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Abstract

Petroleum pollution has become a serious environmental problem, which can cause 
harmful damage to the environment and human health. This pollutant is introduced into 
the environment from both natural and anthropogenic sources. Various physicochemical 
and biological treatments were developed for the cleanup of contaminated environments. 
However, bioremediation is based on the metabolic capabilities of microorganisms, and 
it is considered as the most basic and reliable way to eliminate contaminants, particularly 
petroleum and its recalcitrant compounds. It is more efective alternative comparing to 
classical remediation techniques. A high diversity of potential hydrocarbon degrader’s 
microorganisms was reported, and bacteria constitute the most abundant group, which 
has been well studied for hydrocarbon degradation. Several bioremediation approaches 
through bioaugmentation or/and biostimulation have been successfully applied. The 
interest on the optimizing of diferent parameters to achieve successful bioremediation 
technologies has been increased. In this chapter, we summarize the diversity and the 
hydrocarbon degradation potential of microorganism involved in the remediation of 
contaminated environments. We also present an overview of the eicient bioremediation 
strategies used for the decontamination of polluted marine environments.

Keywords: bioremediation, hydrocarbonoclastic, hydrocarbon degradation, toxicity, 
biosurfactant

1. Introduction

Oil is a primary and necessary energy source, which is widely used in diferent ields, including 
industry, transport and daily human activities [1]. However, the widespread distribution and 

the overexploitation of hydrocarbons become a serious problem causing harmful impacts on the 
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environment and health due to their toxicity and their carcinogenic and mutagenic properties 

[2]. Hydrocarbon pollution may occur through several sources that may be natural or anthropo-

genic. We can distinguish numerous anthropogenic sources such as oil extraction and treatment 

ield, transportation fuels accidents, leakage from underground storage tanks, petrochemical 
industry activities and release from oil reinery sites [3–5]. To reduce this contamination, difer-

ent chemical, physical and biological treatment methods are considered. The choice of remedia-

tion methods depends on several parameters such as the type of pollutant and its characteristics 

(the physicochemical nature of the pollutant and its toxicity), the properties of contaminated 

site (the pollution source, the nature of the site) and the type of the pollution (old or recent). The 

treatment of a polluted site is carried out only after evaluating the type of pollutant, the envi-

ronmental and human-associated risks and the treatment feasibility and predicted eiciency.

Depending on its location, we distinguish in situ and ex situ contaminated site remedia-

tion methods [6–9]. However, bioremediation is considered as one of the best environment-

friendly way to remove hydrocarbons presenting several advantages compared to other 

methods [9–11]. In fact it is a natural, eicient and economic method. Moreover, it converts 
hydrocarbon onto less toxic compound through metabolic and enzymatic reactions [10, 12]. 

The biodegradation is mainly carried out by bacteria, yeast and fungi. Bacteria represent 

the major class of microorganisms involved in the degradation of hydrocarbons [2, 13]. 

There are two approaches for bioremediation: bioaugmentation and biostimulation [14–16]. 

Bioaugmentation consists in the addition of highly eicient oil-degrading bacteria to improve 
and enhance the degradation. While biostimulation consists in the modiication of the envi-
ronment conditions in order to stimulate indigenous bacteria activity.

The aim of this chapter is to provide an overview on the diversity of hydrocarbonoclastic 

bacteria and their hydrocarbon degradation potential as well as an update on the diferent 
bioremediation strategies adopted for the treatment of polluted marine environments par-

ticularly the Mediterranean basin. The mechanism by which hydrocarbonoclastic bacteria 
degrade hydrocarbons will also be discussed.

2. Hydrocarbon pollution in the Mediterranean Sea

The Mediterranean Sea is highly exposed to hydrocarbon pollution due to its geographical 

situation taking into account the location of most oil-producing and oil-consuming countries, 
placed, respectively, on the Southern and Northern sides of the basin [17]. It is an enclosed 

basin and is a very strategic maritime route that hosts about 20% of the global oil tanker traf-
ic, and its coasts host about 80 petroleum harbors. Every year approximately 150,000 tons of 
hydrocarbons are transported in the Mediterranean Sea [18, 19].

The Mediterranean Sea is highly exposed to several sources of hydrocarbon pollution par-

ticularly linked to maritime traic as well as extraction and reinery activities can afect 
human health and disturb ecological balance. Moreover, this pollution seriously threatens 
the marine life [20]. A very high microbial diversity was detected and estimated at 17,000 

diferent species in the Mediterranean Sea constituting a habitat and a reservoir for novel 
microorganisms [20].
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The Regional Marine Pollution Emergency Response Centre for the Mediterranean Sea 
(REMPEC) was established in 1989. It aims the protection of areas and biological diversity in 
the Mediterranean Sea against pollution by oil and other harmful substances. According to the 
REMPEC database on alerts and accidents in the Mediterranean Sea, a high number of marine 
accidents that caused pollution of the Mediterranean Sea by oil were recorded since 1977. It is 
estimated at 659 accidents (Figure 1) that have led to the spillage of approximately 310,000 tons 

of oil since 1977 and at least 120,000 tons of hazardous and noxious substances since 1988 [21].

3. Diferent classes of hydrocarbons

Crude oil is an extremely complex mixture of tens of thousands of hydrocarbons (aliphat-
ics and aromatics) and nonhydrocarbons (containing sulfur, nitrogen, oxygen and various 

trace metals). The composition of oil varies depending on their origin. Moreover, in the same 
source, we can also observe a time-dependent variation. For that reason, it is diicult to give 
a detailed composition of oil [22].

In general, the diferent compounds of crude oil can be classiied into three groups as described 
in Figure 2.

3.1. Aliphatic hydrocarbons

Aliphatic hydrocarbons are composed of hydrogen and carbon, which can be linear, branched 

or cyclic. Aliphatic compounds can be saturated or unsaturated. There are several types of ali-

phatic hydrocarbons, including alkanes, alkenes and alkynes. Alkanes are the most abundant 
constituents in crude oil and are the irst component to be degraded.

Figure 1. Accidents in the Mediterranean Sea, data from the REMPEC database from 1977 (htp://www.rempec.org).
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3.2. Aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are a group of approximately 10,000 compounds 

that are atmospheric, water and soil pollutants containing one or more aromatic rings [23]. 

Among monoaromatic compounds, benzene, toluene and xylene were well reported and 

studied. Polycyclic aromatic hydrocarbons (PAHs), such as naphthalene, anthracene and 

phenanthrene, are also well documented. Due to their complex structure, PAHs are highly 

resistant to degradation and remain persistent in the ecosystem [24].

3.3. Heterocyclic compounds

Heterocyclic compounds are organic compounds containing at least one heterocyclic ring. 

They consist of compounds in which common heteroatoms are incorporated (oxygen, nitro-

gen and sulfur) into an organic ring structure in place of a carbon atom. They include polar 

compounds such as nitrogen (quinolines), sulfur (dibenzothiophenes) and oxygen (xanthene) 

atoms. Heterocyclic compounds are the most recalcitrant for degradation.

4. Risk hazards associated to hydrocarbon contamination

4.1. Impact on human health

Several human hazards are associated to the hydrocarbon dissemination. In fact, acute hydro-

carbon exposure was reported to induce several pathologies including encephalopathy, 

arrhythmia, acidosis and dermatitis [25].

Figure 2. Diferent classes of hydrocarbon.
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The most dangerous consequences of acute hydrocarbon ingestion likely arise from aspi-
ration and result in pneumonitis [26]. Moreover, PAHs are well described for their toxic, 
mutagenic and/or carcinogenic properties [27–29]. Sixteen PAHs were identiied by the US 
Environmental Protection Agency and the European Union as priority pollutant, and seven 
PAHs are regarded as carcinogens [30].

The American Association of Poison Control Centers Toxic Exposure Surveillance System 
studied 318,939 exposures to benzene, toluene/xylene, halogenated hydrocarbons, kerosene 
and lamp oil [31]. They demonstrated that hydrocarbons absorbed systemically and charac-

terized by a low viscosity-induced higher hazard factors [31].

4.2. Hydrocarbon toxicity toward microorganisms

Considering the fact that hydrocarbon bioremediation is an important route for their envi-
ronmental decontamination, these pollutants should not exert a toxic efect on the microbial 
community. However, several hydrocarbons and especially cyclic ones are known to be toxic 
to microbial cells. This toxicity is directly correlated to their partition coeicient between octa-

nol and water (logP). The lipophilic compound accumulates into the lipid bilayers enhancing 

their availability to the cells. Due to hydrocarbon accumulation, the membrane loses its integ-

rity and its permeability to protons and ions [32]. Due to those disturbances, dissipation of 

the proton motive force and impairment of intracellular pH homeostasis occur [32]. In order 

to overcome this toxicity and be able to degrade hydrocarbons, microbial strains should use 

a tolerance strategy toward those compounds. Sikkema and coworkers reported some adap-

tation mechanisms [32]. Microorganisms are thus able to increase structuring of the bilayer 
by changing the faty acid conformation from cis to trans or by saturation of the faty acid 
acyl chains. Another adaptation mechanism consists of the enhancement of the cross-linking 
degree between constituents of the cell wall and modiications of the cell wall hydrophobicity.

5. Hydrocarbon bioremediation: bioaugmentation, biostimulation 

and landfarming

Due to their high environmental and health-associated hazards, several physical and chemi-

cal hydrocarbon treatment methods have been investigated such as incineration, chlorination, 

UV oxidation and solvent extraction [24]. However, most of these approaches are associated 

to several drawbacks in terms of ecological impact and of removal eiciency.

In the meanwhile, the biological approach revealed to be of great interest for hydrocarbon 

removal. Several approaches were reported. We mainly distinguish (a) phytoremediation 

strategy that uses plants for decontamination purposes and (b) bioremediation that involves 

the use of microbial population for the cleanup of contaminated sites.

Bioremediation is considered as a tool for the decontamination of hydrocarbon polluted 

sites and as an extremely efective approach associated to eco-friendly features and rela-

tively low cost. It is also considered as a safe approach. It is based on the catabolic activities 
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of microorganisms and their ability to use pollutant as carbon and energy source by trans-

forming it into less or non-toxic compounds.

Diferent bioremediation strategies are adopted depending on several factors such as site 
characteristics, type and concentration of pollutants [33]. Bioremediation can either be carried 

out ex situ or in situ. Ex situ methods involve the physical removal of the contaminated land 
for treatment process. However, in situ techniques involve treatment of the contaminated 

material in place [34].

The bioremediation eiciency depends mainly on the microbial structure, the sites to be 
decontaminated and the environmental conditions. These factors inluence the degradation 
rate and the microbial activity. Moreover, bioremediation eiciency can be enhanced by three 
complementary approaches: bioaugmentation, biostimulation and landfarming [35].

5.1. Bioaugmentation

Bioaugmentation consists in the addition of selected microbial species, harboring speciic 
catabolic abilities, into a contaminated environment. However, this technique involves the 

application of allochthonous or autochthonous microorganisms. The autochthonous bioaug-

mentation (ABA) consists on the exclusive introduction of indigenous microorganisms to the 

sites to be decontaminated [35, 36]. As described in Figure 3, the bioaugmentation treatment 

is detailed, where A is related to the cultivation of bacteria and/or consortium with high bio-

degradative capability in laboratory; B showed the addition on natural polluted environment; 

Cs explain the atack of bacteria and/or microbial consortium selected of pollutant (crude oil 
and/or hydrocarbons) and D showed the development of biodegradative process. The ABA 

approach consists on the addition of autochthonous microbial isolates or consortia that are 

adapted to the contaminated environments [37]. Diferent studies conirmed the eiciency of 
autochthonous microorganisms in the decontamination of hydrocarbon-polluted sites based 

on the fact that environmental conditions are suitable for their growth and metabolism [36, 38]. 

They signiicantly contribute to the biochemical activities in soil. Allochthonous microorgan-

isms are deined as non-indigenous and originated from other site. When they are added into 
contaminated sites, they cannot easily integrate and adapt to the activities of the indigenous 

microbial community. Fodelianakis et al. [38] conirmed that bioaugmentation with allochtho-

nous hydrocarbon-degrading bacterial consortia did not enhance the remediation process of 

hydrocarbon-contaminated sediments. Thus, the application of autochthonous microorgan-

ism is more efective [35]. Generally, Bioaugmentation is performed by using mixed consortia 

([39]). Mrozik and Piotrowsk [40] showed the successful bioaugmentation of contaminated 

sites with a mixture of PAHs (naphthalene, phenanthrene, anthracene, pyrene, dibenzo[a]

anthracene, benzo[a]pyrene) using a reconstructed microbial consortium. The addition of 

Absidia cylindrospora enhance the degradation of polycyclic aromatic hydrocarbons (more than 

90% of luorine was removed) more than of luorine (a within 288 h) [41].

For a successful bioaugmentation treatment, environmental conditions, selected and indig-

enous microorganisms should be well controlled and characterized.
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5.2. Biostimulation

Biostimulation consists in the addition of diferent substance to polluted environments to 
stimulate the natural biodegradation by indigenous degrading microorganisms. The bio-

degradation of hydrocarbons in marine environment is limited by low oxygen and nutri-

ment availability, more speciically nitrogen and phosphorous [42]. The low bioavailability 

of pollutants is also considered as a limiting factor [42]. The biostimulation increases the 

growth of indigenous hydrocarbon degraders by the addition of growth-limiting nutrients. 

Moreover, the addition of speciic substrate promotes and stimulates the degradation of 
the pollutant [43] (Figure 4). Adams et al. [44] showed the efectiveness of Biostimulation 
treatment with the addition of organic nutrients in contaminated soil containing more than 

38,000 mg/kg TPH, and the result showed 100% removal of 2–3 ringed PAHs within the irst 
3 months.

5.3. Landfarming

Landfarming is a bioremediation approach, also known as land treatment or land applica-

tion. This biotreatment process involves the spreading of excavated contaminated soils or 

sediments in a thin layer on a suitably prepared surface. In addition, the stimulation of the 

microbial activity in the soil is performed through the aeration and/or the addition of min-

erals and nutrients. Thus, the incorporated contaminated soil is periodically turned over 

or tilled to aerate the mixture. Various hydrocarbon contaminated soils were successfully 

Figure 3. Schematic description of bioremediation (bioaugmentation) process. 1: Seawater; 2: marine sediment; 3: crude oil.
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treated by landfarming [45]. Landfarming presents various advantages comparing to other 

treatment technologies. It has low cost, energy consumption and simple to implement. It has 

been successfully practiced for the remediation of hydrocarbon-contaminated soils [46]. The 

efectiveness of bioaugmentation in the bioremediation of oil-contaminated sediments, from 
the Mediterranean Sea, treated ex situ by landfarming was reported [38].

6. Factors afecting the bioremediation treatment

Various physical and chemical factors afect the rate of hydrocarbon degradation. Among 
many, we can cite the nature and amount of hydrocarbons, the type of polluted matrix (soil, 

sediment, water and eluents), the environmental conditions and the microbial community 
activity.

The environmental factors include the availability of nutrients, the temperature, the water 

content or humidity, oxygen, the bioavailability of the pollutant and the pH [47–49].

6.1. Nutrient availability

Inorganic sources such as nitrogen, phosphorus, potassium, hydrogen or oxygen are essen-

tial for microbial metabolism and afect the growth and the activity of microorganisms [48], 

whereas micronutrients, including zinc, manganese, iron, nickel, cobalt, molybdenum, cop-

per and chlorine, are required but at a very low quantity. The ratios of carbon/nitrogen or 

carbon/phosphorus are considered as a determining factor of biodegradation rates and are 

high in hydrocarbon-contaminated sites which limit and afect the degradation rate [50]. 

Figure 4. Schematic description of bioremediation (biostimulation) process. 1: Seawater; 2: marine sediment; 3: crude oil.
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Considerable efort has been devoted to the development of nutrient delivery systems that 
overcome the washout problems characteristic of open sea and intertidal environments; the 

use of slow release fertilizers and/or oleophilic nutrients can provide a continuous source of 

nutrients to polluted environment areas. Slow release fertilizers consist typically of inorganic 

nutrients in solid form coated with a hydrophobic compound like parain or vegetable oil. 
Successful alternative that overcomes the problem of quick dilution and wash out of water-
soluble nutrients containing nitrogen and phosphorus is oleophilic biostimulants. The appli-

cation of N and P sources in oleophilic form is considered to be the most efective nutrient 
application method, since oleophilic additives remain dissolved in the oil phase and thus are 

available at the oil-water or oil-sediment interface where they enhance bacterial growth and 

metabolism [43, 51].

6.2. Temperature

Temperature has a considerable efect on the ability of microorganisms to degrade hydro-

carbons. At high temperatures, solubility, bioavailability, hydrocarbons distribution and dif-

fusion rate increase, which promote the microbial biodegradation ability and enhance the 

biodegradation rate. On the other hand, very high temperature decreases oxygen solubility 

and limits the aerobic microbial biodegradation [52, 53].

Beside, Boopathy [34] conirmed that the degradation of pollutant in mesophilic temperatures 
is beter and more eicient than the degradation at very low or high temperatures. However, 
it was reported that microorganisms are able to metabolize PAHs at extreme temperatures: 

for example, a high degradation rate of PAHs occurred in seawater at low temperatures (low 

as 0°C) and at 50°C [54]. Bargiela et al. [55] conirmed the correlation between the relative per-

centage of genes encoding enzymes participating in the biodegradation and temperature in 

oil-polluted sites along the coastlines of the Mediterranean Sea. The authors proved that low 
temperature increases bacterial richness with decreasing catabolic diversity. The relative per-

centage of gene sequences encoding enzymes for biodegradation ranged from 0.56 to 1.30% in 

low temperature (<3°C), whereas this number increased with site temperature 5.6-fold higher 
in the moderately warmer sites (from 13 to 26.5°C) [55].

6.3. Oxygen limitations

The initial steps in the catabolism of aliphatic, cyclic and aromatic hydrocarbons by bacteria 

and fungi involve the oxidation of the substrate by oxygenases for which molecular oxygen 

is required. Although anaerobic biodegradation has been shown to occur in diferent ecosys-

tems including marine environments, its ecological signiicance has been generally considered 
to be minor and the biodegradation rate is rather low [24]. Conditions of oxygen limitation 
normally exist in aquatic sediments and soils. Oxygen depletion can occur in the presence of 

easily utilizable substrates that increase microbial oxygen consumption. In several instances, 

the concentration of dissolved oxygen can be close to zero leading to practically zero aerobic 

biodegradation rates. Although oxygen can be successfully delivered (in various forms) to 

hydrocarbon-contaminated soils and groundwater, enhancing biodegradation rates, this is 

not the case in marine environments as it is very diicult to implement such technologies 
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in the ield. Tilling is essentially the only option in aerating the top layers of contaminated 
sediments during low tide [34, 48]. Thus, oxygen represents a very signiicant and potentially 
factor which limit the rate of hydrocarbon degradation.

6.4. pH

pH varies less in aquatic environments and most bacteria and fungi capable of degrading 

hydrocarbon require a neutral pH [52, 53]. In general, microbial activity is inluenced by 
extremely low or high pH [53]. According to Bamforth and Singleton [48], 40% of phenan-

threne degradation was observed for Burkholderia cocovenenans at pH 5.5. However, the deg-

radation at neutral pH in the same conditions was 80%. Additionally, Leahy and Colwell [53] 

reported that microbial degradation of naphthalene decreased at pH 5.0 compared to the 

highest rate of degradation observed at pH 7. Moreover, other reports described the eiciency 
of some microorganisms, such as Pseudomonas, to degrade hydrocarbon at alkaline pH [48]. 

A degradation of PAH in acidic contaminated environment (pH 2) by indigenous microor-

ganisms was reported [54]. The adequate pH depends on microorganisms to be used for the 

bioremediation.

6.5. Bioavailability of hydrocarbon

The bioavailability is deined as the rate of substrate mass transfer into the microbial cells. It 
is considered as one of the most determinant parameters regarding hydrocarbon degradation 

rate. PAHs are characterized by a low bioavailability due to their low aqueous solubility. That 

is the reason why they are reported to be resistant to the degradation process and persistent 

in the environment [24]. Unsuccessful remediation of PAH-contaminated sites was reported 
due to the low bioavailability of PAHs [24]. It has been reported that bioavailability of hydro-

carbon decreases with time [24]. Although the photo-oxidation increased the biodegradation 

of petroleum hydrocarbon by increasing its bioavailability which promote microbial activi-

ties [56]. Hydrocarbon and particularly PAHs become more bioavailable when they are dis-

solved or evaporated [27]. The bioavailability of pollutant in contaminated environment may 

be increased by the application of surfactants.

7. Distribution of hydrocarbon-degrading microorganisms

Oil spill in the marine environment can be highly toxic to the marine microbial communities. 

However, a part of these communities resist to this type of pollution and are able to metabo-

lize the pollutant.

Several studies have revealed a huge diversity of microorganisms (bacteria, fungi, archaea 

and algae), which were isolated from contaminated environments and were able to degrade 

hydrocarbons. Recent research reported that 79 bacterial, 9 cyanobacterial, 103 fungal and 14 

algal are able to use hydrocarbons as a sole source of carbon and energy [39]. Moreover, in the 
marine environment, at least 25 bacterial genera of hydrocarbon degrader were found [57].
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Bacteria are the most important and abundant group known for hydrocarbon degradation.

However, there is a class of bacteria that uses exclusively hydrocarbons as substrates and has 

been characterized as obligate hydrocarbonoclastic bacteria (OHCB) [39, 58, 59]. This group 

is present at low or undetectable levels in marine environment before a contamination with 

hydrocarbon. Hydrocarbon-degrading microorganisms are widely distributed and ubiqui-

tous in marine environment especially after a contamination with hydrocarbons. Their num-

ber and activity increase and can represent 100% of the total microbial community. However, 

they can be found in non-contaminated environment but in very small proportion which can 

represent 0.1% of the total microbial community [53, 60, 61].

Based on microbial isolation and cultivation from hydrocarbon-contaminated environment, 

several microorganisms were isolated and characterized. However, this method can detect 

only 1–2% of the most dominant microbial species and only a small fraction of those com-

munities are able to be cultivated [62]. In addition, diferent molecular approaches were used 
to study the composition and the structure of the bacterial community in diferent environ-

ment such as denaturing gradient gel electrophoresis (DGGE), terminal restriction fragment 
length polymorphism (T-RFLP), automated ribosomal intergenic spacer analysis (ARISA) and 

16SrRNA gene clone libraries [62–64].

With recent advances in genomics and sequencing technologies, more techniques based on 

high throughput sequencing of DNA (next generation sequencing technologies) are improved 

in metagenomic studies (Figure 5).

Figure 5. Schematic diagram explaining the diferent microbial hydrocarbon degradation strategy for bioremediation.
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These hydrocarbonoclastic bacteria are of great importance since they belong to the key 
players in oil removal from contaminated marine sites. Among these OHCB, Alcanivorax, 

Marinobacter, Thallassolituus, Cycloclasticus and Oleispira are the most representative genera 

and they play a key role in the degradation of hydrocarbons [65]. As described in Figure 6, 

bacteria, which are able to degrade saturated and polycyclic aromatic hydrocarbons, were 

presented by red and blue, respectively, whereas the green organism is able to degrade dioxin 

compounds. The organisms shown in black color in Figure 6 are able to degrade both satu-

rated and PAH.

Among obligate hydrocarbonoclastic bacteria, Alcanivorax borkumensis is ubiquitous in hydro-

carbon-polluted marine environment. This strain is able to metabolize linear and branched 

alkanes, but unable to degrade aromatic hydrocarbons [66, 67]. Thallassolituus oleivorans is 

highly specialized to degrade aliphatic hydrocarbons from C7 to C20 carbons [68]. Also, 

Oleiphilus and Oleispira are well known in the degradation of aliphatic hydrocarbons [58]. 

Whereas Cycloclasticus is reported to mineralize various PAHs such as naphthalene, phen-

anthrene, anthracene, pyrene and luorene [69]. Marinobacter strains are able to degrade 

Figure 6. A phylogenetic tree of the distribution of hydrocarbon-degrading bacteria based on 16S rDNA partial sequences 

for type strains using MEGA 6.06. 16S rRNA sequence accession numbers of the reference type strains are indicated in 
parentheses. Microorganisms* showed obligate hydrocarbonoclastic bacteria.
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hydrocarbon compounds eiciently [70]. Other non-obligate hydrocarbonoclastic bacteria 

have been described for their abilities to degrade diferent classes of hydrocarbons and were 
isolated from oil-contaminated environment. Among this group, able to degrade PAHs, we 

distinguish Pseudomonas, Marinomonas, Halomonas and Micrococcus. Moreover, Acinetobacter 

and Sphingomonas are well described in the degradation of aliphatic compounds [58].

Several studies reported that the eiciency of biodegradation ranged from: 6 to 82%, 0.13 to 
50% and 0.003 to 100%, respectively, by fungi, soil bacteria and marine bacteria [71].

Among fungi, genera ailiated to Amorphoteca, Neosartorya, Talaromyces, Aspergillus and 

Graphium are able to degrade hydrocarbon. In addition, various studies reported the ei-

ciency of hydrocarbon degradation by yeast belonging to Candida lipolytica, Rhodotorula muci-

laginosa, Geotrichum sp. and Trichosporon mucoides [71].

Since crude oil is a complex mixture of hydrocarbon and individual microorganism is able 

to degrade only a limited number of crude oil components, several studies reported the ei-

ciency of the degradation of crude oil by a whole consortium. It was deined as mixed cultures 
of hydrocarbon-degrading microorganism composed either by known hydrocarbon degrader 
microorganisms or by enrichment of indigenous microbial consortia. Several reports con-

irmed that the application of a consortium, with a broad enzymatic capacities to degrade 
a wide range of hydrocarbons, accelerate bioremediation treatment [33, 39, 44, 72]. A recon-

structed consortium composed by a mixture of bacteria and fungi was able to achieve a high 

degradation of petroleum based on their complimentary metabolic potentials to metabolize 

the diferent components [72].

8. Mechanism of hydrocarbon degradation

The trend in biodegradation of petroleum hydrocarbons rate is performed in the following 

order: n-alkanes > branched alkanes > low molecular weight aromatics > cyclic alkanes. Resin 
and asphaltenes are the most recalcitrant compounds of the petroleum hydrocarbons [73].

8.1. Alkane-degrading bacteria

Alkanes are saturated hydrocarbons composed exclusively by carbon and hydrogen atoms. 
They can be n-alkanes (linear), cycloalkanes (cyclic) or isoalkanes (branched).

The major fraction of crude oil can be composed by alkanes which constitute more than 50% 
of crude oil depending on the type and source of oil.

Various aerobic and anaerobic microorganisms possess the metabolic capacity to use alkanes 
as sole carbon source and energy. Bacteria, fungi and yeasts were reported to degrade 

alkanes. The degradation of alkane by bacteria has been extensively studied [58]. The biodeg-

radation of saturated hydrocarbons is essentially an aerobic process carried out by bacteria. 

Microorganism-degrading alkanes are widely distributed in the environment. The biodeg-

radation of n-alkanes is beter known than other classes of saturated hydrocarbons. Alkane 
hydroxylase is a key enzyme involved in alkane degradation [74].
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Methane monooxygenase is involved in the degradation of short-chain length alkanes (C
2
–C

4
) 

[74]. The degradation of medium n-alkanes (C
5
–C

17
) was carried out via cytochrome P450 and 

monooxygenases including AlkB [73]. For the degradation of long n-alkanes > C18, multiple 

alkane hydroxylases are reported [74].

Alcanivorax spp., initially undetectable in oil-contaminated sea water, were reported to consti-

tute 90% of the whole bacterial community after nutrient addition in biostimulation treatment 

[39]. The detection of alkB genes, which encode the catalytic activity of alkane hydroxylase 
allowing the degradation of medium to long chain hydrocarbons, was also reported [74]. This 

gene was irstly discovered in Pseudomonas putida GPo1. Afterward, it was found in the major-

ity of alkane-degrading bacteria. With advanced researches, 250 alkB gene homologs were 

reported in hydrocarbonoclastic bacteria [74].

8.2. Polycyclic aromatic hydrocarbons (PAHs)

PAHs represent a class of hazardous environmental pollutants that are accumulated in the 

environment from various origins and mainly from anthropogenic activities. PAHs are pres-

ent in crude oil but in low concentrations. They are highly toxic and recalcitrant [60, 61].

Currently, there are many reports on aerobic catabolism of aromatics compounds and vari-
ous catabolic pathways were investigated. In general, we distinguish two major strategies for 

PAHs degradation in the presence and absence of oxygen [74].

Usually, the degradation of PAHs by bacteria involves mono and dioxygenase since the 
irst step is the hydroxylation of the aromatic ring via a dioxygenase which is a complex of 

enzymes composed by reductase, ferredoxin and terminal oxygenase subunits. Besides, sev-

eral bacteria degrade PAHs through cytochrome P450 [24].

PAHs can be completely metabolized to carbon dioxide and water due to the presence of 

oxygen [61, 75].

The anaerobic biodegradation of PAHs is a slow process, and a few numbers of preliminary 

studies have reported the degradation pathways, catabolic genes and enzymes of this degra-

dation. Among PAHs reported for their degradation in anoxic condition, we can cite naphtha-

lene, anthracene, phenanthrene, luorene, acenaphthene and luoranthene [74].

9. Biosurfactant

The bioavailability of contaminants is considered as a major limit for the degradation and bio-

remediation of contaminated sites. This limit may be recovered by the use of biosurfactant pro-

duced by bacteria. Biosurfactant reduces the surface tension and facilitates the contact between 

microorganism and pollutants. Numerous studies reported the efect of biosurfactants on bio-

degradation of hydrocarbons and their industrial and commercial potentials [76, 77].

Biosurfactants are of great interest since these compounds are widely used in various ields, 
including industrial applications, agriculture, crude-oil recovery, cosmetics, pharmaceuticals, 
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detergents, food processing and textile, and in various ields of biomedicine. Therefore, these com-

pounds have advantages compared to chemical surfactant because these molecules are nontoxic, 

biodegradable and can be used under extreme conditions of temperature, pH and salinity [78–80].

Studies dealing with the biotechnological use of biosurfactants have signiicantly increased 
within the last years. Nowadays, with the research advance, the use of biosurfactants is being 

a potential alternative and promising tool for bioremediation.

Acinetobacter, Stenotrophomonas, Pseudomonas, Koccuria and Bacillus, isolated from hydrocar-

bon-contaminated sites in Tunisia, showed signiicant biosurfactant production and emulsi-
ication activities [2]. Several microorganism genera including Corynebacterium, Rhodococcus, 

Pseudomonas, Bacillus, Achromobacter and Ochrobactrum were identiied as eicient biosurfactant 
producers (Table 1) [83]. Therefore, these bacteria may constitute potential candidates for bio-

remediation and can be useful for biotechnological applications. Pseudomonas has been widely 

studied for their ability to produce biosurfactants with a glycolipid structure. Rhamnolipids 

are the beter characterized biosurfactants and enhanced oil recovery and bioremediation 
process [84–86]. Bacillus subtilis is known for its ability to produce lipopeptide biosurfactant 
known as surfactin, which is used in commercial application [82, 87]. Additionally, the ability 

of Brevibacillus sp. to produce biosurfactant during phenanthrene degradation and an associa-

tion between biodegradation and production of biosurfactants was shown [88]. Other report 

describes the rhamnolipids produced by Burkholderia plantarii and their application in phar-

maceutical and industries [89]. According to Bordoloi and Konwar [81], a higher solubiliza-

tion of pyrene and luorine due to the addition of biosurfactant was observed. Rhodococcus 

erythropolis produced Trehalose lipids, biosurfactant which stimulate the solubilization of 

phenanthrene to facilitate the degradation of this hydrocarbon [90].

Types Biosurfactants Microorganisms Application References

Glycolipids Rhamnolipid Pseudomonas aeruginosa, 

Pseudomonas putida, 

Pseudomonas chlororaphis, 

Renibacterium salmoninarum

Bioremediation

Biocontrol agent

Bordoloi and 

Konwar [81] and 

Banat et al. [78]

Trehalolipid Rhodococcus, Mycobacterium, 

Corynebacterium, Gordonia, 

Arthrobacter

Bioremediation

Biocontrol agent

Banat et al. [78]

Sophorolipid Candida bombicola

Candida apicola

Bioremediation

Emulsion

Whang et al. [82]

Lipopeptides Surfactin Bacillus subtilis Biomedical 

application

Banat et al. [78]

Viscosin Pseudomonas luorescens Banat et al. [78]

Rhodofactin Rhodococcus erythropolis

Faty acid Faty acid Corynebacterium lepus

Phospholipids Phospholipid Corynebacterium insidiosum

Table 1. Main types of biological surfactants, producing microorganisms and application.
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10. Case studies of bioremediation strategies used for the 
decontamination of polluted marine environments

Numerous and diferent studies can be carried out, for example, as application of biore-

mediation processes in the Mediterranean Sea, however, is particularly interesting is the 
example that can be extracted from the work of Cappello et al. [91], Genovese et al. [65] and 

Fodelianakis et al. [38].

In the work of Cappello et al. [91] and Genovese et al. [65], a modular system aimed at opti-

mizing the biodegradation process was implemented and tested for the remediation of hydro-

carbon-contaminated sediments collected in Messina harbor (Italy). The system was designed 
to operate directly in the ield but retains the advantages of controlled methods that do not 
impact the surrounding environment. The efects of the addition of air and/or slow-released 
fertilizer, temperature regulation and the addition of oil sorbents on the eiciency of the sys-

tem were evaluated. The abundance of the indigenous microbial communities was monitored 

for 30 days of treatment. Measures of microbial activity, biochemical oxygen demand (BOD), 

screen of functional genes, quantitative of petroleum hydrocarbon degradation and ecotoxi-

cological bioassays using the organism Corophium orientale were carried out.

The proposed system was designed according to the two needs highlighted by Nikolopoulou 
and Kalogerakis: (a) the development of low-cost oxygenation systems for aerobic bioreme-

diation of contaminated anoxic sediments and (b) the development of novel biostimulant 

methods that are nontoxic to the marine environment (Table 2).

The results showed the efect of the air injection in the development of bacterial biomass with 
an increase of bacterial population by the DAPI and MPN counts with air insulations compar-

ing to the control (untreated sediments). The addition of nutrients and the regulation of tem-

perature enhance the degradation rate to achieve a high degradation in the shortest possible 

time. In the mesocosm system, ~70% of the total oil and linear hydrocarbons were degraded 

with the development of mesophilic bacteria. Besides, the addition of fertilizers promoted 

the degradation of crude oil improving the degradation eiciency within the 30 days of the 
treatment when >90% of n-alkanes (C

15
–C

30
) and >60% of (alkyl)naphthalenes were degraded.

However, the authors found that biostimulation treatment through nutrient amendment to 

hydrocarbon-contaminated sediments enhanced the biodegradation activity of the indige-

nous microbial community and especially hydrocarbonoclastic bacteria such as Alcanivorax, 

Marinobacter and Cycloclasticus. In fact, sediment toxicity was evaluated by ecotoxicological 

method using Corophium orientale, an endemic and widespread Mediterranean amphipod, 
used as an indicator species in toxicity of harbor sediments [94]; a decrease of toxicity in 

treated sediments was observed (~30%) comparing to untreated system (95%). Thus, the suc-

cess of the bioremediation treatment was explained by both reduction of the hydrocarbon in 

sediment and shift of toxicity.

As another example for bioremediation strategy to evaluate the efectiveness of bioaug-

mentation with allochthonous bacterial consortia in the bioremediation of oil-contaminated 

 sediments collected from a coast adjacent to an oil reinery (Elefsina bay, Greece) treated ex 
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situ by landfarming. For the bioaugmentation treatment, a bacterial consortia composed by 
hydrocarbonoclastic strains isolated from diferent oil-contaminated sediments collected 
from North Africa (Morocco, Tunisia, Egypt) and Red Sea (Jordan) were used. Besides, the 

Type of 
bioremediation 

treatment

Microorganisms/nutrients 

added

Type of 
contaminant

Percentage 

removal 

(%)

Duration 

(days)

References

Bioaugmentation Acinetobacter baumannii Crude oil 43 35 Adams et al. [44]

Candida tropicalis Diesel 83 120 Adams et al. [44]

Pseudomonas arthrobacter Diesel 32 32 Adams et al. [44]

Alcanivorax, Marinobacter 

Cycloclasticus and Thalassolituus

TERHC 79 14 Crisai et al. [92]

Acinetobacter TPH 34 42 Wu et al. [93]

Alcanivorax and Thalassolituus Crude oil 70 20 Hassanshahian et al. 

[16]

Absidia. Cylindrospora Fluorene 90 12 Garon et al. [41]

A bacterial consortia Diesel 72 84 Adams et al. [44]

Biostimulation Nitrogen and phosphorus TPH 60 42 Wu et al. [93]

Inorganic nutrients KH
2
PO

4
, 

NH
4
Cl and NaNO

3

Crude oil 80 20 Hassanshahian et al. 

[16]

Mixed of (NH4)
2
, SO

4
 and 

K
2
HPO

4

Diesel 45 84 Adams et al. [44]

Slow release fertilizers Crude oil 90% of 

n-alkanes 
(C15–C30) 
and 60% of 

PAHs

30 Nikolopoulou and 
Kalogerakis [43]

Inorganic nutrients (KNO
3
 and 

K
2
HPO

4
)

Crude oil 97% of 

C12–C35 
n-alkanes 
and 45% of 

PAH

45 Nikolopoulou and 
Kalogerakis [43]

Organic nutrients (uric 

acid and lecithin) and 

biosurfactants (rhamnolipids)

n-Alkanes 97 45 Nikolopoulou et al. 
[36]

Bioaugmentation 

and biostimulation

Rhodococcus sp. and chemical 

surfactant and Tween 80
TPH 50 46 Adams et al. [44]

Pseudomonas aeruginosa, 

Bacillus subtilis and fertilizer

TPH 75 70 Adams et al. [44]

Inorganic nutrients 

+ rhamnolipids and 

autochthonous bacterial 

consortia

Crude oil 80 30 Nikolopoulou et al. 
[36]

Table 2. Example of successful bioremediation strategies.
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biostimulation was performed with the addition of N/P in the form of KNO3/KH2PO4 to 

a inal ratio of C:N:P (100:10:1). The experiments were carried out for 56 days. The result 
showed that biodegradation was mostly performed by the autochthonous degraders, while 

bioaugmentation did not enhance the remediation process.

11. Conclusion

Petroleum hydrocarbons are the most common pollutants in marine environment and the 

Mediterranean Sea is particularly endangered by hydrocarbon pollution. This pollution 
generates a great hazard to marine ecosystems. Bioremediation through bioaugmentation 

or biostimulation constitutes a promising strategy for the cleanup of oil contamination. It 

was based on the presence of catabolic genes and enzymes, which allow microorganisms 

to utilize hydrocarbons as carbon and energy source. This chapter presents an overview of 

diferent eicient strategies used for the decontamination of polluted marine environments. 
There are various factors that afect bioremediation eiciency such as oxygen, pH, tempera-

ture and nutrient availability. Thus, it has been conirmed that the combination of autoch-

thonous bioaugmentation and biostimulation constitutes the best and eicient strategy for 
the decontamination of petroleum-contaminated marine environment. However, further 

researches are still required to answer multiple questions to develop a successful system for 

bioremediation.
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