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Abstract

When pollutants like petroleum hydrocarbons as one of the major origins of aquatic pollution, enter the environment,
they alter the biological and/or physicochemical characteristics of the aforementioned sites due to their potential of
bioaccumulation, biomagnification, and resistance against biodegradation besides its toxicity and carcinogenicity in
nature. Thus, the importance of degradation, deterioration and remediation of these pollutants from environments such
as aquatic environments via a green method such as bioremediation is undeniable. Biosurfactants as secondary metabo-
lites of microorganisms, enhance the bioremediation rate of petroleum hydrocarbons. Using oleophilic microorganisms
with the capability of biosurfactant production which this paper calls "potential microorganisms" in a bioremediation
system is promising. This article reviews the effective factors on bioremediation and the share of biosurfactants on the
rate of bioremediation process, chemical surfactants and their limiting factors as biosurfactant’s chemical counterpart,
the rising market of biosurfactant and its promising future, various types of biosurfactants, and the requirements to
develop an optimized biosurfactant-base bioremediation system. Furthermore, this paper based on former studies sug-
gests a novel in-situ biosurfactant-based bioremediation system integrated with Biochar called “Potential Microorganisms
Immobilized on Biochar system” (PMIBC system) as a cost-effective in-situ bioremediation system for decontamination of
aquatic environments like groundwater, lakes, marshes, etc. from petroleum hydrocarbons and oil spills which requires
further study.

Keywords Petroleum hydrocarbons - Aquatic pollution - Bioremediation - Biosurfactant - Microbial Enhanced Oil
Recovery (MEOR) - Biochar

1 Introduction

Environmental pollution due to its vast and adverse effects on public health, mental health, ecosystems, and socioeco-
nomic factors, requires prompt and proper measures to be restored and rehabilitated [1-3].

Investigates show the fact that approximately 2 million tons of oil enter aqueous environments per year based on
sea-based activities [12]. After an oil spill occurrence, petroleum may remain in aquatic environments for a long time
[13]. Petroleum hydrocarbon pollution may cause serious and harmful effects on the aforementioned ecosystems as well
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as human security because of its potential of bioaccumulation, biomagnification, and resistance against biodegrada-
tion besides its toxicity and carcinogenicity in nature [12, 14, 15]. Petroleum is a multiplex combination of aromatics,
heterocyclic hydrocarbons, and natural gases. Besides crude oil which is one of the most prevailing global sources of
energy contains a complex and variable mixture of hydrocarbons mostly including alkanes, saturates, aromatics, resins,
asphaltenes, naphthenes, etc. [11, 16, 171.

Bioremediation is a valuable biotechnology method that simply can be defined as the process of decontamination
and mitigation of pollutants from the projected contaminated environment via microbial activities. Since biosurfactant
is an eco-friendly and effective compound that has the properties of surfactants generated by some microorganisms, it
can enhance the breaking of petroleum hydrocarbons by increasing the bioavailability of mentioned contaminations for
oleophilic microorganisms existing in the polluted aquatic environments and by this mean the bioremediation process
enhances. Therefore, biosurfactant is a crucial factor in an optimized bioremediation process [20-22].

The objective of the present review is to evaluate the biosurfactant-producing microorganisms and their potentiality
in bioremediation of petroleum hydrocarbon in aquatic environments.

2 The effects of petroleum hydrocarbons on marine environments

The marine environment is among the most significant aquatic environments as they are extremely valuable due to the
existence of various useful and applicable ecosystems and natural resources. Marine pollution is alarming because when
pollutants, especially oil spills or chemicals as the major cause of marine pollution enter to those environments, it can
alter the biological and/or physicochemical characteristics of aquatic sites [4, 5]. Around 35 million petroleum barrels are
conveyed by transoceanic travels annually and numerous ship accidents occur every year and most of the accidents lead
to an extensive release of petroleum in marine environments. Usually, oil spill accidents in the marine sites are enormous
and noxious [6]. Crude oil leakage and spillage may lead to disastrous damages to the aquatic environments. Fractions
of oil can change population dynamics and derange structures and interactions of ecosystems related to contaminated
sites and impact the population of most of the native organisms [12, 18]. As an example, several studies and experi-
ments confirmed the diminishing of Persian Gulf biodiversity triggered by the petroleum contamination [19]. Increasing
industrial activities for use of energy and raw materials and large-scale release of various contaminating factors during
oil drilling, transportation, and accidents results in environmental pollution, for instance, the collision and explosion
accident of Sanchi ship in 2018 resulted in a vast oil spill in water [7, 8]. Petroleum is the most profitable source of energy
and simultaneously is among the most prevalent and hazardous environmental pollutant factors which can lead to the
contamination of terrestrial and aquatic environments and ecosystems like groundwater, surface water, and soil due to
its qualities like toxicity and recalcitrant nature [9-11].

3 Bioremediation of petroleum hydrocarbons and the effects of biosurfactant

Remediation of petroleum hydrocarbons is a vital procedure for environments and/or organisms. Besides, some reme-
diation strategies such as physical or chemical are not sufficient for decontamination of environments because of the
unceasing entry of various pollutants throughout environments as a consequence of anthropogenic activities and also
these methods mostly are costly and time-consuming. For this reason, bioremediation as a cost-effective, eco-friendly,
non-toxic biotechnology method has been widely recommended [6, 23]. Bioremediation is the process of degradation,
detoxification, mineralization, or transformation of a hazardous pollutant to a safe state relying on microorganisms'’
activity and their enzymes [24]. Aquatic bacteria have a wide range of bioremediation applications like biodegradation
and removal of petroleum, diesel, heavy metals, other recalcitrant, etc. [25]. Bioremediation of petroleum hydrocarbons
depends on microbial metabolic activities in presence of factors that optimize the process which in some cases just
requires the addition of some factors like nutrients, surfactants, etc. to the polluted media [26, 27]. The efficacy of petro-
leum hydrocarbon bioremediation strategies may depend on different factors in aimed sites (Fig. 1) which researchers
must consider all these factors before starting a bioremediation process [14, 28]. Sufficient concentration of nutrients,
oxygen, and also suitable temperature along with pH between 6 and 9 in aimed sites optimize the rate of growth and
hydrocarbon biodegradation. Studies determine that the maximum rate of hydrocarbon degradation or in other words
hydrocarbon degradation in marine environments and freshwater environments respectively are 15-20 °C and 20-30 °C
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[29, 30]. The addition of nitrogen and phosphorous in bioremediation sites can enhance the biodegradation rate of
petroleum [31].

Biosurfactants are amphiphilic molecules that have surface tension reduction abilities that can be used in environ-
mental, industrial, agricultural, therapeutic activities and can also enhance petroleum bioremediation [32-35]. As a
secondary metabolite of microorganisms, biosurfactants can be processed by the cultivation of biosurfactant producing
microorganisms in the stationary phase on many sorts of low-priced substrates like biochar, plant oils, carbohydrates,
wastes and high-level production of biosurfactants can be controlled by regulation of environmental factors and growth
circumstances [36, 37]. Cultivation of biosurfactant-producing microorganisms requires an appropriate media and some
factors (Fig. 1). Important factors for biosurfactant production that should be taken into consideration include nitrogen
source, carbon source, carbon to nitrogen ratio, minerals, vitamins, metabolic regulators, inhibitors, inducers, salinity,
pH level, and water. For the best result of microbial growth on the media, researchers need data about the properties
of the intended microorganism and its optimized media [38]. Based on Khan et al., an increase in nutrient availability
and accessibility for microbial strains with the ability of hydrocarbon utilization and biosurfactant production, leads to
an increase in biosurfactant production and eventually the rate of hydrocarbon bioremediation increases (Fig. 1) [39].

In-situ and ex-situ bioremediation techniques are respectively defined as bioremediation of pollutants at the contami-
nated site and out of the contaminated site. Usually, the ex-situ bioremediation techniques are more expensive rather
in-situ techniques. Examples of ex-situ techniques are land farming, bioreactor, windrow, biopile and examples of in-situ
bioremediation techniques include natural attenuation, phytoremediation, biosparging and, bioventing Additionally,
biostimulation and bioaugmentation enhance the bioremediation process in both techniques. Nevertheless, researchers
decide on ex-situ or in-situ bioremediation methods considering the location and type of pollutant [24, 40, 41].

Using indigenous bacteria which utilize hydrocarbons and produce biosurfactants, is a green and promising biore-
mediation method that ameliorates the efficiency of the bioremediation process by making petroleum hydrocarbons
bioavailable and facilitating its degradation [42]. On exposure to petroleum, a major group of microorganisms that
degrade hydrocarbons, also generate biosurfactants and bioemulsifires [43, 44]. Biosurfactants promote the surface
area of hydrophobic water-insoluble substrates and following this phenomenon, hydrocarbon utilizing bacteria can
utilize petroleum hydrocarbons more efficiently for its growth and logically, after all, rates of biodegradation, bioreme-
diation, and biocontrol are enhanced [45]. The biodegradation of petroleum hydrocarbons requires a wide spectrum
of enzymatic action, therefore the use of microbial consortium or biofilm to remediate these hydrocarbons could be
appropriate [46, 47]. The bioremediation process cannot be effective if there are no microorganisms with the ability of
hydrocarbon degradation available in the contaminated site [31]. Dozens of bacteria can utilize petroleum hydrocarbons
in the aquatic environments which some of the bacterial species that have a satisfying ability to tolerate high concen-
trations of petroleum hydrocarbons and degrade them, have been listed in (Table 1). Microorganisms that generate
biosurfactants mostly simplify the utilization of petroleum by two common functions: (1) boosting the complexation
and solubilization of apolar substrates which finally leads to an increase in bioavailability of petroleum and (2) enhanc-
ing the affinity between oil-water interface and cell surface through metabolic activities which leads to stimulation of
oil-water interface film’s deformation [48].

4 Chemical surfactants and dispersants

Dispersants are chemical mixtures containing surfactants and solvents. They decrease the surface tension between
oil and water interfaces leading to the oil-microdroplets formation which is more biodegradable in the water column
rather than large spills. This process is called emulsification [36, 61]. In the above-mentioned process, dispersed oil may
become more bioavailable for the marine organisms [62]. Dispersants are applied world-widely and commonly as an
urgent response to the oil spills in aquatic ecosystems, which results in the formation of oil-microdroplets and ultimately
make it more bioavailable for both hydrocarbons utilizing microorganisms and other marine organisms [63, 64]. The use
of chemical dispersants in case of oil spill leakages and accidents in aquatic environments may result in the change of
activity and community composition of microorganisms including hydrocarbon-degrading microorganisms [59]. Besides,
dispersants in turn can contain amounts of toxic and hazardous compounds. For instance, Corexit EC9500A and Corexit
EC9527A both include hazardous components such as: Organic sulfonic acid salt (10-30% w/w), propylene glycol (15%
w/w). Also, Corexit EC9500A and Corexit EC9527A contain hydrotreated light petroleum (10-30% w/w) and 2-butox-
yethanol (30-60% w/w) respectively [65]. Furthermore, information confirms that most of the industrial dispersants and
chemical surfactants are petroleum based [42].
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Table 1 bacteria with

. #  Bacterial species Petroleum hydrocarbon compound References
the ability of petroleum
hydrocarbons utilization 1 Aeromonas [50]
and.toleration in aquatic 2 Acinetobacter spp. Aliphatics, Monoaromatics, C5-C16 alkanes, C10-C30 alkanes [6, 49, 50]
environments
3 Achromobacter Polyaromatics [6, 49]
4 Alcaligenes spp. [6,51]
5  Alcanivorax spp. Aliphatics [49, 52]
6  Alkanindiges [6]
7  Alteromonas [50, 53]
8  Arthobacter [54]
9  Bacillus spp. Aliphatics, Monoaromatics, Polyaromatics [6,49]
10 Brevibacterium Aliphatics [6,49]
11 Burkholderia C5-C16 alkanes [6, 49]
12 Corynebacterium spp. [6]
13 Cycloclasticus Polyaromatics [49, 55]
14 Dietzia [50, 55]
15 Enterobacter [50]
16 flavobacterium spp. [6, 50]
17 Geobacillus [56]
18 Halomonas Monoaromatics, [49, 56]
19 Kocuria sp. [50, 57, 58]
20 Marinobacter sp. Aliphatics [49, 59]
21 Micrococcus roseus Aliphatics, [49, 59]
22 Mycobacterium Fatty acids, Cycloalkanes, Alkyl benzenes [6,49]
23 Nocardia [60]
24 Oleiphilus [56]
25 Oleispira [55, 56]
26 Pseudomonas aeruginosa Aliphatics, Monoaromatics, Resins, C5-C16 alkanes [6, 49]
27 Pseudomonas fluorescens  Aliphatics, Monoaromatics, Resins, C5-C16 alkanes [6,49]
28 P putida - [25]
29 Rhodococcus Aliphatics, Monoaromatics, Alkyl benzenes, Fatty acids [6,49]
30 Sphingomonas Monoaromatics [6,49]
31 Staphylococcus (6]
32 Streptomyces sp. [25]
33 Thallassolituus Aliphatics [49, 55]
34 Vibrio Polyaromatics [6,49]
35 Xanthomonas sp. [55]

Deepwater Horizon (DWH) occurred on April 20™ 2010, followed by an explosion on DWH drilling rig and led to oil
and gas blowout [66, 67]. Statistics show that 74% of saturated hydrocarbons, 16% of aromatic hydrocarbons, and 10%
of polar hydrocarbons formed the DWH oil spill [68]. Corexit EC9500A is an oil dispersant which was largely employed
in the Gulf of Mexico after the aforementioned catastrophe both below water and at the surface. Studies after the
DWH accident reveal that both Corexit 9500 and 9527 were genotoxic and cytotoxic for marine mammals. Meanwhile,
Corexit 9500 was less genotoxic but more cytotoxic than Corexit 9527 [69]. Aquatic studies show this fact that this oil
dispersant is low toxic for many crustaceans, corals, and fishes but is more toxic to planktons, daphnia, and many spe-
cies in the early stages of life [67]. After using 7 million liters of dispersants in DWH to stimulate crude oil degradation by
microbial processes, oxidation rate measurements of alkanes and aromatic hydrocarbons revealed the fact that neither
suppression nor stimulation of oil biodegradation process in presence of dispersants will change. Although further
studies demonstrate that Corexit EC9500A affects some characteristics of Marinobacter sp. TT1 including metabolisms
of hydrocarbon, formation of biofilm, and chemotactic motility, it also induces mechanisms of solvent tolerance in the
mentioned bacterium [59, 66].
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After the DWH accident, some dispersants listed on the U.S. Environmental Protection Agency’s (EPA) National Contin-
gency Plan (NCP) were employed in the Gulf of Mexico [70]. Eight of these dispersants include Corexit 9500, Dispersit SPC
1000, Jd-2000, Nokomis 3-AA, Nokomis 3-F4, Saf-Ron Gold, Sea Brat #4, and ZI-400. Over the past few years, acute toxicity
tests were conducted on the mentioned dispersants and revealed their relative toxicity [71]. Nevertheless, various stud-
ies demonstrate that application of chemical surfactants can impede the process of biodegradation of some petroleum
hydrocarbons for the particular reason that petroleum degrading microorganisms may utilize those applied surfactants
rather than petroleum hydrocarbons as growing substrate [72]. The use of chemical dispersants, besides being relatively
inefficient, can also result in the accumulation of its toxic compounds in the aquatic and any other environment [18].

Several studies demonstrate that there are some green and non-toxic chemical surfactants that can be used in a
petroleum bioremediation process like choline laurate or choline alkylsulfates. Further studies, though, indicate that
mixtures of a green surfactant and a biosurfactant can improve the rate of petroleum bioremediation more efficiently.
Shah and his colleagues [73] suggested a new strategy in the remediation of crude oil. A binary mixture as a green dis-
persant including a glycolipid-type biosurfactant produced by Starmerella bombicola named lactonic sophorolipid, and
a liquid and ionic surfactant named choline laurate were reported. At a 40:60 (w/w) ratio of choline laurate and lactonic
sophorolipid with a dispersant to oil ratio of 1:25 (v/v), the efficiency of dispersion achieved 83%. This binary mixture is
also classified as non-toxic agent [73, 74].

5 The rising market of biosurfactant and its challenges

Biosurfactants do not process any secondary pollutants but a lot of chemical surfactants do [75]. Employment of these
agents for remediating oil-contaminated sites is beneficial due to its characteristics, like biodegradability, specificity,
activation at very low concentrations, high surface activity, the capability to reduce interfacial tension, environmentally
safe, low toxicity, and efficacy in vast ranges of temperatures and pH [9, 76-80].

Based on former studies, the use of biosurfactants in a short period of time enhances the removal rate of petroleum
hydrocarbons (achieving almost 80% removal rate within 1 week of biosurfactant cure) [81]. Compared to the chemical
dispersants, biosurfactants appear more effective in bioremediation applications on oil-contaminated aquatic environ-
ments [82].

Regardless of the aforementioned advantages of using biosurfactants, these biological agents are not commercially
common yet as their final production cost is approximately 12 times higher than chemical surfactants [83]. 70-75% of all
common and synthetic surfactants used in industrial countries are based on petroleum, therefore developing economi-
cal processes and approaches to find a cost-effective biosurfactant is a critical key to expanding the petroleum hydro-
carbons bioremediation methods [42]. Some strategies have been developed to overcome the problem of large-scale
biosurfactant production [84]. Some of the challenges along the commercialization process of biosurfactants include
downstream processing, the requirements of pretreatment, large-scale production, and the availability of raw materi-
als as feedstock. Various wastes can be applied as feedstock for biosurfactant-producing microorganisms to lower the
production price of biosurfactants, like agro-industrial waste, glycerol, and oily waste, fruit and vegetable waste, dairy
industrial waste, municipal waste, and industrial waste [86].

The global demand for biosurfactants is growing each year and these biological agents form a major share of the sur-
factant market. Estimations indicate that revenue generation of the biosurfactant market is expected to reach 2.6 billion
US dollars by 2023 from 1.8 billion US dollars in 2016 which indicates the global market tendency for the replacement
of chemical surfactants with biosurfactants [85].

6 Types and classifications of biosurfactants

Biosurfactants are amphipathic molecules with both hydrophilic and hydrophobic moieties. Hydrophobic moieties can
include a fatty acid carbon chain with 10 to 18 atoms of carbon or a peptide, aprotein with a high portion of lipophilic
side chains. Hydrophilic moieties can include carbohydrate, phosphate, carboxylate, or ester groups, an amino acid or
similar compounds [87, 88].

Generally, biosurfactants include different types (Fig. 2) and Different types of biosurfactants also contain various sub-
divisions (Table 2) [89-92]. These biological surfactants can be extracted from certain kinds of plants, animals, bacteria,

@ Springer



Review Discover Water (2022) 2:5 | https://doi.org/10.1007/543832-022-00013-x

filamentous fungi by fermentation, and yeast which can synthesize biosurfactants. Among all microorganisms, bacteria
are the major biosurfactant producing group [79, 93, 94].

Numerous numbers of biosurfactants are produced by aerobic microorganisms in aqueous media using a carbon
source [87]. Biosurfactants are divided into high molecular weight (HMW) and low molecular weight (LMW). HMW bio-
surfactants are known for their emulsifying properties and LMW biosurfactants are suitable for decreasing surface and
interfacial tensions between oil and water. Altogether, biosurfactants with higher molecular mass are considered more
effective as emulsification agents [102]. The significant classes of LMW surfactants usually are glycolipids (as rhamnolip-
ids), lipopeptides (as surfactin), and phospholipids, whereas HMW surfactants are polymeric [87, 103].

7 Requirements to develop a novel and optimized biosurfactant-base bioremediation
system

A biosurfactant-based bioremediation system is an accelerated or engineered bioremediation technique in which the
main focus is to increase microbial biosurfactant production by providing a suitable environment for the microbes [24,
109]. Typically, microorganisms with biotechnological applications are chosen for industrial approaches [104]. Biosur-
factants considerably apply in various industrial applications, like in medicine, food, cosmetics, agriculture, petroleum.
[105]. One of the major benefits of remediation of contaminated sites by the use of microbes is its high efficiency and
low cost in a sustainable fashion [106]. due to the fact that a vast variety of microorganisms have the potential for bio-
surfactant production and they are ubiquitous in aqueous sites, The idea of using these biological agents in order to
improve the bioremediation processes of petroleum in contaminated aquatic sites has become more promising. [79,
107]. Studies and results declare the fact that a lot of biosurfactants are bio-compatible and have an acceptable applica-
tion to bioremediation of petroleum contaminated aquatic environments. Biosurfactants produced by microorganisms
remarkably can reduce the surface tension of petroleum hydrocarbons and enhance the bioremediation rate of petro-
leum hydrocarbons [108].

The availability of a big volume of data (big data) on microorganisms’ behavior under various environmental stress
levels, genetics, catabolic potentials, functional pathways, enzymes, metabolites like biosurfactants and their character-
istics, promise researchers a promising future of developing an optimized biosurfactant-based bioremediation system
for bioremediation of pollutants like petroleum in the aquatic environments. Considering the fact that in-situ generation
of biosurfactants is almost the most sustainable approach through bioremediation, the next generation biosurfactant-
base systems must be combined with sensors and genetically engineered microorganisms. based on available data of
the biosurfactants producing microorganisms on the bioremediation process, researchers and engineers can develop a
biosurfactant-base bioremediation system that constantly detects the number of pollutants, pH, temperature, salinity,
availability of nutrients, and other effective factors on bioremediation via sensors for in-situ detection. Followed the
detection, the system should provide the suitable condition for proper biosurfactant-producing microorganisms to
enhance the bioremediation rate of petroleum and oil spills in aquatic environments as a sustainable clean-up technique
using big data and sensors [23, 110-118]. The development of such an optimized biosurfactant-based bioremediation
system requires at least two key factors besides having sufficient knowledge about the projected environment. First, is
knowing about biosurfactant-producing microorganisms and choosing the most suitable microorganisms for the system
and the second one is genome sequencing and genetic engineering of biosurfactant producers to optimization of the
bioremediation system.

Table 2 subdivisions of biosurfactants

Biosurfactant classification: Subdivisions: References:

Glycolipids Rhamnolipids, di-rhamnolipids, sophorolipids, trehalolipids, Mannosylribitol lipid, [95-98]
Mannosylarabitol lipid, Mannosylmannitol lipid, Cellobiolipid, Xylolipid

Lipopeptides Surfactin, Lichenysin, Polymyxin, Psudofactin Il, Fengycin, Iturin, Syringafactin, [16,97-99]

Amphisin, Kurstakin, Pumilacidin, Viscosin, Serrawettin, Subtilisin, Arthrofactin, Orni-
thine, Bacillomycin D, Fusaricidins,

Polymeric surfactants Liposan, Alasan, Emulsan, Protein PA, Mannoprotein, Biodispersan, rufisan [90, 100, 101]
Phospholipids/Fatty acids/Neutral ~ Phosphatidylethanolamine, Corynomycolic acid, Spiculisporic acid, Flavolipid, [98, 100]
lipids
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7.1 Biosurfactant-producing microorganisms

A bioremediation method including in-situ or ex-situ applications rely on microbial activity, therefore a major require-
ment to develop a biosurfactant-based bioremediation system is to thoroughly know about biosurfactant producing
microorganisms’ qualities and characteristics [24].

A study suggests the use of biosurfactant-producing bacterium, from Enterobacter hormaechei species, to combat
accidental marine oil spills.The produced lipoprotein biosurfactant is an anionic HMW biosurfactant (48 KDa) and has
unique emulsification and surface activities. E. hormaechei, also, has the ability to degrade 85% of petroleum hydrocar-
bons of crude oil in 10 days of incubation [119].

A laboratory experiment was performed in 2018 to test the bioremediation rate of contaminated seawater with petro-
leum products (motor oil) using biosurfactant produced by Pseudomonas aeruginosa UCP 0992 that cultivated in indus-
trial wastes. After 30 days, the experiment recorded more than 90% rate of oil degradation [76]. Pseudomonas aeruginosa
mostly produces rhamnolipids, surface-active compounds which belong to the class of glycolipid biosurfactants [120].

In another study, Bacillus cereus strain BCSO, a biosurfactant producer isolated from seawater and cultivated with dif-
ferent carbon and nitrogen sources, augmented to a motor oil-contaminated sample. Within 27 days, the degradation
rates enhanced up to 96%. Besides, the biosurfactant remained stable in a vast range of temperatures (5-120 °C), pHs
(2-10), and salinity (2-10%), which demonstrated the potential of mentioned microorganism and its biosurfactant in the
bioremediation process of aquatic environments [121]. The biosurfactants produced by some species of the genus Bacil-
lus have also anticancer activity and non-pathogenic characteristics, therefore this genus has attracted a lot of attention
in the biosurfactant industry [122, 123].

Acinetobacter baumannii OCB1, isolated from an aquatic site, grown in seawater contaminated with petroleum crude
oil, and supplemented with glucose (1.0 g/L), demonstrated 69.69% C8-C14 hydrocarbons degradation. Plus, the addition
of 0.05 g/L of yeast extract enhanced the degradation of C8-C14 hydrocarbons. Additionally, the lipopeptide biosurfactant
produced by A. baumannii OCB1 remained completely stable in a wide spectrum of pHs (2-12) and NaCl concentrations
(2-12%), meaning that it produces a halotolerant biosurfactant [43]. Lipopeptide biosurfactants can take action as the
replacement of chemical surfactants if only the final cost of production of these biological agents become more reason-
able by developing new methods and strategies [99].

A study suggested the use of a biosurfactant/phenol system to improve Polycyclic Aromatic Hydrocarbons (PAHs) bio-
availability. Phenol in turn reduced the biosurfactant’s critical micelle concentration (CMC) and enlarged the dissolution
of PAHs in biosurfactant solutions. After adding biosurfactant, the bioavailability of PAHs in sludge improved from 27.7%
to 43.1% and after the addition of phenol, bioavailability reached 49.2%. Phenol also improved the bioremediation of
PAHs in biosurfactant solutions [124]. While phenol enhances the rate of bioremediation, the use of biosurfactant/phenol
system is not recommended in marine ecosystems due to the hazardous properties of phenol and phenolic compounds.
Based on the discussed data, biosurfactants can also be used for the bioremediation of aromatic compounds such as
phenol or phenolic derivatives [125].

Hydrocarbons’ degradation capability of Staphylococcus pasteuri CO100 as a halotolerant microorganism under high
salinity, was studied. Results of the study demonstrate that Staphylococcus pasteuri CO100 degraded 72% of aliphatic
hydrocarbons existing in crude oil, they can also grow on PAHs like pyrene, fluoranthene, and phenanthrene. The lipo-
peptide biosurfactant produced by Staphylococcus pasteuri CO100 can enhance oil degradation more efficiently than
some synthetic surfactants. The biosurfactant-CO100 remained stable in a vast range of temperatures (4-121 °C), pHs
(24.3-12), and salinities (0-300 g/L NaCl) [126].

Standing on various researches and studies on microbial strains, some of the potential and promising microbial strains
which produce promising biosurfactants that can enhance the bioremediation rate of petroleum hydrocarbons in aquatic
environments have listed (Table 3).

Based on the diversity of chemical components of petroleum, the use of bacterial consortiums, which produce biosur-
factants in order to biostimulate petroleum pollutants bioremediation rates, is recommended. A consortium of microor-
ganisms has a greater possibility of covering more spectrum of enzymatic actions rather than a single bacterium [100,
106]. In an experiment, 5 marine bacteria candidates, where sampled from sediments of four different places to examine
their potential of PAHs removal, The bacterial consortium consist of Ochrobactrum, Streptococcus, Pseudomonas sp.,
Pseudomonas aeruginosa and Achromobacter xylosoxidans demonstrated more than 90% removal of PAHs [144].

Chen et al. suggested the combination of two hydrocarbon-degrading microorganisms including Dietzia sp. CN-3 and
Acinetobacter sp. HC8-3S as a consortium in which both microorganisms were isolated from petroleum-contaminated
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marine sediments of Bohai Bay. The biosurfactant-producing bacterial consortium is recommended for the biodegrada-
tion of crude oil since this halotolerant and oil-degrading bacterial consortium reached 95.8% degradation capability of
crude oil in 10 days. The mentioned bacterial consortium effectively degraded crude oil in a vast spectrum of salinities
(0-120 g L") and pHs (4-10) [145].

For the very first time in 2020 in Isfahan, Iran, Achromobacter kerstersii LMG3441 was identified as a glycolipid biosur-
factant producer and hydrocarbon consumer. Results showed an extensive crude oil degradation capability (53%) of this
strain. Besides, yeast strain Rhodotorula muciloginosa SKF2 produces sophorolipid biosurfactants and has the ability of
crude oil degradation. This novel study suggests the use of these two mentioned strains as a microbial consortium due
to their high potential for biosurfactant production and crude oil biodegradation [1271].

7.2 Genome sequencing and genetic engineering of biosurfactant producers

Increasing progressions in genomic data and genome sequencing of microorganisms with the capability of hydro-
carbon degradation and biosurfactant production, provide researchers opportunities to develop promising methods
and approaches for the bioremediation of petroleum in the aquatic environments [146]. The use of microbial enzymes
involved in the process of bioremediation such as oxidoreductase, lyases, peroxidases, hydrolase, dehalogenases, etc.
is a secure, effective, and cost-effective bioremediation method. The new and promising genetic engineering methods
such as clustered regularly interspaced short palindromic repeat—CRISPR associated proteins (CRISPR-Cas) technol-
ogy give scientists a suitable approach to increase the production of enzymes and biosurfactants by transferring the
coded genes of enzymes and biosurfactants into another microbial host with desired characteristics or knocking-out
some impediment genes [98, 147-150]. Due to the significant advances in molecular biology and available data about
DNA sequences of biosurfactant-producing microorganismes, it is achievable to overproduce recombinant strains with
more efficient biosurfactant production and hydrocarbon utilization rather than wild-type strains which can be used in
a bioremediation system and increase the rate of the petroleum hydrocarbon bioremediation [123]. Table 4 represent
genomic data of some hydrocarbon utilizing and biosurfactant producing bacterial strains which have been completely
sequenced in recent years.

To show the potential of genetic engineering of biosurfactant-producing strains for the development of a cost-effective
bioremediation system, Wu et al., established a systematical genetic engineering approach in which 53 genes of Bacil-
lus subtilis 168 were modified for the biosynthesis of surfactin biosurfactant. Five major steps have been taken in their
systematical experiment to the goal of a rise in the surfactin titer. First, they resorted to the biosynthetic activity of the
biosurfactant by the combination of the whole sfp gene into Bacillus subtilis 168. In the second step, they tried to decrease
competition by deletion of 3.8% of the whole genome of the intended strain which was responsible for biofilm forma-
tion and pathways of polyketide synthase. The third step of the experiment includes potential self-resistance-associated
protein overexpression which results in tolerance amelioration of the cell to the surfactin biosurfactant. In the fourth
step, by the branched-chain fatty acid biosynthesis pathway engineering, they increased the precursor branched-chain
fatty acids supply. In the last step, they improved the srfA transcription which resulted in the diversion of Acetyl-CoA from
the process of cell growth to the biosynthesis of surfactin as a green microbial biosurfactant. What encodes surfactin
biosynthesis in the Bacillus subtilis 168 is the srfA operon. In this experimentation, biosurfactant titer reached a maximum
value of 12.8 g/l which indicated the great potential of genetic engineering methods and the principal role of genome
sequencing for developing an optimized biosurfactant-base bioremediation system [151].

8 Prospective of a biosurfactant-based bioremediation system integrated with Biochar

Biochar (BC) is a stable solid, porous, carbonaceous material obtained from biomass via hydrothermal and thermo-
chemical processes like pyrolysis or gasification [160-162]. BC can preserve the organoleptic properties of water and
moreover can remove biological, chemical, and physical pollutant factors in the aquatic systems [164,165). Owing to the
carbonaceous and porous structure of BC, this material can remove various pollutants including organics and inorganics
via the process of biosorption. Additionally, BC by providing solid support as a sustainable source of nutrients for the
growth of hydrocarbon degrader microorganisms can be used as an aquatic oil spill recovery method besides fortify-
ing the hydrocarbon biodegradation process [164, 165]. Microorganisms that utilize petroleum hydrocarbons and, in
some cases, produce biosurfactants, can also be immobilized on BC [166, 167]. In a study, crude oil sorption capacity
of BC derived from peat (BP) and its oil removal efficiency examined and the results after contact of BP and crude oil in
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Table 4 Genomic data of some hydrocarbon degrading and biosurfactant producing bacterial strains, which can be applied to produce
recombinant strains, and can be useful in the process of bioremediation of petroleum hydrocarbons

# Strain name/ references Feature Value/count NCBI Gene Bank accession no
1 Achromobacter sp. HZ01 / [146] Genome size (bp) 5,532,918 LWKV00000000
G+C content (%) 68.1
Total genes 5,162
Gene length (bp) 5,108,407
Gene average length (bp) 990
Pseudogenes 31
rRNAs 4
tRNAs 54
2 Rhodococcus erythropolis B7g / [152] Genome size (bp) 7,175,690 LQWU00000000
G+C content (%) 62.4
Protein coding genes 7,153
Gene average length (bp) 901
Coding percentage (%) 89.8
Pseudogenes -
rRNAs 16
tRNAs 53
3 Bacillus sp. AKBS9 / [153] Genome size (bp) 1,330,614,215 POYG00000000.1
Total genes 5,253
Gene average length (bp) 83,613
4 Acinetobacter sp. AKBS16 / [153] Genome size (bp) 1,175,940,239 POYH00000000.1
Total genes 3,656
Gene average length (bp) 91,744
5 Bacillus subtilis UMX-103 / [154] Genome size (bp) 4,234,627 -
Total genes 4,399
Protein coding genes 4,301
RNA genes 98
Genes involve in biosur- 25
factant production
6 Bacillus aquimaris SAMM MCC 3014 / [155] Genome size (bp) 4,414,932 MINN00000000.1
G+C content (%) 448
Total genes 4,370
Protein coding genes 4,247
RNA genes 123
rRNAs 32
tRNAs 86
ncRNAs 5
Pseudogenes 153
7 Acinetobacter indicus UBT1 / [156] Genome size (Mb) 2.97 JABFOI1000000000
G+C content (%) 45.9
Total genes 2,863
Total CDS 2,789
RNA genes 74
Complete rRNA 1,1 (5S, 16S)
rRNAs 1,1(5S, 16S)
tRNAs 68
ncRNAs 4
Pseudogenes 68
CRISPR arrays 1
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Table 4 (continued)

# Strain name/ references

Feature

Value/count

NCBI Gene Bank accession no

8 Bacillus sp. AM 13 / [157]

9 Planococcus maritimus SAMP / [158]

10 Halomonas desertis G11 / [159]

11 Bacillus cereus NWUABO1 / [104]

Genome size (bp)
G+C content (%)
Total genes

Total CDS
Complete rRNAs
Partial rRNAs
rRNAs

tRNAs

ncRNAs

Pseudogenes
Genome size (bp)
G+C content (%)
Total genes

Total CDS

RNA genes

rRNAs

Complete rRNAs
Partial rRNAs
tRNAs

ncRNAs
Pseudogenes
Genome size (bp)
G+C content (%)
Protein coding genes
RNA genes

rRNAs

tRNAs

DNA scaffolds
Genome size (bp)
G+C content (%)
Total genes

Total CDS

RNA genes

rRNAs

Complete rRNAs
Partial rRNAs
tRNAs

ncRNAs
Pseudogenes

3,734,657
416

3,791

3,481

9,4,5 (55, 165, 235)
3,3 (165, 235)
9,7,8 (55, 165, 235)
84

0

202
3,216,408

472

3,234

3,141

93

8,8,10 (55, 165, 235)
8,155, 235)

8,9 (165, 235)

63

4

30

3,963,288

57.82

3,639

76

8

58

44

5,989,415

35.01

6,306

6,191

115

11,4, 8 (55, 16S, 235)
7 (59)

4,4,8 (55, 165, 235)
87

5

280

LKCP00000000.1

MINM00000000

LYXG00000000

QNGD00000000.3

70 min at 45 °C respectively demonstrate 32.5 g of crude oil per 1 g of adsorbent material and 91.2% which means BP
can be used for cleaning up oil spills in aquatic environments [168]. In an experiment, rhizospheric microorganisms in
BC-amended soil were isolated to screening biosurfactant production. Psuedomonas and Bacillus spp. were the major
isolates. Biosurfactant derived from Psuedomonas putida in turn showed the potential of hydrocarbon degradation over
10 days [161]. Wei et al. investigated the merged application of BC, rhamnolipid biosurfactant, and nitrogen on remedia-
tion of petroleum hydrocarbons in a microcosm study where wetland soils were artificially contaminated with crude oil.
In the study, BC+rhamnolipid biosurfactant, BC + nitrogen, and BC+rhamnolipid biosurfactant + nitrogen respectively
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decreased 32.3%, 73.2%, and 80.9% of total petroleum hydrocarbons (TPHs). BC improved adsorption of aromatic com-
pounds and rhamnolipid biosurfactant plus nitrogen increased remediation rate of heavy and light aliphatic compounds
and decreased diversity of the microbial community and respectively shifted it to the greater abundance of Proteobacteria
and Bacteroidetes. Results show that plants can tolerate an extra amount of rhamnolipids in association with BC and this
association leads to amelioration of petroleum remediation rate [169, 170]. The combination of BC and rhamnolipids
can accelerate the rate of petroleum hydrocarbons bioremediation in support of phytoremediation [171]. Magnetic BC
is also potent for adsorption and removal of contaminants including petroleum hydrocarbons in aqueous media and in
recent years widely used [172, 173]. Since hybridization of different bioremediation approaches may lead to an optimized
and promising bioremediation method and based on former studies, this paper suggests a new bioremediation system
integrated with a potential BC as a nutrient source for microorganisms to thrive on, crude oil adsorbent, and a material
that potential microorganisms can immobilize on and calls it “potential-microorganisms-immobilized-on-biochar sys-
tem” (PMIBC system) which its theory elucidated in the following figure by the authors (Fig. 3) [174]. This system can be
categorized as a microbial enhanced oil recovery (MEOR) method integrating with biosurfactant in which biosurfactant
production will be in-situ and make the bioremediation process more cost-effective compared to the ex-situ produc-
tion of biosurfactants. Using PMIBC system saves biosurfactant production, purification, and transportation expenses
and make bioremediation of hydrocarbons including petroleum hydrocarbons more economical and can be used in the
decontamination of groundwater, lakes, marshes, etc. [163, 175].

9 Conclusion

Biosurfactants have various industrial applications like in medicine, food, cosmetics, agriculture, bioremediation, and
they are more biodegradable, less toxic, and in some cases more effective rather than their chemical counterparts, still
the gap between the final cost of biosurfactants and chemical surfactants generation is considerable, as the statistics
demonstrate the final production cost of biosurfactants is approximately 12 times higher than chemical surfactants. To
overcome this enormous gap to the goal of popularizing the use of biosurfactants in the bioremediation of petroleum
in various environments such as aquatic environments, researchers must develop new and effective biosurfactant-based
bioremediation systems and solutions to achieve a cost-effective bioremediation method. As the best bioremediation
method is the in-situ bioremediation and the most effective and productive biosurfactant producers are microorganisms,
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the ideal biosurfactant-based bioremediation systems are in-situ and dependent upon microorganisms’activity with an
appropriate and stable source of energy, which, as an example, this article based on former studies suggested PMIBC
system. Hence, this article deduces that the most potent microorganisms in bioremediation of petroleum, which can be
used in bioremediation systems, are biosurfactant producing and hydrocarbon utilizing microorganisms that the article
listed as "potential microorganisms". Since an increase in biosurfactant production will lead to an increase in the rate
of petroleum hydrocarbon bioremediation, progression in the development of the mentioned bioremediation systems
requires further studies based on earlier data about potential microorganisms. Also, great headways in molecular biol-
ogy, genetic engineering like CRISPR-Cas systems, bioinformatics, and big data about the genome sequence of potential
microorganisms and their enzymatic pathways connected to petroleum degradation and biosurfactant production,
promise researchers to overproduce recombinant strains more efficient rather than wild-type strains to use them in their
designed biosurfactant-based bioremediation systems.

Author contributions 1- MAZ: had the idea for the article, critically revised the work, performed data analysis, corresponding author. 2-MAM:
had the idea for the article, critically revised the work, performed literature search and data analysis 3-AA: critically revised the work. 4- Leila
Mohajeri: critically revised the work. All authors read and approved the final manuscript

Funding There is no source of funding to declare.

Data availability all of the datasets generated and/or analyzed during the current review study listed in the “References” section of this article.
Declarations

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Ventriglio A, Bellomo A, di Gioia |, Di Sabatino D, Favale D, De Berardis D, Cianconi P. Environmental pollution and mental health: a nar-
rative review of literature. CNS Spectr. 2021;26(1):51-61.
2. Ajibade FO, Adelodun B, Lasisi KH, Fadare OO, Ajibade TF, Nwogwu NA, et al. Environmental pollution and their socioeconomic impacts.
In: Microbe mediated remediation of environmental contaminants. Woodhead Publishing; 2021. p. 321-54.
3. Sumudumali RGI, Jayawardana JMCK. A review of biological monitoring of aquatic ecosystems approaches: with special reference to
macroinvertebrates and pesticide pollution. Environ Manage. 2021;67(2):263-76.
4. Alves TM, Kokinou E, Ekstrom M, Nikolaidis A, Georgiou GC, Miliou A. Scientific, societal and pedagogical approaches to tackle the impact
of climate change on marine pollution. Sci Rep. 2021;11(1):1-15.
5. Hosseini H, Saadaoui |, Moheimani N, Al Saidi M, Al Jamali F, Al Jabri H, Hamadou RB. Marine health of the Arabian Gulf: drivers of pol-
lution and assessment approaches focusing on desalination activities. Mar Pollut Bull. 2021;164:112085.
6. Zaki MS, Authman MM, Abbas HH. Bioremediation of petroleum contaminants in aquatic environments. Life Sci J. 2015;12(5):127-39.
7. Keramea P, Spanoudaki K, Zodiatis G, Gikas G, Sylaios G. Oil Spill modeling: a critical review on current trends, perspectives, and chal-
lenges. J Mar Sci Eng. 2021;9(2):181.
8. ChenJ,DiZ, ShiJ, ShuY,Wan Z, Song L, Zhang W. Marine oil spill pollution causes and governance: a case study of Sanchi tanker collision
and explosion. J Clean Prod. 2020;273:122978.
9. Karlapudi AP, Venkateswarulu TC, Tammineedi J, Kanumuri L, Ravuru BK, Ramu Dirisala V, Kodali VP. Role of biosurfactants in bioremedia-
tion of oil pollution-a review. Petroleum. 2018;4(3):241-9.
10. Ossai IC, Ahmed A, Hassan A, Hamid FS. Remediation of soil and water contaminated with petroleum hydrocarbon: a review. Environ
Technol Innov. 2020;17:100526.
11. Jayasena S, Perera M. Microbial Bioremediation of petroleum hydrocarbons. In: Microbial rejuvenation of polluted environment. Singa-
pore: Springer; 2021. p. 263-291.
12. Zahed MA, Aziz HA, Isa MH, Mohajeri L, Mohajeri S, Kutty SRM. Kinetic modeling and half life study on bioremediation of crude oil dis-
persed by Corexit 9500. J Hazard Mater. 2011;185(2-3):1027-31.
13. Kingston PF. Long-term environmental impact of oil spills. Spill Sci Technol Bull. 2002;7(1-2):53-61.

@ Springer


http://creativecommons.org/licenses/by/4.0/

Review Discover Water (2022) 2:5 | https://doi.org/10.1007/543832-022-00013-x

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24,

25.

26.

27.
28.

29.

30.
31.

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.
48.

Al-Hawash AB, Dragh MA, Li S, Alhujaily A, Abbood HA, Zhang X, Ma F. Principles of microbial degradation of petroleum hydrocarbons
in the environment. Egypt J Aquat Res. 2018;44(2):71-6.

Naeem U, Qazi MA. Leading edges in bioremediation technologies for removal of petroleum hydrocarbons. Environ Sci Pollut Res.
2020;27(22):27370-82.

Pereira E, Napp AP, Allebrandt S, Barbosa R, Reuwsaat J, Lopes W, et al. Biodegradation of aliphatic and polycyclic aromatic hydrocarbons
in seawater by autochthonous microorganisms. Int Biodeterior Biodegrad. 2019;145:104789.

Sakthipriya N, Doble M, Sangwai JS. Bioremediation of coastal and marine pollution due to crude oil using a microorganism Bacillus
subtilis. Procedia Eng. 2015;116:213-20.

Silva EJ, Correa PF, Almeida DG, Luna JM, Rufino RD, Sarubbo LA. Recovery of contaminated marine environments by biosurfactant-
enhanced bioremediation. Colloids Surf B. 2018;172:127-35.

Hassanshahian M, Amirinejad N, Behzadi MA. Crude oil pollution and biodegradation at the Persian Gulf: a comprehensive and
review study. J Environ Health Sci Eng. 2020;18(2):1415-35.

Rylott EL, Bruce NC. How synthetic biology can help bioremediation. Curr Opin Chem Biol. 2020;58:86-95.

Souza EC, Vessoni-Penna TC, de Souza Oliveira RP. Biosurfactant-enhanced hydrocarbon bioremediation: An overview. Int Biodeterior
Biodegrad. 2014;89:88-94.

tawniczak t, Marecik R, Chrzanowski £. Contributions of biosurfactants to natural or induced bioremediation. Appl Microbiol Bio-
technol. 2013;97(6):2327-39.

Dangi AK, Sharma B, Hill RT, Shukla P. Bioremediation through microbes: systems biology and metabolic engineering approach. Crit
Rev Biotechnol. 2019;39(1):79-98.

Azubuike CC, Chikere CB, Okpokwasili GC. Bioremediation techniques—classification based on site of application: principles, advan-
tages, limitations and prospects. World J Microbiol Biotechnol. 2016;32(11):1-18.

Dash HR, Mangwani N, Chakraborty J, Kumari S, Das S. Marine bacteria: potential candidates for enhanced bioremediation. Appl
Microbiol Biotechnol. 2013;97(2):561-71.

Chandra S, Sharma R, Singh K, Sharma A. Application of bioremediation technology in the environment contaminated with petro-
leum hydrocarbon. Ann Microbiol. 2013;63(2):417-31.

Koshlaf E, Ball AS. Soil bioremediation approaches for petroleum hydrocarbon polluted environments. AIMS Microbiol. 2017;3(1):25.
Mohajeri L, Zahed MA, Aziz HA, Isa MH. Assessment of bioaugmentation and biostimulation efficiencies for petroleum contaminated
sediments. Environ Energy Econ Int Res. 2017;1:91-9.

John WC, Ogbonna IO, Gberikon GM, Iheukwumere CC. Evaluation of biosurfactant production potential of Lysinibacillus fusiformis
MK559526 isolated from automobile-mechanic-workshop soil. Braz J Microbiol. 2021;52(2):663-74.

Das N, Chandran P. Microbial degradation of petroleum hydrocarbon contaminants: an overview. Biotechnol Res Int. 2011;2011:1-13.
Zahed MA, Aziz HA, Isa MH, Mohajeri L. Effect of initial oil concentration and dispersant on crude oil biodegradation in contaminated
seawater. Bull Environ Contam Toxicol. 2010;84(4):438-42.

Markande AR, Patel D, Varjani S. A review on biosurfactants: properties, applications and current developments. Bioresour Technol.
2021;330:124963.

Voulgaridou GP, Mantso T, Anestopoulos |, Klavaris A, Katzastra C, Kiousi DE, et al. Toxicity profiling of biosurfactants produced by
novel marine bacterial strains. Int J Mol Sci. 2021;22(5):2383.

Singh A, Van Hamme JD, Ward OP. Surfactants in microbiology and biotechnology: part 2 application aspects. Biotechnol Adv.
2007;25(1):99-121.

Celik PA, Manga EB, Cabuk A, Banat IM. Biosurfactants’ potential role in combating COVID-19 and similar future microbial threats.
Appl Sci. 2021;11(1):334.

Varjani SJ, Upasani VN. Critical review on biosurfactant analysis, purification and characterization using rhamnolipid as a model
biosurfactant. Bioresour Technol. 2017;232:389-97.

Pornsunthorntawee O, Wongpanit P, Rujiravanit R. Rhamnolipid biosurfactants: production and their potential in environmental
biotechnology. Adv Exp Med Biol. 2010;672:211-21.

Nurfarahin AH, Mohamed MS, Phang LY. Culture medium development for microbial-derived surfactants production—an overview.
Molecules. 2018;23(5):1049.

Khan AHA, Tanveer S, Alia S, Anees M, Sultan A, Igbal M, Yousaf S. Role of nutrients in bacterial biosurfactant production and effect
of biosurfactant production on petroleum hydrocarbon biodegradation. Ecol Eng. 2017;104:158-64.

Kumar R, Yadav P. Novel and cost-effective technologies for hydrocarbon bioremediation. In: Microbial action on hydrocarbons.
Singapore: Springer; 2018. p. 543-565

Mahjoubi M, Cappello S, Souissi Y, Jaouani A, Cherif A. Microbial bioremediation of petroleum hydrocarbon-contaminated marine
environments. Recent Insights Pet Sci Eng. 2018;325:325-50.

Lee DW, Lee H, Kwon BO, Khim JS, Yim UH, Kim BS, Kim JJ. Biosurfactant-assisted bioremediation of crude oil by indigenous bacteria
isolated from Taean beach sediment. Environ Pollut. 2018;241:254-64.

Goveas LC, Sajankila SP. Effect of yeast extract supplementation on halotolerant biosurfactant production kinetics coupled with deg-
radation of petroleum crude oil by Acinetobacter baumannii OCB1 in marine environment. Bioresour Technol Rep. 2020;11:100447.
Mnif S, Chamkha M, Labat M, Sayadi S. Simultaneous hydrocarbon biodegradation and biosurfactant production by oilfield-selected
bacteria. J Appl Microbiol. 2011;111(3):525-36.

Shah N, Nikam R, Gaikwad S, Sapre V, Kaur J. Biosurfactant: types, detection methods, importance and applications. Indian Journal
of Microbiol Res. 2016;3(1):5-10.

Canul-Chan M, Sanchez-Gonzalez M, Gonzalez-Burgos A, Zepeda A, Rojas-Herrera R. Population structures shift during the biodeg-
radation of crude and fuel oil by an indigenous consortium. Int J Environ Sci Technol. 2018;15(1):1-16.

Mitra A, Mukhopadhyay S. Biofilm mediated decontamination of pollutants from the environment. AIMS Bioeng. 2016;3(1):44-59.
Hou N, Zhang N, JiaT, Sun Y, Dai Y, Wang Q, et al. Biodegradation of phenanthrene by biodemulsifier-producing strain Achromobacter
sp. LH-1 and the study on its metabolisms and fermentation kinetics. Ecotoxicol Environ Saf. 2018;163:205-14.

@ Springer



Discover Water (2022) 2:5 | https://doi.org/10.1007/543832-022-00013-x Review

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

Varjani SJ. Microbial degradation of petroleum hydrocarbons. Biores Technol. 2017;223:277-86.

Phulpoto IA, Hu B, Wang Y, Ndayisenga F, Li J, Yu Z. Effect of natural microbiome and culturable biosurfactants-producing bacterial
consortia of freshwater lake on petroleum-hydrocarbon degradation. Sci Tot Environ. 2021;751:141720.

Adetitun DO, Fathepure B, Hugh H, Kolawole OM, Olayemi AB. Degradation of Hydrocarbons and Lignin-like compounds by Alcali-
genes sp. strain 3k isolated from llorin. Pollution. 2019;5(2):269-77.

Zadjelovic V, Chhun A, Quareshy M, Silvano E, Hernandez-Fernaud JR, Aguilo-Ferretjans MM, et al. Beyond oil degradation: enzymatic
potential of Alcanivorax to degrade natural and synthetic polyesters. Environ Microbiol. 2020;22(4):1356-69.

GutierrezT, Singleton DR, Berry D, Yang T, Aitken MD, Teske A. Hydrocarbon-degrading bacteria enriched by the Deepwater Horizon oil
spill identified by cultivation and DNA-SIP. ISME J. 2013;7(11):2091-104.

Plotnikova EG, Yastrebova OV, Anan'ina LN, Dorofeeva LV, Lysanskaya VY, Demakov VA. Halotolerant bacteria of the genus Arthrobacter
degrading polycyclic aromatic hydrocarbons. Russ J Ecol. 2011;42(6):502-9.

Xu X, Liu W, Tian S, Wang W, Qi Q, Jiang P, et al. Petroleum hydrocarbon-degrading bacteria for the remediation of oil pollution under
aerobic conditions: a perspective analysis. Front Microbiol. 2018;9:2885.

Gomes MB, Gonzales-Limache EE, Sousa STP, Dellagnezze BM, Sartoratto A, Silva LCF, et al. Exploring the potential of halophilic bacteria
from oil terminal environments for biosurfactant production and hydrocarbon degradation under high-salinity conditions. Int Biodeterior
Biodegradation. 2018;126:231-42.

Ahmed RZ, Ahmed N, Gadd GM. Isolation of two Kocuria species capable of growing on various polycyclic aromatic hydrocarbons. Afr
J Biotech. 2010;9(24):3611-7.

Lalevic B, Raicevic V, Atanaskovic |, Kikovic D, Talaiekhozani A, Hamidovic S, Gkorezis P. Biodegradation of crude oil by Kocuria sp. J Environ
Treat Tech. 2014;2(3):99-101.

Rughdéft S, Jehmlich N, Gutierrez T, Kleindienst S. Comparative proteomics of Marinobacter sp. TT1 reveals corexit impacts on hydrocarbon
metabolism, chemotactic motility, and biofilm formation. Microorganisms. 2021;9(1):3.

Azadi D, Shojaei H. Biodegradation of polycyclic aromatic hydrocarbons, phenol and sodium sulfate by Nocardia species isolated and
characterized from Iranian ecosystems. Sci Rep. 2020;10(1):1-12.

Bejarano AC. Critical review and analysis of aquatic toxicity data on oil spill dispersants. Environ Toxicol Chem. 2018;37(12):2989-3001.
Counihan KL. The physiological effects of oil, dispersant and dispersed oil on the bay mussel, Mytilus trossulus, in Arctic/Subarctic condi-
tions. Aquat Toxicol. 2018;199:220-31.

Kleindienst S, Paul JH, Joye SB. Using dispersants after oil spills:impacts on the composition and activity of microbial communities. Nat
Rev Microbiol. 2015;13(6):388-96.

Nikolova C, Gutierrez T. Biosurfactants and their applications in the oil and gas industry: current state of knowledge and future perspec-
tives. Front Bioeng Biotechnol 2021: 9.

Kleindienst S, Seidel M, Ziervogel K, Grim S, Loftis K, Harrison S, et al. Chemical dispersants can suppress the activity of natural oil-
degrading microorganisms. Proc Natl Acad Sci. 2015;112(48):14900-5.

Beyer J, Trannum HC, Bakke T, Hodson PV, Collier TK. Environmental effects of the Deepwater Horizon oil spill: a review. Mar Pollut Bull.
2016;110(1):28-51.

Stroski KM, Tomy G, Palace V. The current state of knowledge for toxicity of corexit EC9500A dispersant: a review. Crit Rev Environ Sci
Technol. 2019;49(2):81-103.

Kostka JE, Joye SB, Overholt W, Bubenheim P, Hackbusch S, Larter SR, et al. Biodegradation of petroleum hydrocarbons in the deep sea.
In: Deep oil spills. Cham: Springer; 2020. p. 107-124.

Wise CF, Wise JT, Wise SS, Thompson WD, Wise JP Jr, Wise JP Sr. Chemical dispersants used in the Gulf of Mexico oil crisis are cytotoxic
and genotoxic to sperm whale skin cells. Aquat Toxicol. 2014;152:335-40.

Venosa AD, Holder EL. Determining the dispersibility of South Louisiana crude oil by eight oil dispersant products listed on the NCP
Product Schedule. Mar Pollut Bull. 2013;66(1-2):73-7.

Hemmer MJ, Barron MG, Greene RM. Comparative toxicity of eight oil dispersants, Louisiana sweet crude oil (LSC), and chemically dis-
persed LSC to two aquatic test species. Environ Toxicol Chem. 2011;30(10):2244-52.

Zhao Z, Selvam A, Wong JWC. Effects of rhamnolipids on cell surface hydrophobicity of PAH degrading bacteria and the biodegradation
of phenanthrene. Biores Technol. 2011;102(5):3999-4007.

Shah MUH, Moniruzzaman M, Sivapragasam M, Talukder MMR, Yusup SB, Goto M. A binary mixture of a biosurfactant and an ionic liquid
surfactant as a green dispersant for oil spill remediation. J Mol Lig. 2019;280:111-9.

Klein R, Kellermeier M, Touraud D, Miller E, Kunz W. Choline alkylsulfates—New promising green surfactants. J Colloid Interface Sci.
2013;392:274-80.

SunW, Zhu B, Yang F, Dai M, Sehar S, Peng C, et al. Optimization of biosurfactant production from Pseudomonas sp. CQ2 and its applica-
tion for remediation of heavy metal contaminated soil. Chemosphere. 2021;265:129090.

Silva I, Resende AH, Silva NMPR, Brasileiro P, Didier JP, Luna J, et al. Aplication of biosurfactants produced by Bacillus cereus and Candida
sphaerica in the bioremediation of petroleum derivative in soil and Water. Chem Eng Trans. 2018;64:553-8.

Perfumo A, Banat IM, Marchant R. Going green and cold: biosurfactants from low-temperature environments to biotechnology applica-
tions. Trends Biotechnol. 2018;36(3):277-89.

Kazemzadeh S, Naghavy NS, Emami-Karvani Z, Fouladgar M. Study of crude oil degradation by gas chromatography-mass spectrometry
and methanoic acid and biosurfactant production by Pseudomonas sp. Biol J Microorg. 2019;8(31):81-92.

Jahan R, Bodratti AM, Tsianou M, Alexandridis P. Biosurfactants, natural alternatives to synthetic surfactants: physicochemical properties
and applications. Adv Colloid Interface Sci. 2020;275:102061.

Rizvi H, Verma JS. Biosurfactants for oil pollution remediation. In: Microbial biosurfactants. Singapore: Springer; 2021. p. 197-212.
Nikolopoulou M, Kalogerakis N. Enhanced bioremediation of crude oil utilizing lipophilic fertilizers combined with biosurfactants and
molasses. Mar Pollut Bull. 2008;56(11):1855-61.

PiY,Bao M, LiuY, LuT, He R. The contribution of chemical dispersants and biosurfactants on crude oil biodegradation by Pseudomonas
sp. LSH-7".J Clean Prod. 2017;153:74-82.

@ Springer



Review Discover Water (2022) 2:5 | https://doi.org/10.1007/543832-022-00013-x

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.
106.

107.
108.

109.
110.
111.
112.
113.
114.
115.

116.
117.

de Oliveira Schmidt VK, de Souza Carvalho J, de Oliveira D, de Andrade CJ. Biosurfactant inducers for enhanced production of surfactin
and rhamnolipids: an overview. World J Microbiol Biotechnol. 2021;37(2):1-15.

Effendi AJ, Kardena E, Helmy Q. Biosurfactant-enhanced petroleum oil bioremediation. In: Microbial action on hydrocarbons. Singapore:
Springer; 2018. p. 143-179.

Singh P, Patil Y, Rale V. Biosurfactant production: emerging trends and promising strategies. J Appl Microbiol. 2019;126(1):2-13.
Mohanty SS, Koul Y, Varjani S, Pandey A, Ngo HH, Chang JS, et al. A critical review on various feedstocks as sustainable substrates for
biosurfactants production: a way towards cleaner production. Microb Cell Fact. 2021;20(1):1-13.

Silva RDCF, Almeida DG, Rufino RD, Luna JM, Santos VA, Sarubbo LA. Applications of biosurfactants in the petroleum industry and the
remediation of oil spills. Int J Mol Sci. 2014;15(7):12523-42.

Nayarisseri A, Singh P, Singh SK. Screening, isolation and characterization of biosurfactant producing Bacillus subtilis strain ANSKLABO3.
Bioinformation. 2018;14(6):304.

Lopes PRM, Montagnolli RN, Cruz JM, Claro EMT, Bidoia ED. Biosurfactants in improving bioremediation effectiveness in environmental
contamination by hydrocarbons. In: Microbial action on hydrocarbons. Singapore: Springer; 2018. p. 21-34.

Jimoh AA, Lin J. Biosurfactant: a new frontier for greener technology and environmental sustainability. Ecotoxicol Environ Saf.
2019;184:109607.

Kiran GS, Hema TA, Gandhimathi R, Selvin J, Thomas TA, Ravji TR, Natarajaseenivasan K. Optimization and production of a biosurfactant
from the sponge-associated marine fungus Aspergillus ustus MSF3. Colloids Surf B. 2009;73(2):250-6.

Pele MA, Ribeaux DR, Vieira ER, Souza AF, Luna MA, Rodriguez DM, et al. Conversion of renewable substrates for biosurfactant produc-
tion by Rhizopus arrhizus UCP 1607 and enhancing the removal of diesel oil from marine soil. Electron J Biotechnol. 2019;38:40-8
(Glycoprotein).

da Silva M, Santos E, da Silva A, Lira IR, Moraes Meira H, dos Santos Aguiar J, Diniz Rufino R, Germano de Almeida D, et al. Enhanced oil
removal by a non-toxic biosurfactant formulation. Energies. 2021;14(2):467.

Hajfarajollah H, Eslami P, Mokhtarani B, Akbari Noghabi K. Biosurfactants from probiotic bacteria: a review. Biotechnol Appl Biochem.
2018;65(6):768-83.

Mnif |, Ellouz-Chaabouni S, Ghribi D. Glycolipid biosurfactants, main classes, functional properties and related potential applications in
environmental biotechnology. J Polym Environ. 2018;26(5):2192-206.

Kareem MKA, Mussa AH. A review of biosurfactants (glycolipids): the characteristics, composition and application. Int J Psychosoc Rehabil.
2020;24(05):3795-807.

Borah D, Chaubey A, Sonowal A, Gogoi B, Kumar R. Microbial biosurfactants and their potential applications: an overview. Microbial
biosurfactants. 2021. p. 91-116.

Jimoh AA, Senbadejo TY, Adeleke R, Lin J. Development and Genetic Engineering of Hyper-Producing Microbial Strains for Improved
Synthesis of Biosurfactants. Mol Biotechnol. 2021;63(4):267-88.

Kumar PS, Ngueagni PT. A review on new aspects of lipopeptide biosurfactant: types, production, properties and its application in the
bioremediation process. J Hazard Mater. 2021;407:124827.

Kachienga, L. The Use of biosurfactants in the bioremediation of oil spills in water. In: Current microbiological research in Africa. Cham:
Springer; 2020. p. 333-350.

Farias CBB, Almeida FC, Silva IA, Souza TC, Meira HM, Rita de Cassia F, et al. Production of green surfactants: market prospects. Electron
J Biotechnol. 2021;51:28-39.

Akbari S, Abdurahman NH, Yunus RM, Fayaz F, Alara OR. Biosurfactants—a new frontier for social and environmental safety: a mini review.
Biotechnol Res Innov. 2018;2(1):81-90.

Aratjo WJ, Oliveira JS, Aradjo SCS, Minnicelli CF, Silva-Portela RCB, da Fonseca MMB, et al. Microbial culture in minimal medium with oil
favors enrichment of biosurfactant producing genes. Front Bioeng Biotechnol. 2020;8:962.

Ayangbenro AS, Babalola O0. Genomic analysis of Bacillus cereus NWUABO1 and its heavy metal removal from polluted soil. Sci Rep.
2020;10(1):1-12.

Drakontis CE, Amin S. Biosurfactants: formulations, properties, and applications. Curr Opin Colloid Interface Sci. 2020;48:77-90.
Paniagua-Michel J, Fathepure BZ. Microbial consortia and biodegradation of petroleum hydrocarbons in marine environments. In:
Microbial action on hydrocarbons. Singapore: Springer; 2018. p. 1-20

Salleh AB, Ghazali FM, Rahman RNZA, Basri M. Bioremediation of petroleum hydrocarbon pollution. 2003

Durval 1JB, Mendonca AHR, Rocha IV, Luna JM, Rufino RD, Converti A, Sarubbo LA. Production, characterization, evaluation and toxicity
assessment of a Bacillus cereus UCP 1615 biosurfactant for marine oil spills bioremediation. Mar Pollut Bull. 2020;157:111357.
Shibasaki S, Mitri S. Controlling evolutionary dynamics to optimize microbial bioremediation. Evol Appl. 2020;13(9):2460-71.

de Lorenzo V. Systems biology approaches to bioremediation. Curr Opin Biotechnol. 2008;19(6):579-89.

Zhou H, Xie X, Tang Y. Engineering natural products using combinatorial biosynthesis and biocatalysis. Curr Opin Biotechnol.
2008;19(6):590-6.

Panigrahi S, Velraj P, Rao TS. Functional microbial diversity in contaminated environment and application in bioremediation. In: Microbial
diversity in the genomic era. Academic Press; 2019. p. 359-385.

Macaulay BM, Rees D. Bioremediation of oil spills: a review of challenges for research advancement. Ann Environ Sci. 2014;8:9-37.
Campos-Guillén J, Moreno-Andrade V, Rico-Rodriguez MA, Bafiuelos-Hernandez B, Ceja-Bravo A, Bermeo-Escalona J, Cruz-Herndndez
A.The use of big data in the modern biology: the case of agriculture. In: Intelligent and complex systems in economics and business.
Cham: Springer; 2021. p. 107-115.

Okoh Al, Trejo-Hernandez MR. Remediation of petroleum hydrocarbon polluted systems: exploiting the bioremediation strategies. Afr
J Biotechnol 2006; 5(25).

Mulligan CN. Sustainable remediation of contaminated soil using biosurfactants. Front Bioeng Biotechnol. 2021;9:195.

Babolghani FM, Mohammadi-Manesh E. Simulation and experimental study of FET biosensor to detect polycyclic aromatic hydrocarbons.
Appl Surf Sci. 2019;488:662-70.

@ Springer



Discover Water (2022) 2:5 | https://doi.org/10.1007/543832-022-00013-x Review

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.
148.

149.
150.
151.

Nandimandalam H, Gude VG. Indigenous biosensors for in situ hydrocarbon detection in aquatic environments. Mar Pollut Bull.
2019;149:110643.

Muneeswari R, Swathi KV, Sekaran G, Ramani K. Microbial-induced biosurfactant-mediated biocatalytic approach for the bioremediation
of simulated marine oil spill. Int J Environ Sci Technol. 2021;19:341-54.

Thakur P, Saini NK, Thakur VK, Gupta VK, Saini RV, Saini AK. Rhamnolipid the Glycolipid Biosurfactant: Emerging trends and promising
strategies in the field of biotechnology and biomedicine. Microb Cell Fact. 2021;20(1):1-15.

Durval IJB, Resende AHM, Figueiredo MA, Luna JM, Rufino RD, Sarubbo LA. Studies on biosurfactants produced using Bacillus cereus
isolated from seawater with biotechnological potential for marine oil-spill bioremediation. J Surfactants Deterg. 2019;22(2):349-63.
Sahu P, Kaushik KK, Lu T, Dong K. Surfactin: a biosurfactant against breast cancer. In: Microbial Biosurfactants. Springer, Singapore;
2021.p. 147-157.

Domingos DF, de Faria AF, de Souza Galaverna R, Eberlin MN, Greenfield P, Zucchi TD, et al. Genomic and chemical insights into bio-
surfactant production by the mangrove-derived strain Bacillus safensis CCMA-560. Appl Microbiol Biotechnol. 2015;99(7):3155-67.
Zang T, Wu H, Yan B, Zhang Y, Wei C. Enhancement of PAHs biodegradation in biosurfactant/phenol system by increasing the bio-
availability of PAHs. Chemosphere. 2021;266:128941.

Samimi M, Shahriari Moghadam M. Phenol biodegradation by bacterial strain O-CH1 isolated from seashore. Glob J Environ Sci
Manage. 2020;6(1):109-18.

Hentati D, Cheffi M, Hadrich F, Makhloufi N, Rabanal F, Manresa A, et al. Investigation of halotolerant marine Staphylococcus sp.
CO100, as a promising hydrocarbon-degrading and biosurfactant-producing bacterium, under saline conditions. J Environ Manage.
2021;277:111480.

Kazemzadeh S, Naghavi NS, Emami-Karvani Z, Emtiazi G, Fouladgar M. Production of glycolipid biosurfactant during crude oil deg-
radation by the novel indigenous isolated Achromobacter kerstersii LMG3441. Water Sci Technol. 2020;82(10):2134-47.

Borah D, Yadav RNS. Molecular characterization of biosurfactant producing Bacillus cereus strain DRDU1 for its potential application
in bioremediation and further EOR studies. Pet Sci Technol. 2018;36(19):1605-12.

Hentati D, Chebbi A, Hadrich F, Frikha I, Rabanal F, Sayadi S, et al. Production, characterization and biotechnological potential of
lipopeptide biosurfactants from a novel marine Bacillus stratosphericus strain FLU5. Ecotoxicol Environ Saf. 2019;167:441-9.
Belcher RW, Huynh KV, Hoang TV, Crowley DE. Isolation of biosurfactant-producing bacteria from the Rancho La Brea Tar Pits. World
J Microbiol Biotechnol. 2012;28(12):3261-7.

Bezza FA, Chirwa EMN. Production and applications of lipopeptide biosurfactant for bioremediation and oil recovery by Bacillus
subtilis CN2. Biochem Eng J. 2015;101:168-78.

Sharma S, Pandey LM. Production of biosurfactant by Bacillus subtilis RSL-2 isolated from sludge and biosurfactant mediated deg-
radation of oil. Bioresour Technol. 2020;307:123261.

Meena KR, Dhiman R, Singh K, Kumar S, Sharma A, Kanwar SS, et al. Purification and identification of a surfactin biosurfactant and
engine oil degradation by Bacillus velezensis KLP2016. Microb Cell Fact. 2021;20(1):1-12.

Carolin CF, Kumar PS, Joshiba GJ, Madhesh P, Ramamurthy R. Sustainable strategy for the enhancement of hazardous aromatic amine
degradation using lipopeptide biosurfactant isolated from Brevibacterium casei. J Hazard Mater. 2021;408:124943.

Zenati B, Chebbi A, Badis A, Eddouaouda K, Boutoumi H, El Hattab M, et al. A non-toxic microbial surfactant from Marinobacter
hydrocarbonoclasticus SdK644 for crude oil solubilization enhancement. Ecotoxicol Environ Saf. 2018;154:100-7.

Xu M, Fu X, Gao Y, Duan L, Xu C, Sun W, et al. Characterization of a biosurfactant-producing bacteria isolated from Marine environ-
ment: surface activity, chemical characterization and biodegradation. J Environ Chem Eng. 2020;8(5):104277.

Hentati D, Chebbi A, Mahmoudi A, Hadrich F, Cheffi M, Frikha |, et al. Biodegradation of hydrocarbons and biosurfactants production
by a newly halotolerant Pseudomonas sp. strain isolated from contaminated seawater. Biochem Eng J. 2021;166:107861.

Sun S,Wang, Zang T, Wei J, Wu H, Wei C, et al. A biosurfactant-producing Pseudomonas aeruginosa S5 isolated from coking waste-
water and its application for bioremediation of polycyclic aromatic hydrocarbons. Biores Technol. 2019;281:421-8.

Nayak AS, Vijaykumar MH, Karegoudar TB. Characterization of biosurfactant produced by Pseudoxanthomonas sp. PNK-04 and its
application in bioremediation. Int Biodeterior Biodegrad. 2009;63(1):73-9.

Hu X, Qiao Y, Chen LQ, Du JF, FuYY,Wu S, Huang L. Enhancement of solubilization and biodegradation of petroleum by biosurfactant
from Rhodococcus erythropolis HX-2. Geomicrobiol J. 2020;37(2):159-69.

HuangY, Zhou H, Zheng G, Li Y, Xie Q, You S, Zhang C. Isolation and characterization of biosurfactant-producing Serratia marcescens
ZCF25 from oil sludge and application to bioremediation. Environ Sci Pollut Res. 2020;27(22):27762-72.

Patel K, Patel M. Improving bioremediation process of petroleum wastewater using biosurfactants producing Stenotrophomonas
sp. STVKR-26 and assessment of phytotoxicity. Bioresour Technol. 2020;315:123861.

Santos EF, Teixeira MFS, Converti A, Porto ALF, Sarubbo LA. Production of a new lipoprotein biosurfactant by Streptomyces
sp. DPUA1566 isolated from lichens collected in the Brazilian Amazon using agroindustry wastes. Biocatal Agric Biotechnol.
2019;17:142-50.

Mohanty M, Das S. Potential application of biosurfactant from marine bacteria in bioremediation. Ocean Life. 2018;2(2):59-72.

Chen W, Kong Y, Li J, Sun Y, Min J, Hu X. Enhanced biodegradation of crude oil by constructed bacterial consortium comprising salt-
tolerant petroleum degraders and biosurfactant producers. Int Biodeterior Biodegrad. 2020;154:105047.

Hong YH, Ye CC, Zhou QZ, Wu XY, Yuan JP, Peng J, et al. Genome sequencing reveals the potential of Achromobacter sp. HZ01 for biore-
mediation. Front Microbiol. 2017;8:1507.

Sharma B, Dangi AK, Shukla P. Contemporary enzyme based technologies for bioremediation: a review. J Environ Manage. 2018;210:10-22.
Javed MR, Sadaf M, Ahmed T, Jamil A, Nawaz M, Abbas H, ljaz A. CRISPR-Cas system: history and prospects as a genome editing tool in
microorganisms. Curr Microbiol. 2018;75(12):1675-83.

Shivram H, Cress BF, Knott GJ, Doudna JA. Controlling and enhancing CRISPR systems. Nat Chem Biol. 2021;17(1):10-9.

Pieper DH, Reineke W. Engineering bacteria for bioremediation. Curr Opin Biotechnol. 2000;11(3):262-70.

Wu Q, ZhiY, Xu Y. Systematically engineering the biosynthesis of a green biosurfactant surfactin by Bacillus subtilis 168. Metab Eng.
2019;52:87-97.

@ Springer



Review Discover Water (2022) 2:5 | https://doi.org/10.1007/543832-022-00013-x

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Retamal-Morales G, Heine T, Tischler JS, Erler B, Groning JA, Kaschabek SR, et al. Draft genome sequence of Rhodococcus erythropolis
B7g, a biosurfactant producing actinobacterium. J Biotechnol. 2018;280:38-41.

Jadeja NB, Moharir P, Kapley A. Genome sequencing and analysis of strains Bacillus sp. AKBS9 and Acinetobacter sp. AKBS16 for biosur-
factant production and bioremediation. Appl Biochem Biotechnol. 2019;187(2):518-30.

Abdelhafiz YA, Manaharan T, Mohamad SB, Merican AF. Whole genome sequencing and functional features of UMX-103: a new Bacillus
strain with biosurfactant producing capability. Genes Genom. 2017;39(8):877-86.

Waghmode S, Dama L, Hingamire T, Bharti N, Doijad S, Suryavanshi M. Draft genome sequence of a biosurfactant producing, Bacillus
aquimaris strain SAMM MCC 3014 isolated from Indian Arabian coastline sea water. J Genom. 2017;5:124.

Patel RK, Shah RK, Prajapati VS, Patel KC, Trivedi UB. Draft genome analysis of acinetobacter indicus strain UBT1, an efficient lipase and
biosurfactant producer. Curr Microbiol. 2021;78(4):1238-44.

Shaligram S, Kumbhare SV, Dhotre DP, Muddeshwar MG, Kapley A, Joseph N, et al. Genomic and functional features of the biosurfactant
producing Bacillus sp AM13. Funct Integr Genom. 2016;16(5):557-66.

Waghmode S, Suryavanshi M, Dama L, Kansara S, Ghattargi V, Das P, et al. Genomic insights of halophilic Planococcus maritimus SAMP
MCC 3013 and detail investigation of its biosurfactant production. Front Microbiol. 2019;10:235.

Neifar M, Chouchane H, Najjari A, El Hidri D, Mahjoubi M, Ghedira K, et al. Genome analysis provides insights into crude oil degradation
and biosurfactant production by extremely halotolerant Halomonas desertis G11 isolated from Chott El-Djerid salt-lake in Tunisian
desert. Genomics. 2019;111(6):1802-14.

Zahed MA, Salehi S, Madadi R, Hejabi F. Biochar as a sustainable product for remediation of petroleum contaminated soil. Curr Res Green
Sustain Chem. 2021;4:100055.

Adebajo SO, Akintokun PO, Ojo AE, Akintokun AK, Badmos OA. Recovery of biosurfactant using different extraction solvent by rhizos-
pheric bacteria isolated from rice-husk and poultry waste biochar amended soil. Egypt J Basic Appl Sci. 2020;7(1):252-66.

Inyang M, Dickenson E. The potential role of biochar in the removal of organic and microbial contaminants from potable and reuse
water: a review. Chemosphere. 2015;134:232-40.

Gwenzi W, Chaukura N, Noubactep C, Mukome FN. Biochar-based water treatment systems as a potential low-cost and sustainable
technology for clean water provision. J Environ Manage. 2017;197:732-49.

Madadi R, Bester K. Fungi and biochar applications in bioremediation of organic micropollutants from aquatic media. Mar Pollut Bull.
2021;166:112247.

Nguyen HN, Pignatello JJ. Laboratory tests of biochars as absorbents for use in recovery or containment of marine crude oil spills. Environ
Eng Sci. 2013;30(7):374-80.

Zhang B, Zhang L, Zhang X. Bioremediation of petroleum hydrocarbon-contaminated soil by petroleum-degrading bacteria immobilized
on biochar. RSC Adv. 2019;9(60):35304-11.

Qiao K, Tian W, Bai J, Wang L, Zhao J, Song T, Chu M. Removal of high-molecular-weight polycyclic aromatic hydrocarbons by a microbial
consortium immobilized in magnetic floating biochar gel beads. Mar Pollut Bull. 2020;159:111489.

AlAmeri K, Giwa A, Yousef L, Alraeesi A, Taher H. Sorption and removal of crude oil spills from seawater using peat-derived biochar: an
optimization study. J Environ Manage. 2019;250:109465.

Wei Z, Wang JJ, Gaston LA, Li J, Fultz LM, DeLaune RD, Dodla SK. Remediation of crude oil-contaminated coastal marsh soil: integrated
effect of biochar, rhamnolipid biosurfactant and nitrogen application. J Hazard Mater. 2020;396:122595.

Wei Z, Wang JJ, Meng Y, Li J, Gaston LA, Fultz LM, DeLaune RD. Potential use of biochar and rhamnolipid biosurfactant for remediation
of crude oil-contaminated coastal wetland soil: ecotoxicity assessment. Chemosphere. 2020;253:126617.

Zhen M, Chen H, Liu Q, Song B, Wang Y, Tang J. Combination of rhamnolipid and biochar in assisting phytoremediation of petroleum
hydrocarbon contaminated soil using Spartina anglica. J Environ Sci. 2019;85:107-18.

YiY, Huang Z, Lu B, Xian J, Tsang EP, Cheng W, et al. Magnetic biochar for environmental remediation: a review. Bioresour Technol.
2020;298:122468.

Li X, Wang C, Zhang J, Liu J, Liu B, Chen G. Preparation and application of magnetic biochar in water treatment: a critical review. Sci Tot
Environ. 2020;711:134847.

Juwarkar AA, Misra RR, Sharma JK. Recent trends in bioremediation. In: Geomicrobiology and biogeochemistry ().Berlin, Heidelberg:
Springer; 2014. p. 81-100

Zhao F, Mandlaa M, Hao J, Liang X, Shi R, Han S, Zhang Y. Optimization of culture medium for anaerobic production of rhamnolipid by
recombinant P seudomonas stutzeri R hl for microbial enhanced oil recovery. Lett Appl Microbiol. 2014;59(2):231-7.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Biosurfactant, a green and effective solution for bioremediation of petroleum hydrocarbons in the aquatic environment
	Abstract
	1 Introduction
	2 The effects of petroleum hydrocarbons on marine environments
	3 Bioremediation of petroleum hydrocarbons and the effects of biosurfactant
	4 Chemical surfactants and dispersants
	5 The rising market of biosurfactant and its challenges
	6 Types and classifications of biosurfactants
	7 Requirements to develop a novel and optimized biosurfactant-base bioremediation system
	7.1 Biosurfactant-producing microorganisms
	7.2 Genome sequencing and genetic engineering of biosurfactant producers

	8 Prospective of a biosurfactant-based bioremediation system integrated with Biochar
	9 Conclusion
	References




