
techniques for hydrocarbon-indicating microorganisms. A selective growth media is used 
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which cultures only microorganisms capable of utilizing light hydrocarbons. Various 
methods such as Bacterial pellicle formation, Gas uptake, soil dilution and plating, soil 
sprinkled plating, clumped soil plating and Radio autography have been used by various 
researchers to determine the quantitative abundance of hydrocarbon oxidizing bacteria or 
oxidation of gaseous hydrocarbons. However gas uptake and soil dilution and plating 
methods have been widely used. Other techniques can determine the presence of living 
bacterial cells in soil samples. The determination of the number of colony-forming units 
(CFUs) in solid feeding media and the most-probable-number (MPN) procedure in nutrient 
solutions can be applied. 

Isolation and enumeration of methane oxidizing bacteria and (C2+) 
ethane/propane/butane oxidizing bacteria for each sample is usually carried out by 
Standard Plate Count (SPC) method. 1 gm of soil sample was suspended in 9 ml of pre-
sterilized water for the preparation of decimal dilutions (10-1 to 10-5). A 0.1 ml aliquot of 
each dilution was placed on to Mineral Salts Medium (MSM) petri plates containing 1.0 g 
of MgSO4.7H20, 0.7 g of K2HPO4, 0.54 g of KH2PO4, 0.5 g of NH4Cl, 0.2 g of CaCl2.2H2O, 4.0 
mg of FeSO4.7H2O, 0.3 mg of H3BO4, 0.2 mg of CoCl2.6H2O, 0.1 mg of ZnSO4.7H2O, 0.06 
mg of Na2MoO4.2H2O, 0.03 mg of MnCl2.4H2O, 0.02 mg of NiCl2.6H2O, and 0.01 mg of 
CuCl2.2H2O in 1000 mL of distilled water, at pH 7.0. These plates were placed in a glass 
desiccator, filled with the desired hydrocarbon gas (methane/ethane/propane with 99.99 
% purity) and zero air (purified atmospheric gas devoid of hydrocarbons) in a ratio of 
(1:1). For isolation of methane oxidizing bacteria, the desiccator was filled with methane 
gas and zero air. Similarly, for isolation of ethane, propane and butane oxidizing bacteria, 
the desiccators were filled with either ethane/propane/butane gas with zero air 
respectively, whereas for isolation of n-pentane or n-hexane oxidizing bacteria, these 
plates were placed in glass desiccators containing air saturated with n-pentane or n-
hexane vapor respectively (Rasheed, 2011). These desiccators were kept in bacteriological 
incubators at 35 ± 2oC for 10 days.  After incubation, the developed bacterial colonies of 
methane, ethane, propane and butane oxidizing bacteria were manually counted using 
colony counter and reported in colony forming unit per gram (cfu/gm) of soil sample 
(Wittenbury et al., 1970; Rasheed et al. 2008).  

8. Molecular biology techniques 
Currently, molecular biology techniques has achieved great development in studies of soil 
samples. Development of molecular biology methods for microbial prospecting for oil and gas 
by applying culture independent techniques will improve the accuracy rate of microbial 
prospecting for oil and gas exploration (Fan Zhang et al., 2010). The most-probable-number 
(MPN) procedure has traditionally been applied to determine the numbers of colony forming 
units (CFUs) in soil samples. The real-time polymerase chain reaction (RT-PCR) is now being 
widely used to detect and quantify various target microorganisms without experimental 
cultivation (Dionisi et al. 2003; Skovhus et al. 2004; He et al. 2007). Molecular techniques related 
with 16S ribosomal DNA (RNA) have been proven effective as a basis for understanding the 
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bacteria would not be stimulated to utilize the lower ‘edge’ concentrations. In soil-gas 
analysis, the edge or halo concentrations would show little difference from soil gas over 
the soil receiving microseepages. However, in soil analysis (gas desorption) samples from 
the halo region would actually have a higher concentration of hydrocarbons (Rosaire et al, 
1940) since bacteria have not been stimulated to develop on hydrocarbons adsorbed to soil 
in this lower emanation area. The consumption of vertical migrating light hydrocarbons 
by bacteria will result in varying degrees of depletion of the hydrocarbons in the free soil 
gas and in hydrocarbons adsorbed soil gas (Richers 1985, Klusman 1993). The light 
hydrocarbons micro seepage is preferentially consumed over the area of highest seepage, 
resulting in a high rate of bacterial activity. The bacteria present over the petroleum 
accumulation would consume petroleum gases, whereas the edges will show high 
concentration of gases as not being utilized by bacteria where the microbial activity is 
very low.  Thus geochemical technique of quantitative or qualitative adsorbed soil gas 
analysis may have limitations in place where high soil microbial activity exists resulting 
in nearly complete utilization of soil gases by microbes. The light hydrocarbon 
distribution will show a low signal directly over the source, resulting in a halo anomaly. 
The ratio of bacterial activity to hydrocarbon concentration will then exhibit an apical 
anomaly. The microbial indicators are therefore target specific, associated directly over 
the oil pool, where microbes flourish utilizing upcoming hydrocarbon gases. The Halo 
anomaly theory for hydrocarbon exploration is reconciled on the basis of microbiology, 
and has significant importance in hydrocarbon exploration (Horvitz, 1981; Jillman, 1987; 
Baum, 1994). 

6. Sample collection method 

The geo-microbial surveys of prospecting involve collection of suitable samples from sub 
soil horizon and detection of specific micro flora in the samples. Sampling is important since 
the validity of the test results depend largely upon the manner in which the samples are 
taken. The samples are collected using a hollow metal pipe by manual hammering. The soil 
samples of about 100 gm each were collected in pre-sterilized whirl-pack bags under aseptic 
conditions from a depth of about 0.5 to 1m (Davis 1967), and preferably on a grid pattern 
with a spacing of 200m. The samples were immediately stored at 2 to 4°C and subsequently 
transported to the laboratory and are stored cryogenic conditions  till analysis. Soil samples 
should not be stored for long time, and samples should be analyzed as early as possible after 
collection.. Sampling should not be done in disturbed or excavated areas, soils contaminated 
with hydrocarbons, chemicals or animal wastes, swamps and areas under water shed.  
During collection of soil samples, rocks, coarse materials, plant residues, and animal debris 
have to be excluded. 

7. Isolation of hydrocarbon oxidizing bacteria 

The specific bacterial populations are measured by standard microbiological screening 
techniques for hydrocarbon-indicating microorganisms. A selective growth media is used 
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which cultures only microorganisms capable of utilizing light hydrocarbons. Various 
methods such as Bacterial pellicle formation, Gas uptake, soil dilution and plating, soil 
sprinkled plating, clumped soil plating and Radio autography have been used by various 
researchers to determine the quantitative abundance of hydrocarbon oxidizing bacteria or 
oxidation of gaseous hydrocarbons. However gas uptake and soil dilution and plating 
methods have been widely used. Other techniques can determine the presence of living 
bacterial cells in soil samples. The determination of the number of colony-forming units 
(CFUs) in solid feeding media and the most-probable-number (MPN) procedure in nutrient 
solutions can be applied. 

Isolation and enumeration of methane oxidizing bacteria and (C2+) 
ethane/propane/butane oxidizing bacteria for each sample is usually carried out by 
Standard Plate Count (SPC) method. 1 gm of soil sample was suspended in 9 ml of pre-
sterilized water for the preparation of decimal dilutions (10-1 to 10-5). A 0.1 ml aliquot of 
each dilution was placed on to Mineral Salts Medium (MSM) petri plates containing 1.0 g 
of MgSO4.7H20, 0.7 g of K2HPO4, 0.54 g of KH2PO4, 0.5 g of NH4Cl, 0.2 g of CaCl2.2H2O, 4.0 
mg of FeSO4.7H2O, 0.3 mg of H3BO4, 0.2 mg of CoCl2.6H2O, 0.1 mg of ZnSO4.7H2O, 0.06 
mg of Na2MoO4.2H2O, 0.03 mg of MnCl2.4H2O, 0.02 mg of NiCl2.6H2O, and 0.01 mg of 
CuCl2.2H2O in 1000 mL of distilled water, at pH 7.0. These plates were placed in a glass 
desiccator, filled with the desired hydrocarbon gas (methane/ethane/propane with 99.99 
% purity) and zero air (purified atmospheric gas devoid of hydrocarbons) in a ratio of 
(1:1). For isolation of methane oxidizing bacteria, the desiccator was filled with methane 
gas and zero air. Similarly, for isolation of ethane, propane and butane oxidizing bacteria, 
the desiccators were filled with either ethane/propane/butane gas with zero air 
respectively, whereas for isolation of n-pentane or n-hexane oxidizing bacteria, these 
plates were placed in glass desiccators containing air saturated with n-pentane or n-
hexane vapor respectively (Rasheed, 2011). These desiccators were kept in bacteriological 
incubators at 35 ± 2oC for 10 days.  After incubation, the developed bacterial colonies of 
methane, ethane, propane and butane oxidizing bacteria were manually counted using 
colony counter and reported in colony forming unit per gram (cfu/gm) of soil sample 
(Wittenbury et al., 1970; Rasheed et al. 2008).  

8. Molecular biology techniques 
Currently, molecular biology techniques has achieved great development in studies of soil 
samples. Development of molecular biology methods for microbial prospecting for oil and gas 
by applying culture independent techniques will improve the accuracy rate of microbial 
prospecting for oil and gas exploration (Fan Zhang et al., 2010). The most-probable-number 
(MPN) procedure has traditionally been applied to determine the numbers of colony forming 
units (CFUs) in soil samples. The real-time polymerase chain reaction (RT-PCR) is now being 
widely used to detect and quantify various target microorganisms without experimental 
cultivation (Dionisi et al. 2003; Skovhus et al. 2004; He et al. 2007). Molecular techniques related 
with 16S ribosomal DNA (RNA) have been proven effective as a basis for understanding the 
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microbial diversity in environmental communities. The cloning and sequencing of 16S rDNA is 
sufficient for the identification of the microorganisms present in a given habitat and for the 
discovery of previously unknown diversity (Hugenholtz et al. 1998).  These techniques were 
also applied to investigate microbial communities in the formation water of the produced water 
of oil fields (Kaster et al. 2009; Lysnes et al. 2009). Characterization of microbial communities 
involved in short-chain alkane metabolism, namely methane, ethane and propane, in soil 
samples from a petroliferous soils through clone libraries of the 16S rRNA gene of the Domains 
Bacteria and Archaea and the catabolic gene coding for the soluble di-iron monooxygenase 
(SDIMO) enzyme alpha subunit. Further studies on the occurrence and diversity of SDIMO 
genes in soil, as well as the improvement of primer sets to be applied in real-time PCR, are 
necessary in order to overcome the obstacle of the low abundance of catabolic genes in natural 
environments and enable their quantification from complex genetic backgrounds (Paula, et al., 
2011). Immunological or DNA probes for gaseous hydrocarbon utilizing bacteria; Researchers 
are on for developing immunological probe or DNA probe which will rapidly identify the 
specific hydrocarbon oxidizers from the survey area. Immunological probes are based on the 
technique of preparing monoclonal antibodies as probes. In DNA probes, a selective small piece 
of DNA either from plasmid or from chromosomal segment serves as a probe. This segment is 
coded with the gene sequence, responsible for specific hydrocarbon gases oxidation. DNA 
hybridization with homologous strain gives the detection of hydrocarbon oxidizers. Detection 
of Biomarkers – Diploterol; The hapanoid diploterol is a known product of various aerobic 
bacteria that is particularly abundant in methanotrophic bacteria. The methanotrophs are in fact 
the source of diploterol is indicated by the compound light isotopic composition or around -60 
per mil. Moreover 12C enriched hydrocarbon derivatives of diploterol were found in other 
studies of sediments in seep environments. This finding makes it a promising developmental 
technique for bio-prospecting of hydrocarbons. The above methods are the future thrust areas 
in bio-processing and will enhance the efficacy of the technique. 

9. Plotting of bacterial anomaly 

The results of hydrocarbon oxidizers population are plotted in terms of population density 
of aerial basis on the surveyed map using Arc GIS (Geographical Information System) or 
Golden Surfer Software’s.  A statistical approach has been followed and standard deviation 
value is taken as a background value for the demarcation of anomalous zones. The results of 
hydrocarbon oxidizing bacterial population are plotted on the surveyed map.  

10. Evaluation of bacterial anomalaies 

The samples showing bacterial population less than the background values indicate 
negative prospects, while the value above the standard deviation value gives the 
anomalies concentration of these gaseous hydrocarbon oxidizers. If the results of 
investigations are negatives; the completeness and the accuracy of the observations must 
be determined beforehand because the negative results may be due to various defects in 
the methods of field and laboratory work, such as insufficient sample taken at the 
location, inadequate reproducibility of bacterial cultures and keeping the samples for a 
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long time. Bacterial anomalies detected in a soil survey may be classified as focal or 
continuous anomalies according to number of features depending upon a degree of 
localization of positive points. The anomalies are superimposed on prospect map or other 
geological or geophysical inputs for integration and interpretation. Classification of 
microbial anomalies according to the predominating types of indicator microorganism is 
also essential. 

11. Case histories 

We have presented some of the case histories of microbial surveys carried out in various 
sedimentary Basins of the Indian subcontinent by National Geophysical Research Institute 
(NGRI-CSIR), Hyderabad, India. A microbial survey was carried out in the established 
regions of the Kadi Kalol oil and gas fields of the Mehsana Block, Cambay basin, where the 
hydrocarbon utilizing bacteria ranged between 106 and 107 cfu/gm of soil (Table 1). In the 
other well-known areas, such as the Ponnamanda and Tatipaka gas fields of the Krishna 
Godavari basin, the hydrocarbon utilizing bacterial counts of these two areas were found to 
be 105 cfu/gm of soil, indicating the adaptation of microbes to utilize hydrocarbon seepage 
and possible presence of hydrocarbon deposits. The Oil and Natural Gas Commission 
(ONGC) of India has reported the presence of recoverable deposits of petroleum in these 
two areas. In the oil fields of Mehsana, and KG Basin, it is found that the number of 
hydrocarbon utilizing bacteria from a petroliferous area is in the range between 105 and 107 
cfu/gm of soil. In the Jaisalmer gas fields the number of bacteria per gram of soil was always 
greater than 104 cfu/gm of soil. In the established oil and gas fields of Mehsana, Cambay 
basin, Jaisalmer basin and Krishna Godavari basin, soil samples showed bacterial growth ≥ 
104 account for 92%, 80% and 90% respectively.  

The bacterial counts of these established oil and gas fields were ranged between 103 and 
107cfu/gm, while in the exploratory area, the soil samples showed bacterial growth ≥ 104, 
indicating that oil or gas exist in the latter area, which was eventually found to be correct 
after drilling operations (Rasheed et al, 2011) . The possibility of discovering oil or gas 
reservoirs by the microbiological method is emphasized by the fact that the count of 
hydrocarbon-oxidizing bacteria in soil or sediment samples ranged between 103 and 106 
cfu/gm in soil/sediment receiving hydrocarbon micro-seepages, depending on the ecological 
conditions (Wagner et al, 2002).   
 

Sampling area Total no. of 
samples 

Hydrocarbon utilizing bacteria 
(cfu/gm) of soil 

Mehsana (oil/gas fields) 135 106 – 107 

Jaisalmer (Gas fields) 100 104 – 105 

Krishna Godavari Basin (Gas fields) 150 105 

Shri Ganga Nagar Block, 
Rajasthan (Oil field) 

150 105 

Table 1. Hydrocarbon utilizing bacterial count of various established oil and gas fields in India.   
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microbial diversity in environmental communities. The cloning and sequencing of 16S rDNA is 
sufficient for the identification of the microorganisms present in a given habitat and for the 
discovery of previously unknown diversity (Hugenholtz et al. 1998).  These techniques were 
also applied to investigate microbial communities in the formation water of the produced water 
of oil fields (Kaster et al. 2009; Lysnes et al. 2009). Characterization of microbial communities 
involved in short-chain alkane metabolism, namely methane, ethane and propane, in soil 
samples from a petroliferous soils through clone libraries of the 16S rRNA gene of the Domains 
Bacteria and Archaea and the catabolic gene coding for the soluble di-iron monooxygenase 
(SDIMO) enzyme alpha subunit. Further studies on the occurrence and diversity of SDIMO 
genes in soil, as well as the improvement of primer sets to be applied in real-time PCR, are 
necessary in order to overcome the obstacle of the low abundance of catabolic genes in natural 
environments and enable their quantification from complex genetic backgrounds (Paula, et al., 
2011). Immunological or DNA probes for gaseous hydrocarbon utilizing bacteria; Researchers 
are on for developing immunological probe or DNA probe which will rapidly identify the 
specific hydrocarbon oxidizers from the survey area. Immunological probes are based on the 
technique of preparing monoclonal antibodies as probes. In DNA probes, a selective small piece 
of DNA either from plasmid or from chromosomal segment serves as a probe. This segment is 
coded with the gene sequence, responsible for specific hydrocarbon gases oxidation. DNA 
hybridization with homologous strain gives the detection of hydrocarbon oxidizers. Detection 
of Biomarkers – Diploterol; The hapanoid diploterol is a known product of various aerobic 
bacteria that is particularly abundant in methanotrophic bacteria. The methanotrophs are in fact 
the source of diploterol is indicated by the compound light isotopic composition or around -60 
per mil. Moreover 12C enriched hydrocarbon derivatives of diploterol were found in other 
studies of sediments in seep environments. This finding makes it a promising developmental 
technique for bio-prospecting of hydrocarbons. The above methods are the future thrust areas 
in bio-processing and will enhance the efficacy of the technique. 

9. Plotting of bacterial anomaly 

The results of hydrocarbon oxidizers population are plotted in terms of population density 
of aerial basis on the surveyed map using Arc GIS (Geographical Information System) or 
Golden Surfer Software’s.  A statistical approach has been followed and standard deviation 
value is taken as a background value for the demarcation of anomalous zones. The results of 
hydrocarbon oxidizing bacterial population are plotted on the surveyed map.  

10. Evaluation of bacterial anomalaies 

The samples showing bacterial population less than the background values indicate 
negative prospects, while the value above the standard deviation value gives the 
anomalies concentration of these gaseous hydrocarbon oxidizers. If the results of 
investigations are negatives; the completeness and the accuracy of the observations must 
be determined beforehand because the negative results may be due to various defects in 
the methods of field and laboratory work, such as insufficient sample taken at the 
location, inadequate reproducibility of bacterial cultures and keeping the samples for a 
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long time. Bacterial anomalies detected in a soil survey may be classified as focal or 
continuous anomalies according to number of features depending upon a degree of 
localization of positive points. The anomalies are superimposed on prospect map or other 
geological or geophysical inputs for integration and interpretation. Classification of 
microbial anomalies according to the predominating types of indicator microorganism is 
also essential. 

11. Case histories 

We have presented some of the case histories of microbial surveys carried out in various 
sedimentary Basins of the Indian subcontinent by National Geophysical Research Institute 
(NGRI-CSIR), Hyderabad, India. A microbial survey was carried out in the established 
regions of the Kadi Kalol oil and gas fields of the Mehsana Block, Cambay basin, where the 
hydrocarbon utilizing bacteria ranged between 106 and 107 cfu/gm of soil (Table 1). In the 
other well-known areas, such as the Ponnamanda and Tatipaka gas fields of the Krishna 
Godavari basin, the hydrocarbon utilizing bacterial counts of these two areas were found to 
be 105 cfu/gm of soil, indicating the adaptation of microbes to utilize hydrocarbon seepage 
and possible presence of hydrocarbon deposits. The Oil and Natural Gas Commission 
(ONGC) of India has reported the presence of recoverable deposits of petroleum in these 
two areas. In the oil fields of Mehsana, and KG Basin, it is found that the number of 
hydrocarbon utilizing bacteria from a petroliferous area is in the range between 105 and 107 
cfu/gm of soil. In the Jaisalmer gas fields the number of bacteria per gram of soil was always 
greater than 104 cfu/gm of soil. In the established oil and gas fields of Mehsana, Cambay 
basin, Jaisalmer basin and Krishna Godavari basin, soil samples showed bacterial growth ≥ 
104 account for 92%, 80% and 90% respectively.  

The bacterial counts of these established oil and gas fields were ranged between 103 and 
107cfu/gm, while in the exploratory area, the soil samples showed bacterial growth ≥ 104, 
indicating that oil or gas exist in the latter area, which was eventually found to be correct 
after drilling operations (Rasheed et al, 2011) . The possibility of discovering oil or gas 
reservoirs by the microbiological method is emphasized by the fact that the count of 
hydrocarbon-oxidizing bacteria in soil or sediment samples ranged between 103 and 106 
cfu/gm in soil/sediment receiving hydrocarbon micro-seepages, depending on the ecological 
conditions (Wagner et al, 2002).   
 

Sampling area Total no. of 
samples 

Hydrocarbon utilizing bacteria 
(cfu/gm) of soil 

Mehsana (oil/gas fields) 135 106 – 107 

Jaisalmer (Gas fields) 100 104 – 105 

Krishna Godavari Basin (Gas fields) 150 105 

Shri Ganga Nagar Block, 
Rajasthan (Oil field) 

150 105 

Table 1. Hydrocarbon utilizing bacterial count of various established oil and gas fields in India.   
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11.1. Bikaner-Nagaur basin 

A geo-microbial survey was carried out in the Shri Ganga Nagar Block of Bikaner-Nagaur 
basin, Rajasthan to investigate the prospects for hydrocarbon exploration. The propane 
oxidizing bacterial counts in the study area of the Shri Ganga Nagar Block were found to be 
ranged between 1.0×102 and 3.84 ×105 cfu/gm. The bacterial concentrations are plotted on the 
surveyed map using Arc GIS software. The bacterial concentration distribution maps of 
hydrocarbon utilizing bacteria show distinct anomalies in the studied area. The hydrocarbon 
oxidizing bacterial count ranged between 105 and 106 cfu/gm of soil, which is significant and 
thereby substantiate the seepage of lighter hydrocarbon accumulations from the subsurface 
petroleum reservoirs. The map of propane utilizing bacteria of the study area showed distinct 
microbial anomalies, which confirm the seepage of light hydrocarbons from the subsurface 
oil/gas reservoirs. The microbial results showed high propane oxidizing bacterial population 
in the studied area of the Bikaner Nagaur Basin, indicating positive prospects for hydrocarbon 
exploration. The GAIL (Gas Authority of India Limited) has reported the presence of 
recoverable deposits of petroleum in this area. (Figure 1). 

11.2. Mehsana block, Cambay basin 

Microbial prospecting studies were carried out in known petroliferous Mehsana Block of 
North Cambay Basin, India. A set of 135 sub-soil samples collected, were analyzed for 
indicator hydrocarbon oxidizing bacteria. The bacterial concentration map showed anomalous 
zones of propane oxidizing bacterial (Figs. 4).It is observed that the bacterial anomalies are 
found away from the oil and gas wells. The hydrocarbon microseepage is dependent upon 
pressurized reservoirs driving the light hydrocarbon microseepage upward. The pattern of 
reduced microbial counts adjacent to producing wells has been a commonly observed 
phenomenon for older producing fields. Over some well-drained gas reservoirs, the microbial 
values have been found to even be anomalously low. The phenomenon of apparent 
microseepage over the shutdown producing fields is thought to be due to a change in the drive 
mechanism controlling microseepage. When a well is brought into production, the drive 
mechanism changes from vertical, buoyancy driven force to horizontal gas streaming to the 
pressure sinks created around producing wells. When this occurs, microseepage greatly 
decreases or stops and microbial populations at the surface decline rapidly.  

This change in drive mechanism and microbial population densities can be used to define 
reservoir drainage direction, radius, and heterogeneities around existing wells in producing 
fields (Tucker and Hitzman, 1994). In undrilled areas this phenomenon will not occur and 
there will be a direct relationship between high microbial populations, micro seepage, and 
potential reservoirs. Anomalous hydrocarbon microseeps are identified by observing 
bacterial population concentrations and distribution patterns within a survey area. There is 
a direct and positive relationship between the light hydrocarbon concentrations in the soils 
and these microbial populations. Surface contamination of produced oil and changing soil 
types do not affect these light hydrocarbons reflected in the microbial population 
distributions.  
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11.3. Advantages 

i. Geo-Microbial prospecting method is well known in the realm of hydrocarbon 
exploration. Microbial prospecting method can be integrated with geological, 
geophysical and other surface hydrocarbon prospecting techniques. Microbiological 
methods have potential as a hydrocarbon exploration tool, development and extension 
of older fields.  The microbial prospecting method is mainly used to prioritize the 
drilling locations and to evaluate the hydrocarbon prospects of an area (Pareja, 1994; 
Tucker and Hitzman, 1994 and Schumacher, 2000) thus reducing risks and achieving 
higher success ratio in petroleum exploration. 

ii. One of the main advantages of the microbial prospecting method is, this method can be 
used for identification for prospective oil and gas in areas where no geophysical data is 
available, or where such investigation is difficult.  

iii. Microbial anomalies have been proved to be reliable indicators of oil and gas in the 
subsurface (Pareja 1994). Hydrocarbon micro seepage detection adds value to 2-D and 
3-D seismic by identifying those features that are charged with geomicrobial 
anomalies and sub-surface petroleum accumulations can be complex; on proper 
integration with geological and geophysical data, can contribute to the success of 
exploration and helps in risk reduction of dry wells. Since the drilling operations are 
costly, it is essential to use appropriate and efficient exploratory methods, either 
singly or in combination, in order to cut down the drilling cost of dry holes as well as 
wild cats with unprofitable recovery. Microbiological prospecting methodology is a 
valuable and less expensive value addition exploration tool to evaluate the valuable 
seismic prospects. This method can substantially reduce the exploration risks 
associated with trap integrity and hydrocarbon charge, especially in the hunt for 
much elusive subtle traps.  

iv. The method can also be used independently and basically no geological or seismic data is 
required to carry out microbial prospecting surveys. In areas that have not yet been 
investigated geophysically, this technique can be applied as wildcat prospecting tool. This 
method can give principal evidence on the occurrence of hydrocarbon anomalies in large 
areas. The subsequent seismic and geological investigations can thus be, concentrated on 
favorable areas in those regions where structure data of the sub-surface already exists.  
This approach likewise does not require any knowledge of the position of the structures.  
As a result therefore, the seismic structure maps and microbial anomalies, which have 
been drawn up independently from one another, can be compared and contrasted.  

v. Distinct and definite petroleum gas seepage could be readily identified by geochemical 
means such as gas chromatographic analysis. There is a possibility that chemically 
detectable petroleum gases will be deficient in the soil receiving micro-seepages, due to 
microbial oxidation. The consumption of vertical migrating light hydrocarbons by 
bacteria will result in varying degrees of depletion of the hydrocarbons in the free soil 
gas and in hydrocarbons adsorbed soil gas (Richers 1985, Klusman 1993). The light 
hydrocarbons micro seepage is preferentially consumed over the area of highest 
seepage, resulting in a high rate of bacterial activity. The bacteria present over the 
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petroleum accumulation would consume petroleum gases, and the edges will show 
high concentration of gases as not being utilized by bacteria where the microbial 
activity is very low. Thus geochemical technique of quantitative or qualitative adsorbed 
soil gas analysis may have limitations in place where high soil microbial activity exists 
resulting in partial or complete utilization of soil gases by microbes. The light 
hydrocarbon distribution will show a low directly over the source, resulting in a halo 
anomaly. The ratio of bacterial activity to hydrocarbon concentration will then exhibit 
an apical anomaly. The microbial indicators are therefore target specific, associated 
directly over the oil pool microbes flourish utilizing upcoming hydrocarbon gases. The 
Halo anomaly theory for hydrocarbon exploration is reconciled on the basis of 
microbiology, and has significant importance in hydrocarbon exploration (Horvitz, 
1981; Jillman, 1987; Baum, 1994). 

vi. Indeed, it is good supplementary tool for hydrocarbon prospecting and on proper 
integration with geological and geophysical data, can contribute to the success of 
exploration and helps in risk reduction of dry wells.  

vii. According to the authors, microbial prospecting studies have to be taken up with the 
adsorbed soil gas analysis. As distinct and definite petroleum gas seepage could be 
readily identified by geochemical means such as Adsorbed soil gas analysis.  There is a 
possibility that chemically detectable petroleum gases will be deficient in the soil 
receiving micro seepages, due to microbial oxidation.  Thus geochemical technique of 
quantitative or qualitative adsorbed soil gas analysis may have limitations, where high 
soil microbial activity exists resulting in partially or nearly complete utilization of soil 
gases by microbes. Therefore, it is crucial to perform microbial prospecting studies 
along with the adsorbed soil gas analysis.  
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