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Surfactants are a group of amphiphilic chemical compounds (i.e., having both hydrophobic and hydrophilic domains) that form an indispensable component in almost every sector of modern industry. Their significance is evidenced from the enormous volumes that are used and wide diversity of applications they are used in, ranging from food and beverage, agriculture, public health, healthcare/medicine, textiles, and bioremediation. A major drive in recent decades has been toward the discovery of surfactants from biological/natural sources—namely bio-surfactants—as most surfactants that are used today for industrial applications are synthetically-manufactured via organo-chemical synthesis using petrochemicals as precursors. This is problematic, not only because they are derived from non-renewable resources, but also because of their environmental incompatibility and potential toxicological effects to humans and other organisms. This is timely as one of today's key challenges is to reduce our reliance on fossil fuels (oil, coal, gas) and to move toward using renewable and sustainable sources. Considering the enormous genetic diversity that microorganisms possess, they offer considerable promise in producing novel types of biosurfactants for replacing those that are produced from organo-chemical synthesis, and the marine environment offers enormous potential in this respect. In this review, we begin with an overview of the different types of microbial-produced biosurfactants and their applications. The remainder of this review discusses the current state of knowledge and trends in the usage of biosurfactants by the Oil and Gas industry for enhancing oil recovery from exhausted oil fields and as dispersants for combatting oil spills.
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INTRODUCTION

Over the past 10 years, there has been a marked surge of interest and directed research activities toward the development of biosurfactants for applications in the Oil and Gas industry, so this review is largely dedicated to providing an update and current state-of-the-art on this emerging field. To begin with, there are two important reasons for this surge in interest, one of which stems from the fact that the oil production rate, which also accounts for the rate of discovering new underground oil reserves, has been in a steady state of decline for some decades now. The total quantity of underground oil reserves around the world is finite, so the rate of its production must eventually reach a peak (aka the Hubbard peak), which it already has. Thereafter over time, this rate has followed a decreasing trend, which has further spurred increased interests into the application of biosurfactants for the recovery of residual crude oil by a process called microbial enhanced oil recovery using microorganisms or their products (MEOR). The other main reason fuelling this surge in interest into developing biosurfactants for the Oil and Gas industry relates to debate regarding the use of synthetic chemical surfactants that are found as ingredients in chemical dispersant formulations. Chemical dispersants are commonly used by the industry as a first-step response tool for treating oil spills at sea. The dispersants that are approved and stockpiled worldwide for use in the event of an oil spill are manufactured by organo-chemical synthesis. Historically, the use of chemical dispersants has not always been documented or accurately recorded during oil spills. However, records exist for some high-profile cases, such as the Torrey Canyon oil spill in 1967 where ~13,500 tons of a dispersant agent was used to clean up the oil (Law, 2011), and also the Sea Empress oil spill in 1996 where ~12 tons of the dispersant Corexit 9500 was applied (Lessard and DeMarco, 2000). Dispersants were applied in other small-scale marine oil spills but their effectiveness in some occasions has been disputed, such as in the case of the Exxon Valdez spill in 1989 where the dispersant Corexit was applied inefficiently and later observed to be ineffective in cold environments. The dispersant toxicity to marine life has come a long way since the first studies back in the 1960s (Portmann and Connor, 1968), but their use does not fail to raise controversy and debate, and even more so following the Deepwater Horizon oil spill which was the first oil spill where dispersants were applied in significant quantities. Following the onset of this spill, at the direction of the Federal On-Scene Coordinator, unprecedented quantities, up to 7 million liters, of the dispersant Corexit EC9500A were applied by spraying on sea surface oil slicks and subsequently directly injected at the leaky wellhead near the seafloor (National Commission on the BP Deepwater Horizon Oil Spill Offshore Drilling, 2011); this was after the dispersant Corexit 9527 was used initially. This subsurface injection of Corexit resulted in droplet size distributions of ~10–30 μm in diameter in the deep-water oil plume, which significantly facilitated biodegradation (Brakstad et al., 2015). However, some studies showed that the use of Corexit inhibited the enrichment of some oil-degrading bacteria (Hamdan and Fulmer, 2011; Kleindienst et al., 2015; Rahsepar et al., 2016). Other studies showed no such inhibition or negative impacts from chemical dispersants (McFarlin et al., 2014; Brakstad et al., 2018). Whilst more research is needed to better understand the effects of synthetic chemical dispersants, such as Corexit, on the microbial response and the overall biodegradation of the oil, the Deepwater Horizon spill fuelled an unprecedented level of interest over these past 10 years since its onset to searching for alternative types of dispersants that are based on biosurfactants and which boast a greater environmental compatibility.

There are many reviews on the topic of biosurfactants, so we want to be upfront from the start and state that our intention here is not to confound the literature with yet, again, just another review. In this review, we begin with an overview on some of the most important biosurfactants that have been discovered to-date along with their commercial uses in order to set the scene on what is available and usable with respect to these incredibly versatile biomolecules. The remainder of this review is dedicated to presenting the current knowledge and state-of-the-art on these biomolecules for applications in MEOR, and also as dispersant agents for combatting oil spills at sea—two areas which have increasingly been given attention in recent years.



TYPES OF BIOSURFACTANTS

There are countless reviews that provide a detailed description of what defines a biosurfactant, or more generally “surface-active agents” which also encompasses emulsifiers (biomulsifiers from biological sources). Hence, we will not go into any length of detail here but offer the reader a good review on the topic by Desai and Banat (1997). Briefly, biosurfactants are surface-active, amphiphilic compounds derived from biological sources (microorganisms, plants, or animals). Generally, microorganisms such as bacteria, yeast, and archaea are the most commercially promising and sustainable source of surface-active compounds owing to their enormous genomic diversity. These compounds can form part of microorganism's cell wall, or are excreted extracellularly out of the cell (Shahaliyan et al., 2015). Because of their amphiphilic nature, biosurfactants can dissolve in both polar and non-polar solvents (Chen et al., 2015). The effectiveness of a surfactant is determined by its ability to lower the surface tension (ST) and interfacial tension (IFT) between two immiscible phases (e.g., air/liquid and non-polar/polar liquids, respectively). The ST is a measure of the energy (per unit area) required to increase the surface area of a liquid due to intermolecular forces. When a surfactant is present, less work is required to bring a molecule to the surface and consequently the ST is reduced. It is accepted that a good biosurfactant can lower the ST of water from 72 to <35 mN/m, and the IFT for water against n-hexadecane from 40 to 1 mN/m (Mulligan, 2005). An efficient biosurfactant is one that has a low critical micelle concentration (CMC). By definition, the CMC is the minimum concentration required to initiate micelle formation and generally correlates with the ST and IFT (Mulligan, 2009); in other words, a low CMC means that less biosurfactant is necessary to reduce the ST or IFT.

The chemical composition of biosurfactants varies greatly between different species of microorganisms and broadly can be classified based on their molecular weight or chemical charge. Based on their molecular weight, surface-active compounds are classified as either low-molecular-weight (LMW) surfactants, which reduce surface tension between two immiscible liquids, or high-molecular-weight (HMW) emulsifiers, which enable the formation of oil-in-water or water-in-oil emulsions and which are also referred to as polymeric surfactants (or bioemulsifiers) and commonly composed of exopolysaccharides (EPS).

The main chemical structures of LMW biosurfactants are glycolipids, phospholipids and fatty acids, lipopeptide, and lipoproteins. These structures can form biosurfactant as single macromolecules, polymers, and/or particulate structures (Banat, 1995; Makkar and Rockne, 2003; Satpute et al., 2010). Being of LMW, their main function as surface-active agents is in lowering of surface and/or interfacial tension between two immiscible phases of liquid, liquid and solid, or liquid and gas. Glycolipids are the most studied biosurfactants and consist of different sugars linked to ß-hydroxy fatty acids (carbohydrate head and a lipid tail), while lipopeptides consist of cycloheptapeptides with amino acids linked to fatty acids of different chain lengths (Table 1) (Uzoigwe et al., 2015).


Table 1. Summary of biosurfactant types based on their molecular weight, origin and industrial application. Wherever possible a schematic of the chemical structure is provided.
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High-molecular weight bioemulsifiers are more complex than biosurfactants and consist of mixtures of heteropolysaccharides, lipopolysaccharides, lipoproteins, and proteins. They are also known as EPS. Similar to low-molecular weight biosurfactants, EPS molecules can efficiently emulsify two immiscible liquids (e.g., oil and water), but in contrast are less effective at ST reduction. In oil polluted environments, EPS molecules bind tightly to dispersed hydrocarbons preventing the oil droplets from coalescing and “bursting” open. This process is known as stabilization of emulsion and has been attributed to the large number of reactive groups exposed in their structures (Uzoigwe et al., 2015). The best-studied microbial EPS are emulsan, alasan, liposan, sphingan, and xanthan gum (Table 1).



MARINE BIOSURFACTANT-PRODUCING BACTERIA

A somewhat constrained diversity of bacterial species has been isolated from marine environments with the ability to produce biosurfactants that have found a commercial use or identified with potential in this respect. Whilst some species were originally isolated from terrestrial environments, as in the case of Pseudomonas and Rhodococcus, members of these genera with biosurfactant-producing qualities have subsequently been isolated from marine environments. These organisms and the properties of their produced biosurfactants are described below and summarized together with other lesser known marine biosurfactant producers in Table 2.


Table 2. Biosurfactant-producing bacteria from marine environments, hydrocarbon-polluted soil, oil reservoirs, or other origin.
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Pseudomonas

Members of the genus Pseudomonas, of the class Gammaproteobacteria, can colonize diverse habitats and produce different biosurfactant molecules including glycolipids (rhamnolipids) and lipopeptides (e.g., viscosin, amphisin, tolaasin, and syringomycin). The majority of isolated Pseudomonas species have been derived from terrestrial habitats, but members of this genus are common in marine environments (Baumann et al., 1983; Bollinger et al., 2020). The most commonly studied biosurfactant producer is P. aeruginosa. It grows well on various hydrocarbon and non-hydrocarbon substrates and produces rhamnolipids that can form stable emulsions with crude oil and kerosene (Shahaliyan et al., 2015). Another study observed that P. aeruginosa had a high affinity for crude oil (93% cell adhesion to crude oil) which is also an indication of biosurfactant production (Thavasi et al., 2011). P. aeruginosa DQ8 strain was shown to decrease the surface tension from 63 to 38 mN/m of culture broth in the presence of various crude oil fractions including PAHs (Zhang et al., 2011). In addition, non-hydrocarbon substrates such as soybean oil, fish oil, mannitol, and glycerol, can be utilized by P. aeruginosa to produce non-toxic biosurfactant which could be useful in oil spill bioremediation as an alternative to chemical dispersants or as substitute of synthetic surfactants in commercial dispersant formulations (Coelho et al., 2003; Prieto et al., 2008; Das et al., 2014). Strains of P. aeruginosa grown on glycerol produced rhamnolipids (3.8 g/L; CMC 50 mg/L) which reduced the ST to 29 mN/m and emulsified petrol (EI24 70%) and diesel (EI24 80%), further indicating its potential application in oil recovery and bioremediation (Das et al., 2014). A species of Pseudomonas putida, stain BD2, was isolated from Arctic soil that was able to grow on glucose and produce rhamnolipid and sophorolipid simultaneously; the rhamnolipid reduced ST to 31 mN/m and emulsified veg oil at 70% efficiency (Janek et al., 2013).



Bacillus

Members of the genus Bacillus have been predominantly isolated from oil reservoirs or oil contaminated soils and shown to be particularly efficient biosurfactant producers with applications in MEOR. Bacillus methylotrophicus USTBa, for example, was isolated from a petroleum reservoir and grew well on crude oil in aqueous medium. After 12 days of incubation, B. methylotrophicus removed more than 90% of the crude oil. The ST of the culture medium was measured at 28 mN/m indicating that the bacteria produced a strong glycolipid-type biosurfactant (Chandankere et al., 2014). In addition, the biosurfactant was stable under various pH values and high temperatures (up to 100°C) suggesting its potential application as an oil spill treatment agent in marine environments and in MEOR processes where high salinity and temperatures are common (Chandankere et al., 2014). B. subtilis strain A1 was able to achieve 78% emulsification activity by the production of lipopeptide biosurfactant when grown on crude oil as a sole source of carbon (Parthipan et al., 2017). This strain completely degraded a range of the low-molecular weight alkanes (C10-C14) and up to 97% of the high-molecular weight alkanes (C15-C19) after 7 days of incubation at 40°C. These results suggest that B. subtilis A1 strain could be used in oil spill remediation where light crude oils (high proportion of alkanes) have been spilled. A non-pathogenic B. licheniformis R2 was studied for its potential use in MEOR in laboratory conditions. It produced a low-yield lipopeptide biosurfactant (1 g/L) that lowered the ST to 28 mN/m and the IFT between heavy crude oil and formation water-brine used in core flooding to 0.53 mN/m (Joshi et al., 2015). When treated with temperature of 85°C, the R2 biosurfactant recovered 37% heavy crude oil recovery over residual oil saturation and retained 88% activity for 90 days (Joshi et al., 2015).



Acinetobacter

Acinetobacter is a genus of gram-negative Gammaproteobacteria, strictly aerobic bacteria belonging to the order of Pseudomonadales. Acinetobacter is ubiquitous in nature and commonly found in marine environments. Many species from this genus are known hydrocarbon-degraders that produce extracellular EPS (Pines and Gutnick, 1986; Barkay et al., 1999; Hassanshahian et al., 2012). As mentioned earlier, A. calcoaceticus and A. radioresitensis synthesize emulsan and alasan, respectively, well-known HMW bioemulsifiers (Kaplan et al., 1985; Navon-Venezia et al., 1995). A. calcoaceticus was also able to synthesize rhamnolipids with CMC of 15 mg/L (Hošková et al., 2015). A. radioresitensis can produce a yield of 4.6 g/L of EPS when grown on ethanol as the sole carbon and energy source (Navon-Venezia et al., 1995). Strains of A. calcoaceticus, and A. oleivorans isolated from the Canadian North Atlantic have been shown to produce bioemulsifiers when grown on petroleum hydrocarbons as the sole carbon source (E24% > 50%) (Cai et al., 2014). Given that the strains were isolated and hence adapted to the cold marine environment of the Northern Atlantic, the bioemulsifiers they produce could be effective under low temperature and harsh conditions in offshore oil spills remediation.



Antarctobacter

Antarctobacter is a genus of gram-negative bacteria (order Rhodobacterales), that are strictly aerobic bacteria. Only one species, Antarctobacter heliothermus, has been validly taxonomically described which was isolated from Antarctica (Labrenz et al., 1998). Antarctobacter sp. strain TG22 was isolated from seawater and was found to produce an extracellular water-soluble glycoprotein-type polymer (designated AE22) which formed stable emulsions with different vegetable oils at concentration as low as 0.02% (Gutiérrez et al., 2007a). The strain was grown on marine broth supplemented with 1% glucose and was able to produce an average dry-weight yield of 21 mg/L. The carbohydrate content (total of 15%) of AE22 was dominated by glucosamine, glucuronic acid, fucose and mannose. The protein content represented 5% of the polymer and lipids were not detected, leaving the rest of the polymer content (80%) unidentified (Gutiérrez et al., 2007a). The emulsifying activity of Antarctobacter TG22 polymer was comparable to that of xanthan gum which could be considerably useful in applications for healthcare and food additives industries.



Rhodococcus

The genus Rhodococcus includes metabolically diverse species that are capable to thrive in different habitats (Finnerty, 1992). Members of the genus have been studied mainly for their ability to degrade hydrocarbons and pollutants from different environments (Whyte et al., 2002; Kuhn et al., 2009; Wang et al., 2014). Rhodococcus erythropolis, Rhodococcus aurantiacus, and Rhodococcus ruber are among the best known biosurfactant producers of the genus (Bicca et al., 1999; Peng et al., 2007). R. erythropolis 3C-9 has been shown to grow and produce biosurfactant (CMC of 50 mg/L) only on n-alkanes as the sole carbon source, whereas glucose could not enhance its productivity. The 3C-9 biosurfactant contained fatty acids with lengths from C10 to C22 (docosenoic acid being the most prevalent followed by hexadecenoic acid) and two glycolipids (each dominated by glucose and trehalose monosaccharides). In addition, the 3C-9 biosurfactant significantly enhanced the solubility of PAH substrates (Peng et al., 2007). R. ruber stain AC 239 produced a small amount of cell-bound glycolipid-type biosurfactant when grown on 1% diesel (v/v). The AC 239 biosurfactant did not reduce the ST as observed for other glycolipid biosurfactants but it emulsified different hydrocarbons with better success (20–50% greater EI24) when free cells were present in the culture (Bicca et al., 1999). R. fascians extracted from Antarctic soil produced a glycolipid with rhamnose sugars which is not typical for Rhodococcus which usually produces trehalose biosurfactants (Gesheva et al., 2010).



Halomonas

Halomonas is a ubiquitous genus of the order Altreromonadales. There organisms are found in diverse habitats of both marine (Hassanshahian et al., 2012; Cai et al., 2014) and terrestrial environments, including hypersaline lakes (Poli et al., 2004), soils (Arias et al., 2003; Mata et al., 2006; Llamas et al., 2012; Amjres et al., 2015), and hot springs (Chikkanna et al., 2018). Members of Halomonas are known to respond to hydrocarbon enrichment (Calvo et al., 2002; Gutierrez et al., 2013; Cai et al., 2014) and produce EPS (Gutiérrez et al., 2007b; Gutierrez et al., 2009, 2020) with versatile properties. A thermophilic H. nitroreducens strain WB1 isolated from a hot spring produced an EPS that was effective at emulsifying different vegetable oils (68–85%) and aliphatic hydrocarbons (56–65%) in addition to binding metals. The monosaccharide composition of the WB1's EPS was predominantly composed of glucose, mannose and galactose, and traces of uronic acids (Chikkanna et al., 2018). The EPS from Halomonas eurihalina strain H96, isolated from saline soil in Spain, has been characterized to contain high amount of uronic acids (Béjar et al., 1998) similarly to some marine-derived strains (Gutierrez et al., 2020). In addition to emulsifying activity, several species of halophilic Halomonas have been shown to produce highly sulphated exopolysaccharides (Calvo et al., 2002; Amjres et al., 2015) with anticancer activity. For example, halophilic H. stenophila strain B100 exerted a selective proapoptotic effect in T cells from acute lymphoblastic leukemia (Ruiz-Ruiz et al., 2011). EPS form H. halocynthiae KMM 1376 had inhibitory effect on human cancer cell line MDA-MB-231 at concentrations of 50–100 μg/ml (Kokoulin et al., 2020).



Alcanivorax

Alcanirorax is gram-negative genus of the Gammaproteobacteria (order Oceanospirillales) of strictly aerobic marine obligate hydrocarbonoclasic bacteria (OHCB) utilizing predominantly alkanes up to C32 and branched aliphatics (Head et al., 2006; Yakimov et al., 2007; Olivera et al., 2009). The best known species of the genera is Alcanivorax borkumensis which produces a low molecular weight anionic glycolipid biosurfactant when grown on hydrocarbons (Schneiker et al., 2006). This particular glycolipid consists a glucose sugar linked to a tetrameric chain of fatty acids of C6-C10 length and can be either cell-bound or extracellular (Abraham et al., 1998). Marine isolate A. borkumensis SK2 grown on crude oil produced twice more biosurfactant than in the absence of hydrocarbons. In fact, when heavy hydrocarbon fractions were used as the sole carbon source, biosurfactant was the highest (~70 mg/L) and comparable with when crude oil was used (50 ± 20 mg/L). However, the purification of the biosurfactant was easier when the culture was fed with heavy oil fraction as it remained on the surface at all times and consequently there were no substrate impurities (Antoniou et al., 2015). Another species, A. dieselolei strain B-5, is the second in the genus that has been reported to produce biosurfactant with good surface-active properties (lower ST to 32 mN/m and emulsify n-hexadecane at 75%). The chemical analysis of the biosurfactant revealed that it is a linear lipopeptide with CMC value of 40 mg/L which is comparable to that of rhamnolipids and surfactin (Qiao and Shao, 2010). These characteristics make the B-5 lipopeptide an attractive alternative for enhanced oil recovery and bioremediation applications.



Pseudoalteromonas

Pseudoalteromonas is a genus of the order Alteromonadales, members of which are commonly found in sea ice and cold waters and well-known producers of glycolipid-type EPS with a wide-range of biological activities and chemical composition (Holmström and Kjelleberg, 1999). Pseudoalteromonas sp. strain SM20310 isolated from Arctic sea ice produced EPS (yield of 567 mg/L) with mannose and glucose being the dominant carbohydrates. The ecological role of the EPS was determined to improve the high-salinity and low-temperature tolerance of the strain (Liu et al., 2013). Another study found that marine Pseudoalteromonas (isolated from Antarctica) produced EPS that contained 40% protein with mannose, glucose and galacturonic acid representing the dominant monosaccharides (Nichols et al., 2005). The carbohydrate content of EPS from P. agarivorans stain Hao 2018 (yield 4.5 g/L) isolated from Yellow Sea of China contained 90% glucose and 6% mannose. The main biological activity of this strain was moisture retention and absorption of free radicals (i.e., antioxidant) with potential applications in food and cosmetics industries (Hao et al., 2019). Pseudoalteromonas sp. strain MD12-642 (isolated from Madeira) produced EPS with a particularly high content of uronic acids (up to 68%) and which might find potential applications in biomedical industry as active ingredients for anti-thrombotic and anti-arthritic drugs (Roca et al., 2016). Pseudoalteromonas sp. strain TG12 (isolated from West Scotland) produced EPS that was able to effectively emulsify n-hexadecane (EI24 of 60%) and some vegetable oils. This strain also contained high levels of uronic acids (~29%) in addition to xylose (27%), glucosamine (25%) and was effective in desorption of sediment-adsorbed metals (e.g., Al3+, Fe2+/3+, K+, Mg2+, Na+, and Si4+) (Gutierrez et al., 2008).



Marinobacter

Marinobacter is a genus within the order Alteromonadales. Members of the genus, such as M. hydrocarbonoclasticus and M. algicola are commonly isolated from oil-enriched marine environments (Gauthier et al., 1992; Gutierrez et al., 2013). Although Marinobacter can use hydrocarbons as carbon source, various studies demonstrated that it can also grow and produce EPS on other carbon sources such as glucose. Marinobacter species have been shown to produce exopolysaccharide polymers with excellent emulsifying activity against hydrocarbons that were superior to commercial synthetic surfactants like Tween 80 (Caruso et al., 2019). Marinobacter sp. W1-16 from Antarctic surface seawater produced EPS (molecular weight of 260 kDa) with varying yields, strongly depending on the sugar substrate used to grow the strain and the incubation temperature. The highest yield was produced when the culture was grown at 15°C and in the presence of 2% glucose. However, the strain was able to synthesize EPS, even at 4°C, albeit in lower quantities, suggesting that the EPS might have cryoprotective functions (Caruso et al., 2019). In addition, Marinobacter sp. MCTG107b was able to produce a glycolipid-type biosurfactant (grown on glucose) with di-rhamnolipid congeners present that was able to lower the ST to 30 mN/m (Tripathi et al., 2019). Marine sediment isolates belonging to Marinobacter genus produced (when grown on glucose or soybean oil) powerful emulsifiers with activity against hexane and toluene in the range of 45–64 and 33–75%, respectively, with some strains producing stable emulsions at 4°C and after high-temperature treatment for up to 18 months (Raddadi et al., 2017).




ECOLOGY AND ENVIRONMENT

Biosurfactant-producing bacteria can be found in a wide range of habitats, from aquatic (fresh and sea water, and groundwater) to terrestrial (soil, sediment, and sludge) environments. Extreme environments, characterized by extremes of high/low temperature, salinities, pH, and/or pressure, are also commonplace where biosurfactant-producing microbes can be found due to the ecological role biosurfactants play for the producing organisms in those environments, such as in cell adhesion to surfaces and potential food sources, retention of water and concentration of nutrients, production of biofilms etc. (Nicolaus et al., 2010). The environment can have a direct influence on the type of biosurfactants that microorganisms produce. For instance, marine microbial EPS contain higher levels of uronic acids which makes them polyanionic and relatively highly reactive (Gutiérrez et al., 2007b; Decho and Gutierrez, 2017) compared to non-marine microbial surfactants. With respect to cold-adapted bacteria, the monosaccharides in the EPS are usually characterized by the presence of mannose and galactosamine (Nichols et al., 2004, 2005). Examples of extreme environments from which biosurfactant-producing microbes have been isolated and cultured under laboratory conditions include oil reservoirs (Arora et al., 2019; references in Nikolova and Gutierrez, 2020), cold environments (e.g., polar regions) (Gesheva et al., 2010; Malavenda et al., 2015; Casillo et al., 2018; Perfumo et al., 2018), salt lakes (Béjar et al., 1998; Amjres et al., 2015), and hydrothermal vents (Raguénès et al., 1996; Rougeaux et al., 1998). Moreover, the most obvious place to search for marine biosurfactant-producing microorganisms is in hydrocarbon-polluted areas since biosurfactants play an important part in the process of microbial biodegradation of hydrocarbons (Chandankere et al., 2014).

Most biosurfactant-producing microorganisms can survive and even thrive in a wide range of temperatures, pH and salinity and therefore exhibit a wide range of metabolic processes. The majority of isolated and cultured microorganisms are aerobic because they are relatively easy to be sampled and handled in laboratory conditions. However, the number of biosurfactant-producing microorganisms, largely comprising anaerobes, that are being discovered and successfully cultured in ex-situ conditions is steadily growing (VanFossen et al., 2008). Anaerobic microorganisms are also able to produce biosurfactants and have typically been found in oil reservoirs where anaerobic hydrocarbon biodegradation processes occur through methanogenesis (Head et al., 2003; Jones et al., 2008). B. lichenformis, for example, can grow and produce biosurfactants under both aerobic and anaerobic conditions (Javaheri et al., 1985; Al-Sayegh et al., 2015), however, the biomass and surfactant yields under such conditions can significantly lower compared to under conditions (Yakimov et al., 1995).



CURRENT EXPLOITATION OF BIOSURFACTANTS FOR OIL AND GAS INDUSTRY APPLICATIONS

Biosurfactants are becoming important biotechnology products for many industrial applications including in food, cosmetics and cleaning products, pharmaceuticals and medicine, and oil and gas. The global market revenues generated by biosurfactants exceeded USD 1.5 billion in 2019 and is projected to grow at over 5.5% CARG1 between 2020 and 2026 (Ahuja and Singh, 2020). Household detergents are the largest application market, followed by cosmetics and personal care, and the food industry (Singh et al., 2018). Key manufacturers of biosurfactants include Ecover, Jeneil Biotech, Evonik, and Biotensidon among others (Table 3). Europe has over half of the market share followed by the United States and Asia (Singh et al., 2018). The increasing global interest in biosurfactants is due to their low toxicity, biodegradability, low environmental footprint and impact (Desai and Banat, 1997).


Table 3. Biosurfactants and polymeric surface-active agents, the companies producing these biomolecules and their respective industrial applications (not confined to just the Oil & Gas industry).
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Soil Bioremediation

Hydrocarbon soil contamination, such as from drilling, leaking pipelines, storage tanks, transportation etc., is a widespread problem with long lasting environmental impacts. Being highly hydrophobic, particularly when adsorbed onto soil particles, hydrocarbons, and heavy metals are very resistant to removal. Typically, a variety of physical and chemical treatments, such as removal, incineration, soil washing, and solvent extraction have been used successfully in the past. However, such techniques are deeply damaging to the soil structure and the autochthonous biodiversity, as well as cost-prohibitive. As such, bioremediation is the preferred soil treatment due to its efficiency, lower environmental impact, and cost-effectiveness. Bioremediation involves naturally occurring soil microorganisms which convert petroleum hydrocarbons into carbon dioxide, water, and cell biomass. There are many factors that influence the rate and extent of hydrocarbon degradation in soils, such as moisture content, aeration, pH, temperature, the biological condition of the soil (aged vs. fertile soils; nutrient content and bioavailability), and the concentration, molecular structure, and bioavailability of the hydrocarbon contaminants (Venosa and Zhu, 2003; Huesemann, 2004). The optimisation of these environmental factors is critical for the bioremediation success.

Soil bioremediation can be conducted either in place (i.e., in-situ), or the contaminated soil is upended and, transported to be subsequently treated elsewhere (ex-situ). In-situ bioremediation involves, generally, the treating of only the top 30-cm layer of the soil with fertilizers to stimulate indigenous soil microorganisms to break down the hydrocarbons (Atlas and Hazen, 2011). This treatment is the preferred method of choice, but the risk of contaminating underlying aquifers with dissolved hydrocarbons must be considered. Partially purified biosurfactants have been used in-situ to increase the solubility and bioavailability of hydrocarbons, and other hydrophobic contaminants, by increasing their surface area (Ron and Rosenberg, 2002; Bustamante et al., 2012). A field trial on LaTouche Island in Alaska demonstrated that a biologically derived surfactant, PES-51, could remove 30% of semi-volatile petroleum hydrocarbons from a subsurface beach material (Tumeo et al., 1994). However, the majority of bioremediation studies with biosurfactants are under laboratory conditions. A study from Argentina demonstrated that surfactin from B. subtilis strain O9 contributed to significantly more removal of crude oil from sandy loam soil than in soil without surfactin within a period of 300 days (Cubitto et al., 2004). The addition of rhamnolipid from P. aeruginosa strain SSC2 to crude oil-contaminated soil sludge resulted in 98% degradation after 4 weeks compared to the non-rhamnolipid control treatment (67%). The effect was enhanced by adding nutrients to the treatments (Cameotra and Singh, 2008). An in-situ experiment of soil bioremediation conducted near oil production facility in Pakistan demonstrated that higher crude oil degradation (up to 77%) was achieved in soil treated with a combination of a specialized bacterial consortium, rhamnolipids and nutrients (Tahseen et al., 2016). The efficiency of MELs produced by Candida antarctica SY16 to degrade crude oil in soil was investigated by Baek et al. (2007). The authors compared different bioremediation techniques (i.e., natural attenuation, biostimulation, bioaugmentation, biosurfactant addition, and a combination of all) and concluded that the combined treatment of biostimulation, bioaugmentation with oil degrading Nocardia sp. H17-1 and with MELs caused the highest total petroleum hydrocarbon degradation rate during the first 4 weeks of treatment. However, at the end of the experiment (100 days) the amount of residual hydrocarbons was similar for all treatments (Baek et al., 2007).



Microbial Enhanced Oil Recovery (MEOR)

MEOR is a process in which microorganism and/or their metabolic by-products are injected into mature oil reservoirs for the recovery of residual crude oil that was not extracted during the initial and secondary extraction processes. The idea behind MEOR is that when favorable conditions are present in the reservoir, the introduced microbes grow exponentially and their metabolic products would mobilize the residual oil (Gao and Zekri, 2011). MEOR bares with it its advantages and limitations, and the various processes of its application have been described extensively in the literature and recently summarized by Nikolova and Gutierrez (2020).

MEOR is based on two fundamental principles. Firstly, oil movement through porous media (rock formation) is facilitated by altering the interfacial properties of the oil-water-minerals displacement efficiency (i.e., decrease in IFT to increase the permeability of media), driving force (reservoir pressure), fluidity (miscible flooding; viscosity reduction), and sweep efficiency (selective plugging; mobility control). The second principle constitutes the degradation but also the removal of sulfur and heavy metals from heavy oils, by microbial activity (Shibulal et al., 2014). In the majority of MEOR field trials, injection of indigenous (or other MEOR suitable) pre-cultured bacteria or a consortium of bacteria along with nutrients (e.g., oxygen, nitrogen) has been the preferred choice of method because bacteria can produce biosurfactant in-situ which in turn significantly reduces the operational costs (Lazar et al., 2007; Geetha et al., 2018). However, biosurfactants produced ex-situ can also be used to enhance the microbial growth in oil reservoirs. In addition, when poor oil recovery from an oil well is due to low permeability of the rock formation, or to the high viscosity of the crude oil, the ability of biosurfactants to reduce IFT between the flowing aqueous phase and the residual oil saturation can improve the recovery process (Brown, 2010). Reduction of IFT by biosurfactants can also reduce the capillary forces that prevent the oil from moving through rock pores, however, the decrease in IFT must be at least two orders of magnitude to achieve mobilization of the oil. Typically, IFT between hydrocarbons and water is between 30 and 40 mN/m. For biosurfactants to have any effect in MEOR, they must reduce the IFT to 10−3 mN/m (Gray et al., 2008). To our knowledge such values have not yet been reported for known biosurfactants, and hence the effectiveness of IFT reduction may be limited in practice. Moreover, considering the type of oil reservoir (sandstone, carbonates etc.), residual oil saturation and the incremental oil recovery, the volume of biosurfactant that needs to be injected to achieve 30–60% oil recovery rate could be quite substantial and hence not practical or economical (Kowalewski et al., 2006; Gray et al., 2008; Afrapoli et al., 2011). In addition to reduction of IFT, biosurfactants can alter the wettability of rock formations, emulsify the crude oil, and contribute to the microbial metabolism of viscous oil (Sen, 2010).

Nevertheless, there are some promising results reported from different research groups that investigate biosurfactants for MEOR applications. Of all known biosurfactants, lipopeptides were mostly used in laboratory-based MEOR studies due to their ability to reduce the IFT to below 0.1 mN/m (Youssef et al., 2007; Gudiña et al., 2012; Pereira et al., 2013). Both bench-scale and in-situ lipopeptide production by stains of Bacillus spp. have proven successful in improving the oil recovery, including from wells close to their production limits (Al-Wahaibi et al., 2014; Al-Sayegh et al., 2015). Surfactins have been shown to maintain activities under a wide range of temperature, pH, and salinity while able to recover sand trapped oil. For example, B. subtilis produced surfactin at high temperature which could emulsify diesel with 90% efficiency and recover over 60% of oil entrapped in sand core (Makkar and Cameotra, 1997). Surfactin was recently shown to alter the wettability of CO2 injected in a subsurface rock formation demonstrating its potential suitability in carbon capture and storage application (Park et al., 2017). Lichenysin was reported to reduce the IFT to values of <10−2 mN/m (even at low concentrations of 10–60 mg/L) and to have exceptional stability under temperatures as high as 140°C, a pH range from 6 to 10, at salinities up to 10% NaCl, and at calcium (as CaCl2) concentrations up to 340 mg/L. In core flooding experiments, partially purified lichenysin recovered up to 40% of residual oil from sandstone cores compared to 10% recovery when chemical surfactants were applied (McInerney et al., 1990). Addition of biosurfactants during chemical surfactant flooding can improve the flooding performance in general. In the presence of rhamnolipids, the adsorption to sandstone of the surfactant alkylbenzene sulfonate was reduced by 25–30% and the quality of oil recovery increased by 7%. It has been suggested that rhamnolipids act as sacrificial agents by preferably adsorbing to the oil sands, making the surfactant more available for displacement activity and resulting in altering the wettability of porous media (Perfumo et al., 2010). Macromolecular biopolymers such as emulsan were shown to remove up to 98% of pre-adsorbed crude oil to limestone core samples, even at low concentration of 0.5 mg/ml (Gutnik et al., 1983). Recently, another biopolymer produced by Rhizobium viscosum CECT908 showed better efficiency than xanthan gum in the recovery of heavy oil (Couto et al., 2019).



Marine Oil Spill Response

Crude oil is highly hydrophobic and it is composed of thousands of hydrocarbon and non-hydrocarbon species and metals, each with their respective aqueous solubilities. When an oil is introduced into a water phase, it will float on the surface of the water phase due to its lower density relative to water. Together with viscosity, surface tension is an indication of how rapidly and to what extent an oil spreads over the surface and, when dispersed, within the subsurface. The lower the interfacial tension with water, the greater is the extend of spreading (Fingas, 2011). To increase the solubility of oil in water (i.e., to decrease the surface tension between oil and water), chemicals are applied to an oil slick (Brakstad et al., 2015). Dispersed oil is usually in the form of fine neutrally buoyant droplets with higher surface area-to-volume ratio (diameter size 1–70 μm) compared to non-dispersed oil, thus making the oil available for biodegradation by hydrocarbon-degrading bacteria (ITOPF, 2011). The natural fate of crude oil biodegradation (biological oxidation by microorganisms) in the marine environment has been extensively described (Atlas and Hazen, 2011; Kostka et al., 2011; Campo et al., 2013; Prince et al., 2013; Wade et al., 2013; Hazen et al., 2016; Joye et al., 2016; Seidel et al., 2016).

Marine bioremediation research has largely been limited to application of fertilizers and/or seed cultures of highly efficient oil-degrading microorganisms, though with conflicting results (Prince, 2010). The limitation of marine oil remediation when relying solely on indigenous microorganisms is that the concentrations of cells in oil-polluted open water systems is never high enough to effectively emulsify oil (Ron and Rosenberg, 2002). The addition of surfactants (biogenic or synthetically produced) aims to disperse/emulsify the oil and, in turn, speed up the biodegradation process. Biosurfactants, have been shown to be effective in dispersing crude oil and enhancing the biodegradation process only under laboratory conditions due to logistical, financial and regulatory limitations of conducting large-scale field trials. In a laboratory study, a bacterial consortium containing oil degrading strains of Ochrobactrum and Brevibacillus with/without rhamnolipids were added to crude oil in 1 L water tanks to stimulate marine oil spill bioremediation. The results showed that the removal efficiency of oil by the bacterial consortium alone was lower by 6% compared to the combination of consortium and biosurfactant (Chen et al., 2013). The authors also noted that the presence of rhamnolipid enhanced the biodegradation of alkanes of chain length > nC15, but, interestingly, had the opposite effect on shorter chain alkanes (nC13-C15) by reducing their solubility and increasing their stability. However, the overall removal efficiency of n-alkanes by the bacterial consortium and rhamnolipid was higher than the control. Similar trend was observed for PAH and biomarkers (Chen et al., 2013). These results were more or less consistent with another study which also used rhamnolipids in combination with a pre-adapted bacterial consortium (Nikolopoulou et al., 2013a), and which were more pronounced when nutrients were added to the treatments. The average specific degradation rate was reported to be 23, 20, and 10 times higher than the control for nC15, nC20, and nC25, respectively. The rhamnolipid also stimulated the growth of hydrocarbon degraders within 5 days, which were able to utilize 50% of the crude oil saturated fraction. In addition, LMW PAHs and, notably, the biomarkers pristane and phytane were also significantly degraded in the presence of rhamnolipid (Nikolopoulou et al., 2013a). The origin of nutrients (i.e., organic lipophilic or water-soluble) that are added together with rhamnolipids to the treatments can further enhance the degradation of crude oil in seawater and sediment environments (McKew et al., 2007; Nikolopoulou and Kalogerakis, 2008; Nikolopoulou et al., 2013b).

Bioemulsifiers can also be used in oil spill response with promising results. A bioemulsifier exopolysaccharide produced by Acinetobacter calcoaceticus, called EPS2003, was shown to be effective in enhancing crude oil biodegradation in natural seawater microcosms (Cappello et al., 2012). The addition of EPS2003 to the microcosms not only enhanced hydrocarbon-degrading bacteria, including Alcanivorax, Marinobacter, Oceanospirillum, and Pseudomonas, but also caused a 2-fold faster biodegradation of the total oil compared to microcosms without the EPS (Cappello et al., 2012). All of these studies, however, focused entirely on the degradation rate of crude oil on a handful of selected oil-degrading bacteria without investigating the indigenous marine microbial community response as a whole. Understanding how natural microbial communities are affected by the crude oil with/without presence of biosurfactants is crucial for advancing the rationale for further research into their suitability for oil spill response. However, due to varying reasons, including current high costs of biosurfactants available on the market and logistics around field studies, there is a marked lack of reported studies investigating the effectiveness of biosurfactants as oil spill treating agents.

We are aware of only one study that compared a synthetic chemical dispersant and a biosurfactant. In that case, a surfactin produced by Bacillus sp. strain H2O-1 was compared to the synthetic dispersant Ultrasperse II (Couto et al., 2016). Surfactin enriched for hydrocarbonoclastic bacteria more so than the synthetic dispersant, but no difference in oil biodegradation between the two was observed. In more recent work, rhamnolipid from P. aeruginosa and a synthetic chemical dispersant were compared on the response of a natural bacterial community to crude oil (Nikolova et al., 2020). The rhamnolipid promoted higher diversity in oil-degrading bacteria than the synthetic dispersant, however, the crude oil was ultimately more biodegraded when synthetic dispersant was added to the oil, with the exception of the aromatic fraction of the oil. Notably, the synthetic dispersant resulted in a clear inhibition of Cycloclasticus—a genus comprising species of obligate oil-degrading bacteria which are recognized for using aromatic hydrocarbons as a preferred source of carbon and energy (Head et al., 2006).

Although biosurfactants may have a positive effect on the oil-degrading microbial community, it is necessary to advance their performance in dispersing crude oil. Developing novel types of biogenic surface-active compounds and more environmentally friendly technologies to combat large offshore oil spills is fertile ground for ongoing and future exploration. In this respect, research and development of biosurfactants for treating oil spills at sea has significantly intensified, particularly over the past 10 years due mainly to concerns over the enormous quantities of the synthetic chemical dispersant Corexit that were used during the Deepwater Horizon oil spill in the Gulf of Mexico. Much of this anew activity ensued through the Gulf of Mexico Research Initiative (GoMRI) and is discussed in the following section.



Recent Trends in the Development of Bio-Based Dispersants to Combat Marine Oils Spills

Growing awareness among society regarding the environmental hazards associated with the use of chemical dispersants has led to increased interest toward the use of naturally-derived, biological dispersing products (i.e., biosurfactants) which are commonly associated with low toxicity, high biodegradability, better environmental compatibility, and are sustainably sourced compared to their counterparts (i.e., surfactants) that are produced via organo-chemical synthesis in a laboratory or industrial chemical plant (Desai and Banat, 1997). Over the past decades, numerous marine microorganisms, especially bacteria, have been identified that are able to degrade hydrocarbons by producing effective biosurfactants (Al-Wahaibi et al., 2014; Cai et al., 2014; Chandankere et al., 2014). However, the current knowledge on microbial biosurfactants has been limited to only a few compounds produced by a small number of bacteria and yeast species, such as Pseudomonas, Bacillus, Candida, and Acinetobacter (Ruggeri et al., 2009). These organisms, and their produced biosurfactants, have potential promise for application in offshore oil spill response, enhanced oil recovery, and soil washing treatment of petroleum-contaminated sites (Banat et al., 2010; De Almeida et al., 2016). However, it is important to find other promising biosurfactant-producing bacteria and/or yeast (and other fungi) in order to increase the variability of these biomolecules available for large-scale production and also to decrease the dependence on some of these microbial genera which have species of known human pathogens (e.g., Pseudomonas aeruginosa, Candida, and Bacillus). A highly promising source for discovering novel biosurfactant-producing microorganisms is the marine environment as it harbors an extensive and largely untapped microbial biodiversity, which has shown itself as a proven repository of powerful molecules currently used for pharmacological, food, and cosmetics applications (Kennedy et al., 2011; Gudiña et al., 2016; Perfumo et al., 2018).

The development of a new generation of dispersants that are as, or more, effective than commercial synthetic dispersants, cost efficient, and have minimal side effects when they come in contact with, or are ingested by, marine organisms and humans is a path that has gained traction since the Deepwater Horizon disaster. Through GoMRI in the U.S.A. as part of the Consortium for the Molecular Engineering of Dispersant Systems (C-MEDS), a number of projects have been underway aiming to develop bio-based dispersants, either from microorganisms or other natural sources, or using food-grade ingredients (e.g., silica, polyethylene glycol) that are common additives in food and medicine, and that can be obtained relatively cheaply by the ton. Whilst some of these C-MEDS projects utilize non-biomaterials, below we summarize some that use materials from biological sources so in keeping with the context of this review.

Led by scientists at Texas A&M Galveston as part of the Aggregation and Degradation of Dispersants and Oil by Microbial Exopolymers (ADDOMEx) group have shown that EPS produced by microorganisms (micro-algae and bacteria) is more efficient at oil dispersal than the synthetic chemical dispersant Corexit (Schwehr et al., 2018). In particular EPS with a higher protein-to-polysaccharide ratio resulted in higher enzymatic action and marine-oil-snow sedimentation efficiency, higher microbial diversity and cell abundance, and in more extensive biodegradation compared to oil treatments with Corexit, although the latter maintained a more stable emulsion of the oil droplets. Their findings also showed that the microbes in natural samples of seawater were more stressed when exposed to the crude oil or the oil together with Corexit, and in response they release more EPS that is higher in protein and carbohydrate/sugar content, but the EPS aggregates that form do not grow large enough to eventually sediment down. In the absence of Corexit, however, protein-rich EPS is formed, and which is significantly more efficient in purging the water column from the oil. Following this, the researchers are exploring ways to trigger the production of protein-rich EPS by natural communities of microorganisms in seawater during the event of another large oil spill.

Scientists from the University of Maryland and Tulane University have investigated the use of food-grade emulsifiers as substitutes for synthetic chemical dispersants. By examining the stability of emulsions of crude oil in seawater when in the presence of various food-grade emulsifiers, they found that lecithin (a cell membrane component) from soybean in combination with Tween 80 (emulsifier used in ice cream and other foods) were found to effectively disperse and produce more stable emulsions of crude oil than Corexit (Athas et al., 2014; Riehm et al., 2015). In another C-MEDS project, researchers are working on new classes of “green” dispersants made from naturally occurring inorganic and biomolecular materials. Using combinations of natural clay minerals and new carbon materials with synthetic polymer-based materials, new products are being evaluated to test for adhering strongly to the oil-water interface and stabilize oil droplets, which could prevent the formation of large slicks. C-MEDS researchers from the University of South Florida published research showing cactus mucilage dispersed crude oil more efficiently than synthetic dispersants, and notably requiring lower concentrations (Alcantar et al., 2015). In other work, biopolymers derived from cactus mucilage and chitosan show promise in synergistically working together with chemical dispersants, potentially helping to reduce the use of solvents that are typically intrinsic in synthetic chemical dispersant formulations.

Taking a different approach, C-MEDS researchers are also exploring new natural gelation agents in order to prevent oil slicks from spreading and, consequentially, reaching coastlines. Work led by Tulane University and collaborators used a gel-like matrix incorporated with Tween 80 and lecithin which resulted in improved stabilization of crude oil in seawater emulsions—more so over longer periods compared to traditional liquid dispersants (Owoseni et al., 2018). The gel-like formulation was designed to largely replace DOSS, the key surfactant component of synthetic chemical dispersants, with lecithin. The application of food-grade surfactants into a gel-like mesophase acts as a compact buoyant pod for improved delivery of the surfactants to sea surface oil slicks. It does this by way of remaining afloat where the oil is largely confined and avoiding the use of polypropylene glycol and the generation of volatile solvents in the atmosphere through aerial or ship-based spraying.

Researchers from the University of Texas at Austin investigated the potential use of nanoparticles as non-conventional dispersants and as tools to improve existing surfactant-based dispersants. Their work has led to the development of nanoparticles that are less toxic, more efficient oil spill treatments compared to synthetic chemical dispersants. By mixing hydrophilic nanoparticles (i.e., bare colloidal silica) with a weakly interacting zwitterionic surfactant (caprylamidopropyl betaine) to generate a high hydrophilic-lipophilic balance, the nanoparticles, and surfactant acted synergistically in forming finer emulsions with enhanced stability, particularly so in a seawater aqueous environment (Worthen et al., 2014). Caprylamidopropyl betaine (CAPB) is a surfactant that is formed using fatty acids from coconut or palm kernel oil and used in personal care products.

Scientists from Brown University and the University of Rhode Island studied the interactions of the obligate hydrocarbon-degrading bacterium Alcanivorax borkumensis with oil across oil-water interfaces that had varying amounts of the following different surfactants: CTAB (cetylytrimethylammonium bromide), lecithin (from soybean), SDS (sodium dodecyl sulfate), AOT (dioctyl sulfosuccinate sodium salt), and Tween 20, and they compared this to Corexit as the “gold” reference standard. The researchers recorded changes in the growth rate, lag time, and cell density of A. borkumensis at the oil-water interface containing low to high levels of these surfactants and found that not all of them aided this organism's degradation of the oil (Bookstaver et al., 2015). The food-grade surfactant, Tween 20, was found to work best by synergistically working with the organism, increased the surface area of oil droplets, and resulting in more bacterial growth and oil degradation. Conversely, the other surfactants inhibited the adherence of the bacterial cells to oil, limiting its biodegradation capacity. In conclusion, the authors recommended further investigation into the use of different surfactants, in particular Tween 20, to replace the current stockpile of synthetic chemical dispersants to treat future oil spills. In a similar study, researchers from the University of Houston compared the food-grade surfactant Tween 20 with several synthetic chemical dispersants to determine how they affect the adhesion of the hydrocarbon-degrading species Marinobacter hydrocarbonoclasticus to oil droplets (20–60 um), which is for some hydrocarbon-degrading bacteria an initial key step for biodegradation (Dewangan and Conrad, 2018). They found that increasing concentrations of all surfactants tested resulted in reduced adhesion of the cells to oil droplets, though electrostatic charge associated with some of the surfactants tested appeared to influence adhesion. Their results suggest that the choice of surfactant(s) in dispersant formulations should be accounted for with respect to how it affects bacterial adhesion to oil droplets and, hence, the biodegradation process.

In a study led by Tulane University in collaboration with Lappeenranta University of Technology, Finland, the stability of carboxymethylated chitosan nanoparticles cross-linked with either magnesium, calcium or strontium ions were studied under different pH and salinity in an effort to determine which could be used in oil spill treatment (Kalliola et al., 2016). The nanoparticles cross-linked with calcium ions, as well as when cross-linked with dodecane, were found to be most stable, showing potential for oil-spill treatment. In one other study, scientists from different institutions in Canada conducted work on the design of a lipopeptide biosurfactant produced by Bacillus subtilis N3-1P from fish waste-based peptone as a primary nutrient substrate for this bacterium (Zhu et al., 2020). The produced lipopeptide was evaluated as an ingredient together with DOSS, which is the key surfactant ingredient found in Corexit 9500. At a biodispersant ratio of 80/20 (v/v) of lipopeptide/DOSS, a high dispersion efficiency was achieved of 76.8% for Alaskan North Slope crude oil.




CONCLUSION AND FUTURE PERSPECTIVES

Biosurfactants and their HMW/polymeric versions (bioemulsifiers) have gained high interest in recent years, due largely to consumer demand for natural ingredients and by companies in search of chemical ingredients conferring improved functional properties and that can be derived from sustainable sources. With respect to the Oil and Gas industry, the application of biosurfactants for MEOR and in dispersant formulations to treat oil spills are areas of significant interest, but not yet applied on an industrial scale. In the case of MEOR, despite the fact that it has been around for around 70 years, it has not been widely used by the industry, mainly because of a lack of multidisciplinary research to resolve many of the limitations or knowledge gaps that hinder its advancement. It is recognized that research to improve MEOR requires the discovery and isolation of new types of microbial strains, especially those that are active under anaerobic conditions and that can rapidly produce biomass or biosurfactants. One avenue could be in the genetic engineering of new bacterial strains to be made to be more efficient, such as for the ex situ production of useful biosurfactants or surface-active biopolymers for injection into oil reservoirs to allow the remaining oil to be more easily recoverable.

In the case of treating oil spills, chemical dispersants have been used for over 50 years and are the preferable treatment for marine oil spills. Many hard lessons have been learned from the Deepwater Horizon spill, one of which has spurred interest to search for alternative types of dispersants that have greater environmental compatibility. Dispersants that contain surfactants derived from biological sources (i.e., biosurfactants) are thus promising. We may have entered a new era in the development of a new generation of dispersants produced from biological sources (i.e., bio-dispersants). Whilst prevention of oil spills in the first place is paramount, more reliance on bio-based dispersants to treat oil spills at sea should help reduce the potential detrimental environmental impacts that synthetic chemical dispersants can cause. In particular, it will be important to select dispersants that speed up the rate and extent that spilled oil is biodegraded by oil-degrading populations of microorganisms.



AUTHOR CONTRIBUTIONS

CN sourced the information for the manuscript and together with TG, wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This manuscript contains work conducted during a PhD study undertaken as part of the Natural Environment Research Council (NERC) and Center for Doctoral Training (CDT) in Oil and Gas (NE/M00578X/1). It was sponsored by Heriot-Watt University via their James-Watt Scholarship Scheme to CN and whose support was gratefully acknowledged. Partial support was provided from the European Union Framework Programme for Research and Innovation, Horizon 2020 under Grant agreement No. 635340 MARISURF.



FOOTNOTES

1Cumulative annual growth rate.



REFERENCES

 Abraham, W.-R., Yakimov, M. M., Golyshin, P. N., LUnsdorf, H., Lang, S., Kenneth, N. T., et al. (1998). Alcanivorax borkurnensis gen. now, sp. nov., a new, hydrocarbon-degrading and surfactant-producing marine bacterium. Int. J. Syst. Bacteriol. 48, 339–348. doi: 10.1099/00207713-48-2-339

 Adamczak, M., and Bednarski, W. (2000). Influence of medium composition and aeration on the synthesis of biosurfactants produced by Candida antarctica. Biotechnol. Lett. 22, 313–316. doi: 10.1023/A:1005634802997

 Afrapoli, M. S., Alipour, S., and Torsaeter, O. (2011). Fundamental study of pore scale mechanisms in microbial improved oil recovery processes. Transp. Porous Media 90, 949–964. doi: 10.1007/s11242-011-9825-7

 Ahuja, K., and Singh, S. (2020). Biosurfactants market size by product. Glob. Market Insights. 564.

 Alcantar, N. A., Fox, D. I., Thomas, S., and Toomey, R. G. (2015). Use of cactus mucilage as a dispersant and absorbant for oil in oil-water mixtures. US Patent 9163374, University of South Florida. 65.

 Al-Sayegh, A., Al-Wahaibi, Y., Al-Bahry, S., Elshafie, A., Al-Bemani, A., and Joshi, S. (2015). Microbial enhanced heavy crude oil recovery through biodegradation using bacterial isolates from an Omani oil field. Microb. Cell Fact. 14:141. doi: 10.1186/s12934-015-0330-5

 Al-Wahaibi, Y., Joshi, S., Al-Bahry, S., Elshafie, A., Al-Bemani, A., and Shibulal, B. (2014). Biosurfactant production by Bacillus subtilis B30 and its application in enhancing oil recovery. Colloids Surfaces B: Biointerfaces 114, 324–333. doi: 10.1016/j.colsurfb.2013.09.022

 Amjres, H., Béjar, V., Quesada, E., Carranza, D., Abrini, J., Sinquin, C., et al. (2015). Characterization of haloglycan, an exopolysaccharide produced by Halomonas stenophila HK30. Int. J. Biol. Macromol. 72, 117–124. doi: 10.1016/j.ijbiomac.2014.07.052

 Antoniou, E., Fodelianakis, S., Korkakaki, E., and Kalogerakis, N. (2015). Biosurfactant production from marine hydrocarbon-degrading consortia and pure bacterial strains using crude oil as carbon source. Front. Microbiol. 6:274. doi: 10.3389/fmicb.2015.00274

 Arias, S., del Moral, A., Ferrer, M. R., Tallon, R., Quesada, E., and Béjar, V. (2003). Mauran, an exopolysaccharide produced by the halophilic bacterium Halomonas maura, with a novel composition and interesting properties for biotechnology. Extremophiles 7, 319–326. doi: 10.1007/s00792-003-0325-8

 Arora, P., Kshirsagar, P. R., Rana, D. P., and Dhakephalkar, P. K. (2019). Hyperthermophilic Clostridium sp. N-4 produced a glycoprotein biosurfactant that enhanced recovery of residual oil at 96 °C in lab studies. Colloids Surfaces B: Biointerfaces 182:110372. doi: 10.1016/j.colsurfb.2019.110372

 Athas, J. C., Jun, K., McCafferty, C., Owoseni, O., John, V. T., and Raghavan, S. R. (2014). An effective dispersant for oil spills based on food-grade amphiphiles. Langmuir 30, 9285–9294. doi: 10.1021/la502312n

 Atlas, R. M., and Hazen, T. C. (2011). Oil biodegradation and bioremediation: a tale of the two worst spills in U.S. History. Environ. Sci.Technol. 45, 6709–6715. doi: 10.1021/es2013227

 Baek, K. H., Yoon, B. D., Kim, B. H., Cho, D. H., Lee, I. S., Oh, H. M., et al. (2007). Monitoring of microbial diversity and activity during bioremediation of crude oil-contaminated soil with different treatments. J. Microbiol. Biotechnol. 17, 67–73.

 Banat, I. M. (1995). Biosurfactants production and possible uses in microbial enhanced oil recovery and oil pollution remediation: a review. Bioresour. Technol. 51, 1–12. doi: 10.1016/0960-8524(94)00101-6

 Banat, I. M., Franzetti, A., Gandolfi, I., Bestetti, G., Martinotti, M. G., Fracchia, L., et al. (2010). Microbial biosurfactants production, applications and future potential. Appl. Microbiol. Biotechnol. 87, 427–444. doi: 10.1007/s00253-010-2589-0

 Barkay, T., Navon-Venezia, S., Ron, E. Z., and Rosenberg, E. (1999). Enhancement of solubilization and biodegradation of polyaromatic hydrocarbons by the bioemulsifier alasan. Appl. Environ. Microbiol. 65, 2697–2702. doi: 10.1128/AEM.65.6.2697-2702.1999

 Baumann, P., Bowditch, R. O. N. D., Baumann, L., and Beaman, B. (1983). Taxonomy of marine pseudomonas species: P. stanieri sp. nov.; P. perfectomarina sp. nov., nom. rev.; P. nautical; and P. doudoroffii. Int. J. Syst. Bacteriol. 33, 857–865. doi: 10.1099/00207713-33-4-857

 Béjar, V., Llamas, I. M. U., Calvo, C., and Quesada, E. (1998). Characterization of exopolysaccharides produced by 19 halophilic strains of the species Halomonas eurihalina. J. Biotechnol. 61, 135–141. doi: 10.1016/S0168-1656(98)00024-8

 Bicca, F. C., Fleck, L. C., and Ayub, M. A. Z. (1999). Production of biosurfactant by hydrocarbon degrading Phodococcus ruber and Rhodococcus erythropolis. Revista de Microbiol. 30, 231–236. doi: 10.1590/S0001-37141999000300008

 Bollinger, A., Thies, S., Katzke, N., and Jaeger, K. E. (2020). The biotechnological potential of marine bacteria in the novel lineage of Pseudomonas pertucinogena. Microb. Biotechnol. 13, 19–31. doi: 10.1111/1751-7915.13288

 Bookstaver, M., Bose, A., and Tripathi, A. (2015). Interaction of Alcanivorax borkumensis with a surfactant decorated oil-water interface. Langmuir 31, 5875–5881. doi: 10.1021/acs.langmuir.5b00688

 Brakstad, O. G., Davies, E. J., Ribicic, D., Winkler, A., Brönner, U., and Netzer, R. (2018). Biodegradation of dispersed oil in natural seawaters from Western Greenland and a Norwegian fjord. Polar Biol. 41:8. doi: 10.1007/s00300-018-2380-8

 Brakstad, O. G., Nordtug, T., and Throne-Holst, M. (2015). Biodegradation of dispersed Macondo oil in seawater at low temperature and different oil droplet sizes. Mar. Pollut. Bull. 93, 144–152. doi: 10.1016/j.marpolbul.2015.02.006

 Brown, L. R. (2010). Microbial enhanced oil recovery (MEOR). Curr. Opin. Microbiol. 13, 316–320. doi: 10.1016/j.mib.2010.01.011

 Bustamante, M., Durán, N., and Diez, M. C. (2012). Biosurfactants are useful tools for the bioremediation of contaminated soil: a review. J. Soil Sci. Plant Nutrit. 12, 667–687. doi: 10.4067/S0718-95162012005000024

 Cai, Q., Zhang, B., Chen, B., Zhu, Z., Lin, W., and Cao, T. (2014). Screening of biosurfactant producers from petroleum hydrocarbon contaminated sources in cold marine environments. Mar. Pollut. Bull. 86, 402–410. doi: 10.1016/j.marpolbul.2014.06.039

 Calvo, C., Martínez-Checa, F., Toledo, F., Porcel, J., and Quesada, E. (2002). Characteristics of bioemulsifiers synthesised in crude oil media by Halomonas eurihalina and their effectiveness in the isolation of bacteria able to grow in the presence of hydrocarbons. Appl. Microbiol. Biotechnol. 60, 347–351. doi: 10.1007/s00253-002-1115-4

 Cameotra, S. S., and Singh, P. (2008). Bioremediation of oil sludge using crude biosurfactants. Int. Biodeterior. Biodegrad. 62, 274–280. doi: 10.1016/j.ibiod.2007.11.009

 Campo, P., Venosa, A. D., and Suidan, M. T. (2013). Biodegradability of Corexit 5900 and dispersed south louisiana crude oil at 5C and 25C. Environ. Sci. Technol. 47, 1960–1967. doi: 10.1021/es303881h

 Campos, J. M., Montenegro Stamford, T. L., Sarubbo, L. A., de Luna, J. M., Rufino, R. D., and Banat, I. M. (2013). Microbial biosurfactants as additives for food industries. Biotechnol. Prog. 29, 1097–1108. doi: 10.1002/btpr.1796

 Cappello, S., Genovese, M., Della Torre, C., Crisari, A., Hassanshahian, M., Santisi, S., et al. (2012). Effect of bioemulsificant exopolysaccharide (EPS2003) on microbial community dynamics during assays of oil spill bioremediation: a microcosm study. Mar. Pollut. Bull. 64, 2820–2828. doi: 10.1016/j.marpolbul.2012.07.046

 Caruso, C., Rizzo, C., Mangano, S., Poli, A., Di Donato, P., Nicolaus, B., et al. (2019). Isolation, characterization and optimization of EPSs produced by a cold-adapted Marinobacter isolate from Antarctic seawater. Antarctic Sci. 31, 69–79. doi: 10.1017/S0954102018000482

 Casillo, A., Lanzetta, R., Parrilli, M., and Corsaro, M. M. (2018). Exopolysaccharides from marine and marine extremophilic bacteria: Structures, properties, ecological roles and applications. Mar. Drugs 16:69. doi: 10.3390/md16020069

 Casillo, A., Ståhle, J., Parrilli, E., Sannino, F., Mitchell, D. E., Pieretti, G., et al. (2017). Structural characterization of an all-aminosugar-containing capsular polysaccharide from Colwellia psychrerythraea 34H. Antonie van Leeuwenhoek 110, 1377–1387. doi: 10.1007/s10482-017-0834-6

 Chandankere, R., Yao, J., Cai, M., Masakorala, K., Jain, A. K., and Choi, M. M. F. (2014). Properties and characterization of biosurfactant in crude oil biodegradation by bacterium Bacillus methylotrophicus USTBa. Fuel 122, 140–148. doi: 10.1016/j.fuel.2014.01.023

 Chen, Q., Bao, M., Fan, X., Liang, S., and Sun, P. (2013). Rhamnolipids enhance marine oil spill bioremediation in laboratory system. Mar. Pollut. Bull. 71, 269–275. doi: 10.1016/j.marpolbul.2013.01.037

 Chen, W. C., Juang, R. S., and Wei, Y. H. (2015). Applications of a lipopeptide biosurfactant, surfactin, produced by microorganisms. Biochem. Eng. J. 103, 158–169. doi: 10.1016/j.bej.2015.07.009

 Chikkanna, A., Ghosh, D., and Kishore, A. (2018). Expression and characterization of a potential exopolysaccharide from a newly isolated halophilic thermotolerant bacteria Halomonas nitroreducens strain WB1. PeerJ 2018:e4684. doi: 10.7717/peerj.4684

 Chong, H., and Li, Q. (2017). Microbial production of rhamnolipids: opportunities, challenges and strategies. Microb. Cell Fact. 16:137. doi: 10.1186/s12934-017-0753-2

 Cirigliano, M. C., and Carman, G. M. (1985). Purification and characterization of Liposan, Candida lipolyticat a bioemulsifier from. Microbiology 50, 846–850. doi: 10.1128/AEM.50.4.846-850.1985

 Coelho, J., Rivonkar, C. U., Bhavesh, N. S., Jothi, M., and Sangodkar, U. M. X. (2003). Biosurfactanat production by the quinoline degrading marine bacterium Pseudomonas sp. strain GU 104, and its effect on the metabolism of green mussel Perna viridis L. Indian J. Mar. Sci. 32, 202–207.

 Cooper, D. G., and Goldenberg, B. G. (1987). Surface-active agents from two Bacillus species. Appl. Environ. Microbiol. 53, 224–229. doi: 10.1128/AEM.53.2.224-229.1987

 Cooper, D. G., Zajic, J. E., and Gerson, D. F. (1979). Production of surface-active lipids by Corynebacterium lepus. Appl. Environ. Microbiol. 37, 4–10. doi: 10.1128/AEM.37.1.4-10.1979

 Coronel-León, J., Marqués, A. M., Bastida, J., and Manresa, A. (2016). Optimizing the production of the biosurfactant lichenysin and its application in biofilm control. J. Appl. Microbiol. 120, 99–111. doi: 10.1111/jam.12992

 Couto, C. R., de, A., Jurelevicius, D., de, A., Alvarez, V. M., van Elsas, J. D., and Seldin, L. (2016). Response of the bacterial community in oil-contaminated marine water to the addition of chemical and biological dispersants. J. Environ. Manage. 184, 473–479. doi: 10.1016/j.jenvman.2016.10.039

 Couto, M. R., Gudiña, E. J., Ferreira, D., Teixeira, J. A., and Rodrigues, L. R. (2019). The biopolymer produced by Rhizobium viscosum CECT 908 is a promising agent for application in microbial enhanced oil recovery. N. Biotechnol. 49, 144–150. doi: 10.1016/j.nbt.2018.11.002

 Cubitto, M. A., Morán, A. C., Commendatore, M., Chiarello, M. N., Baldini, M. D., and Siñeriz, F. (2004). Effects of Bacillus subtilis O9 biosurfactant on the bioremediation of crude oil-polluted soils. Biodegradation 15, 281–287. doi: 10.1023/B:BIOD.0000042186.58956.8f

 Das, P., Yang, X. P., and Ma, L. Z. (2014). Analysis of biosurfactants from industrially viable Pseudomonas strain isolated from crude oil suggests how rhamnolipids congeners affect emulsification property and antimicrobial activity. Front. Microbiol. 5:696. doi: 10.3389/fmicb.2014.00696

 De Almeida, D. G., Soares Da Silva, R., de, C. F., Luna, J. M., Rufino, R. D., Santos, V. A., et al. (2016). Biosurfactants: promising molecules for petroleum biotechnology advances. Front. Microbiol. 7:1718. doi: 10.3389/fmicb.2016.01718

 De Bruijn, I., and Raaijmakers, J. M. (2009). Diversity and functional analysis of LuxR-type transcriptional regulators of cyclic lipopeptide biosynthesis in Pseudomonas fluorescens. Appl. Environ. Microbiol. 75, 4753–4761. doi: 10.1128/AEM.00575-09

 de Mello Luvielmo, M., Borges, C. D., Toyama, D., de, O., Vendruscolo, C. T., and Scamparini, A. R. P. (2016). Structure of xanthan gum and cell ultrastructure at different times of alkali stress. Brazil. J. Microbiol. 47, 102–109. doi: 10.1016/j.bjm.2015.11.006

 Decho, A. W., and Gutierrez, T. (2017). Microbial Extracellular Polymeric Substances (EPSs) in ocean systems. Front. Microbiol. 8:922. doi: 10.3389/fmicb.2017.00922

 Desai, J. D., and Banat, I. M. (1997). Microbial production of surfactants and their commercial potential. Microbiol. Mol. Biol. Rev. 61, 47–64. doi: 10.1128/.61.1.47-64.1997

 Dewangan, N. K., and Conrad, J. C. (2018). Adhesion of marinobacter hydrocarbonoclasticus to surfactant-decorated dodecane droplets. Langmuir 34, 14012–14021. doi: 10.1021/acs.langmuir.8b02071

 Díaz De Rienzo, M. A., Kamalanathan, I. D., and Martin, P. J. (2016). Comparative study of the production of rhamnolipid biosurfactants by B. thailandensis E264 and P. aeruginosa ATCC 9027 using foam fractionation. Process Biochem. 51, 820–827. doi: 10.1016/j.procbio.2016.04.007

 Elazzazy, A. M., Abdelmoneim, T. S., and Almaghrabi, O. A. (2015). Isolation and characterization of biosurfactant production under extreme environmental conditions by alkali-halo-thermophilic bacteria from Saudi Arabia. Saudi J. Biol. Sci. 22, 466–475. doi: 10.1016/j.sjbs.2014.11.018

 Fingas, M. (2011). “Oil Spill Science and Technology,” in Oil Spill Science and Technology, ed M. Fingas (Boston, MA: Gulf Professional Publishing). doi: 10.1016/C2009-0-19703-9

 Finnerty, W. R. (1992). The genus Rhodococcus identification and classification. Ann. Rev. Microbiol. 46, 193–218. doi: 10.1146/annurev.mi.46.100192.001205

 Fooladi, T., Moazami, N., Abdeshahian, P., Kadier, A., Ghojavand, H., Wan Yusoff, W. M., et al. (2016). Characterization, production and optimization of lipopeptide biosurfactant by new strain Bacillus pumilus 2IR isolated from an Iranian oil field. J. Petrol. Sci. Eng. 145, 510–519. doi: 10.1016/j.petrol.2016.06.015

 Funston, S. J., Tsaousi, K., Rudden, M., Smyth, T. J., Stevenson, P. S., Marchant, R., et al. (2016). Characterising rhamnolipid production in Burkholderia thailandensis E264, a non-pathogenic producer. Appl. Microbiol. Biotechnol. 100, 7945–7956. doi: 10.1007/s00253-016-7564-y

 Gao, C. H., and Zekri, A. (2011). Applications of microbial-enhanced oil recovery technology in the past decade. Energy Sources A 33, 972–989. doi: 10.1080/15567030903330793

 Gauthier, M. J., Lafay, B., Christen, R., Fernandez, L., Acquaviva, M., Bonin, P., et al. (1992). Marinobacter hydrocarbonoclasticus gen. nov., sp. nov., a new, extremely halotolerant, hydrocarbon-degrading marine bacterium. Int. J. Syst. Bacteriol. 42, 568–576. doi: 10.1099/00207713-42-4-568

 Geetha, S. J., Banat, I. M., and Joshi, S. J. (2018). Biosurfactants: production and potential applications in microbial enhanced oil recovery (MEOR). Biocatal. Agric. Biotechnol. 14, 23–32. doi: 10.1016/j.bcab.2018.01.010

 Gesheva, V., Stackebrandt, E., and Vasileva-Tonkova, E. (2010). Biosurfactant production by halotolerant rhodococcus fascians from Casey Station, Wilkes Land, antarctica. Curr. Microbiol. 61, 112–117. doi: 10.1007/s00284-010-9584-7

 Gray, M. R., Yeung, A., and Foght, J. M. (2008). “Potential microbial enhanced oil recovery processes: a critical analysis,” in SPE Annual Technical Conference and Exhibition (Denver, CO), 3–27. doi: 10.2118/114676-MS

 Gudiña, E. J., Pereira, J. F. B., Rodrigues, L. R., Coutinho, J. A. P., and Teixeira, J. A. (2012). Isolation and study of microorganisms from oil samples for application in microbial enhanced oil recovery. Int. Biodeterior. Biodegrad. 68, 56–64. doi: 10.1016/j.ibiod.2012.01.001

 Gudiña, E. J., Teixeira, J. A., and Rodrigues, L. R. (2016). Biosurfactants produced by marine microorganisms with therapeutic applications. Mar. Drugs 14:38. doi: 10.3390/md14020038

 Gutiérrez, T., Leo, V. V., Walker, G. M., and Green, D. H. (2009). Emulsifying properties of a glycoprotein extract produced by a marine Flexibacter species strain TG382. Enzyme Microb. Technol. 45, 53–57. doi: 10.1016/j.enzmictec.2009.04.001

 Gutierrez, T., Morris, G., Ellis, D., Mulloy, B., and Aitken, M. D. (2020). Production and characterisation of a marine Halomonas surface-active exopolymer. Appl. Microbiol. Biotechnol. 104, 1063–1076. doi: 10.1007/s00253-019-10270-x

 Gutierrez, T., Morris, G., and Green, D. H. (2009). Yield and physicochemical properties of EPS from Halomonas sp. strain TG39 identifies a role for protein and anionic residues (sulfate and phosphate) in emulsification of n-hexadecane. Biotechnol. Bioeng. 103, 207–216. doi: 10.1002/bit.22218

 Gutiérrez, T., Mulloy, B., Bavington, C., Black, K., and Green, D. H. (2007a). Partial purification and chemical characterization of a glycoprotein (putative hydrocolloid) emulsifier produced by a marine bacterium Antarctobacter. Appl. Microbiol. Biotechnol. 76, 1017–1026. doi: 10.1007/s00253-007-1091-9

 Gutiérrez, T., Mulloy, B., Black, K., and Green, D. H. (2007b). Glycoprotein emulsifiers from two marine Halomonas species: Chemical and physical characterization. J. Appl. Microbiol. 103, 1716–1727. doi: 10.1111/j.1365-2672.2007.03407.x

 Gutierrez, T., Shimmield, T., Haidon, C., Black, K., and Green, D. H. (2008). Emulsifying and metal ion binding activity of a glycoprotein exopolymer produced by Pseudoalteromonas sp. strain TG12. Appl. Environ. Microbiol. 74, 4867–4876. doi: 10.1128/AEM.00316-08

 Gutierrez, T., Singleton, D. R., Berry, D., Yang, T., Aitken, M. D., and Teske, A. (2013). Hydrocarbon-degrading bacteria enriched by the deepwater horizon oil spill identified by cultivation and DNA-SIP. ISME J. 7, 2091–2104. doi: 10.1038/ismej.2013.98

 Gutnik, D. L., Aviv, R., Rosenberg, E., Belsky, I., Zinaida, Z., and Sava, K. (1983). Apoemulsans. Petroleum Fermentations N.V. US Patent 4380504, 18.

 Hamdan, L. J., and Fulmer, P. A. (2011). Effects of COREXIT EC9500A on bacteria from a beach oiled by the Deepwater Horizon spill. Aquatic Microb. Ecol. 63, 101–109. doi: 10.3354/ame0148

 Hao, D. H., Lin, J. Q., Song, X., Lin, J. Q., Su, Y. J., and Qu, Y. B. (2008). Isolation, identification, and performance studies of a novel paraffin-degrading bacterium of Gordonia amicalis LH3. Biotechnol. Bioprocess Eng. 13, 61–68. doi: 10.1007/s12257-007-0168-8

 Hao, L., Liu, W., Liu, K., Shan, K., Wang, C., Xi, C., et al. (2019). Isolation, optimization of fermentation conditions, and characterization of an exopolysaccharide from Pseudoalteromonas agarivorans Hao 2018. Mar. Drugs 17:703. doi: 10.3390/md17120703

 Hassanshahian, M., Emtiazi, G., and Cappello, S. (2012). Isolation and characterization of crude-oil-degrading bacteria from the Persian Gulf and the Caspian Sea. Mar. Pollut. Bull. 64, 7–12. doi: 10.1016/j.marpolbul.2011.11.006

 Hazen, T. C., Prince, R. C., and Mahmoudi, N. (2016). Marine oil biodegradation. Environ. Sci. Technol. 50, 2121–2129. doi: 10.1021/acs.est.5b03333

 Head, I. M., Jones, D. M., and Larter, S. R. (2003). Biological activity in the deep subsurface and the origin of heavy oil. Nature 426, 344–352. doi: 10.1038/nature02134

 Head, I. M., Jones, D. M., and Röling, W. F. M. (2006). Marine microorganisms make a meal of oil. Nat.Rev. Microbiol. 4, 173–182. doi: 10.1038/nrmicro1348

 Holmström, C., and Kjelleberg, S. (1999). Marine Pseudoalteromonas species are associated with higher organisms and produce biologically active extracellular agents. FEMS Microbiol. Ecol. 30, 285–293. doi: 10.1016/S0168-6496(99)00063-X

 Hošková, M., JeŽdík, R., Schreiberová, O., Chudoba, J., Šír, M., Cejková, A., et al. (2015). Structural and physiochemical characterization of rhamnolipids produced by Acinetobacter calcoaceticus, Enterobacter asburiae and Pseudomonas aeruginosa in single strain and mixed cultures. J. Biotechnol. 193, 45–51. doi: 10.1016/j.jbiotec.2014.11.014

 Huesemann, M. H. (2004). “Biodegradation and bioremediation of petroleum pollutants in soil,” in Applied Bioremediation and Phytoremediation. Soil Biology, eds. A. Singh and O. P. Ward (Berlin;Heidelberg: Springer-Verlag), 13–34. doi: 10.1007/978-3-662-05794-0_2

 Ibacache-Quiroga, C., Ojeda, J., Espinoza-Vergara, G., Olivero, P., Cuellar, M., and Dinamarca, M. A. (2013). The hydrocarbon-degrading marine bacterium Cobetia sp. strain MM1IDA2H-1 produces a biosurfactant that interferes with quorum sensing of fish pathogens by signal hijacking. Microb. Biotechnol. 6, 394–405. doi: 10.1111/1751-7915.12016

 Inès, M., and Dhouha, G. (2015). Lipopeptide surfactants: production, recovery and pore forming capacity. Peptides 71, 100–112. doi: 10.1016/j.peptides.2015.07.006

 ITOPF (2011). Use of Dispersants to Treat Oil Spills. Vol. 4. The International Tanker Owners Pollution Federation Limited, 12.

 Iyer, A., Mody, K., and Jha, B. (2006). Emulsifying properties of a marine bacterial exopolysaccharide. Enzyme Microb. Technol. 38, 220–222. doi: 10.1016/j.enzmictec.2005.06.007

 Janek, T., Łukaszewicz, M., and Krasowska, A. (2013). Identification and characterization of biosurfactants produced by the Arctic bacterium Pseudomonas putida BD2. Colloids Surfaces B: Biointerfaces 110, 379–386. doi: 10.1016/j.colsurfb.2013.05.008

 Javaheri, M., Jenneman, G. E., McInerney, M. J., and Knapp, R. M. (1985). Anaerobic production of a biosurfactant by Bacillus licheniformis JF-2. Appl. Environ. Microbiol. 50, 698–700. doi: 10.1128/AEM.50.3.698-700.1985

 Jones, D. M., Head, I. M., Gray, N. D., Adams, J. J., Rowan, A. K., Aitken, C. M., et al. (2008). Crude-oil biodegradation via methanogenesis in subsurface petroleum reservoirs. Nature 451, 176–180. doi: 10.1038/nature06484

 Joshi, S. J., Geetha, S. J., and Desai, A. J. (2015). Characterization and application of biosurfactant produced by Bacillus licheniformis R2. Appl. Biochem. Biotechnol 177, 346–361. doi: 10.1007/s12010-015-1746-4

 Joye, S. B., Kleindienst, S., Gilbert, J., Handley, K., Weisenhorn, P., Overholt, W., et al. (2016). Responses of microbial communities to hydrocarbon exposures. Oceanography 29, 136–149. doi: 10.5670/oceanog.2016.78

 Kalliola, S., Repo, E., Sillanp,ää, M., Singh Arora, J., He, J., and John, V. T. (2016). The stability of green nanoparticles in increased pH and salinity for applications in oil spill-treatment. Colloids Surfaces A: Physicochem. Eng. Aspects 493, 99–107. doi: 10.1016/j.colsurfa.2016.01.011

 Kang, Y., Li, P., Zeng, X., Chen, X., Xie, Y., Zeng, Y., et al. (2019). Biosynthesis, structure and antioxidant activities of xanthan gum from Xanthomonas campestris with additional furfural. Carbohydr. Polym. 216, 369–375. doi: 10.1016/j.carbpol.2019.04.018

 Kaplan, N., Rosenberg, E., Jann, B., and Jann, K. (1985). Structural studies of the capsular polysaccharide of Acinetobacter calcoaceticus BD4. Europ. J. Biochem. 152, 453–458. doi: 10.1111/j.1432-1033.1985.tb09218.x

 Kaur, V., Bera, M. B., Panesar, P. S., Kumar, H., and Kennedy, J. F. (2014). Welan gum: microbial production, characterization, and applications. Int. J. Biol. Macromol. 65, 454–461. doi: 10.1016/j.ijbiomac.2014.01.061

 Kennedy, J., O'Leary, N. D., Kiran, G. S., Morrissey, J. P., O'Gara, F., Selvin, J., et al. (2011). Functional metagenomic strategies for the discovery of novel enzymes and biosurfactants with biotechnological applications from marine ecosystems. J. Appl. Microbiol. 111, 787–799. doi: 10.1111/j.1365-2672.2011.05106.x

 Kleindienst, S., Seidel, M., Ziervogel, K., Grim, S., Loftis, K., Harrison, S., et al. (2015). Chemical dispersants can suppress the activity of natural oil-degrading microorganisms. Proc. Natl. Acad. Sci. U.S.A. 112, 14900–14905. doi: 10.1073/pnas.1507380112

 Kokoulin, M. S., Filshtein, A. P., Romanenko, L. A., Chikalovets, I. V., and Chernikov, O. V. (2020). Structure and bioactivity of sulfated α-D-mannan from marine bacterium Halomonas halocynthiae KMM 1376T. Carbohydr. Polym. 229:115556. doi: 10.1016/j.carbpol.2019.115556

 Kostka, J. E., Prakash, O., Overholt, W. A., Green, S. J., Freyer, G., Canion, A., et al. (2011). Hydrocarbon-degrading bacteria and the bacterial community response in Gulf of Mexico beach sands impacted by the deepwater horizon oil spill. Appl. Environ. Microbiol. 77, 7962–7974. doi: 10.1128/AEM.05402-11

 Kowalewski, E., Rueslåtten, I., Steen, K. H., Bødtker, G., and Torsæter, O. (2006). Microbial improved oil recovery-bacterial induced wettability and interfacial tension effects on oil production. J. Petrol. Sci. Eng. 52, 275–286. doi: 10.1016/j.petrol.2006.03.011

 Kuhn, E., Bellicanta, G. S., and Pellizari, V. H. (2009). New alk genes detected in Antarctic marine sediments. Environ. Microbiol. 11, 669–673. doi: 10.1111/j.1462-2920.2008.01843.x

 Kuppuswami, G. M. (2014). Fermentation (Industrial): Production of Xanthan Gum. 2 Edn. Adyar: Central Leather Research Institute. doi: 10.1016/B978-0-12-384730-0.00110-5

 Kurtzman, C. P., Price, N. P. J., Ray, K. J., and Kuo, T. M. (2010). Production of sophorolipid biosurfactants by multiple species of the Starmerella (Candida) bombicola yeast clade. FEMS Microbiol. Lett. 311, 140–146. doi: 10.1111/j.1574-6968.2010.02082.x

 Labrenz, M., Collins, M. D., Lawson, P. A., Tindall, B. J., Braker, G., and Hirsch, P. (1998). Antarctobacter heliothermus gen. nov., sp. nov., a budding bacterium from hypersaline and heliothermal Ekho Lake. Int. J. Syst. Bacteriol. 48, 1363–1372. doi: 10.1099/00207713-48-4-1363

 Law, R. (2011). “The torrey canyon oil spill,” in Oil Spill Science and Technology, ed. M. Fingas (Boston, MA: Gulf Professional Publishing), 1103–1106. doi: 10.1016/B978-1-85617-943-0.10033-4

 Laycock, M. V., Thibault, P., Walter, J. A., Wright, J. L. C., and Hildebrand, P. D. (1991). Viscosin, a potent peptidolipid biosurfactant and phytopathogenic mediator produced by a pectolytic strain of Pseudomonas fluorescens. J. Agric. Food Chem. 39, 483–489. doi: 10.1021/jf00003a011

 Lazar, I., Petrisor, I. G., and Yen, T. F. (2007). Microbial Enhanced Oil Recovery (MEOR). Pet. Sci. Technol. 25, 1353–1366. doi: 10.1080/10916460701287714

 Lessard, R. R., and DeMarco, G. (2000). The significance of oil spill dispersants. Spill Sci. Technol. Bull. 6, 59–68. doi: 10.1016/S1353-2561(99)00061-4

 Li, H., Jiao, X., Sun, Y., Sun, S., Feng, Z., Zhou, W., et al. (2016). The preparation and characterization of a novel sphingan WL from marine Sphingomonas sp. WG. Sci. Rep. 6:37899. doi: 10.1038/srep37899

 Liu, J. F., Mbadinga, S. M., Yang, S. Z., Gu, J. D., and Mu, B. Z. (2015). Chemical structure, property and potential applications of biosurfactants produced by Bacillus subtilis in petroleum recovery and spill mitigation. Int. J. Mol. Sci. 16, 4814–4837. doi: 10.3390/ijms16034814

 Liu, S. B., Chen, X. L., He, H. L., Zhang, X. Y., Xie, B. B., Yu, Y., et al. (2013). Structure and ecological roles of a novel exopolysaccharide from the Arctic sea ice bacterium Pseudoalteromonas sp. strain SM20310. Appl. Environ. Microbiol. 79, 224–230. doi: 10.1128/AEM.01801-12

 Llamas, I., Amjres, H., Mata, J. A., Quesada, E., and Béjar, V. (2012). The potential biotechnological applications of the exopolysaccharide produced by the halophilic bacterium Halomonas almeriensis. Molecules 17, 7103–7120. doi: 10.3390/molecules17067103

 Makkar, R. S., and Cameotra, S. S. (1997). Biosurfactant production by a thermophilic Bacillus subtilis strain. J. Indust. Microbiol. Biotechnol. 18, 37–42. doi: 10.1038/sj.jim.2900349

 Makkar, R. S., and Rockne, K. J. (2003). Comparison of synthetic surfactants and biosurfactants in enhancing biodegradation of polycyclic aromatic hydrocarbons. Environ. Toxicol. Chem. 22, 2280–2292. doi: 10.1897/02-472

 Malavenda, R., Rizzo, C., Michaud, L., Gerçe, B., Bruni, V., Syldatk, C., et al. (2015). Biosurfactant production by Arctic and Antarctic bacteria growing on hydrocarbons. Polar Biol. 38, 1565–1574. doi: 10.1007/s00300-015-1717-9

 Mata, J. A., Béjar, V., Llamas, I., Arias, S., Bressollier, P., Tallon, R., et al. (2006). Exopolysaccharides produced by the recently described halophilic bacteria Halomonas ventosae and Halomonas anticariensis. Res. Microbiol. 157, 827–835. doi: 10.1016/j.resmic.2006.06.004

 McFarlin, K. M., Prince, R. C., Perkins, R., and Leigh, M. B. (2014). Biodegradation of dispersed oil in Arctic seawater at −1°C. PLoS ONE 9, 1–8. doi: 10.1371/journal.pone.0084297


 McInerney, M. J., Javaheri, M., and Nagle, D. P. (1990). Properties of the biosurfactant produced by Bacillus licheniformis strain JF-2. J. Ind. Microbiol. 5, 95–101. doi: 10.1007/BF01573858

 McKew, B. A., Coulon, F., Yakimov, M. M., Denaro, R., Genovese, M., Smith, C. J., et al. (2007). Efficacy of intervention strategies for bioremediation of crude oil in marine systems and effects on indigenous hydrocarbonoclastic bacteria. Environ. Microbiol. 9, 1562–1571. doi: 10.1111/j.1462-2920.2007.01277.x

 Morita, T., Fukuoka, T., Imura, T., and Kitamoto, D. (2013). Production of mannosylerythritol lipids and their application in cosmetics. Appl. Microbiol. Biotechnol. 97, 4691–4700. doi: 10.1007/s00253-013-4858-1

 Mulligan, C. N. (2005). Environmental applications for biosurfactants. Environ. Pollut. 133, 183–198. doi: 10.1016/j.envpol.2004.06.009

 Mulligan, C. N. (2009). Recent advances in the environmental applications of biosurfactants. Curr. Opin. Colloid Interface Sci. 14, 372–378. doi: 10.1016/j.cocis.2009.06.005

 National Commission on the BP Deepwater Horizon Oil Spill and Offshore Drilling (2011). Deep Water: The Gulf Oil Disaster and Future of Offshore Drilling. Available online at: https://www.govinfo.gov/content/pkg/GPO-OILCOMMISSION/pdf/GPO-OILCOMMISSION.pdf

 Navon-Venezia, S., Zosim, Z., Gottlieb, A., Legmann, R., Carmeli, S., Ron, E. Z., et al. (1995). Alasan, a new bioemulsifier from Acinetobacter radioresistens. Appl. Environ. Microbiol. 61, 3240–3244. doi: 10.1128/AEM.61.9.3240-3244.1995

 Nichols, C. A. M., Garon, S., Bowman, J. P., Raguénès, G., and Guézennec, J. (2004). Production of exopolysaccharides by Antarctic marine bacterial isolates. J. Appl. Microbiol. 96, 1057–1066. doi: 10.1111/j.1365-2672.2004.02216.x

 Nichols, C. M., Lardière, S. G., Bowman, J. P., Nichols, P. D., Gibson, J. A. E., and Guézennec, J. (2005). Chemical characterization of exopolysaccharides from Antarctic marine bacteria. Microb. Ecol. 49, 578–589. doi: 10.1007/s00248-004-0093-8

 Nicolaus, B., Kambourova, M., and Oner, E. T. (2010). Exopolysaccharides from extremophiles: from fundamentals to biotechnology. Environ. Technol. 31, 1145–1158. doi: 10.1080/09593330903552094

 Nikolopoulou, M., Eickenbusch, P., Pasadakis, N., Venieri, D., and Kalogerakis, N. (2013a). Microcosm evaluation of autochthonous bioaugmentation to combat marine oil spills. N. Biotechnol. 30, 734–742. doi: 10.1016/j.nbt.2013.06.005

 Nikolopoulou, M., and Kalogerakis, N. (2008). Enhanced bioremediation of crude oil utilizing lipophilic fertilizers combined with biosurfactants and molasses. Mar. Pollut. Bull. 56, 1855–1861. doi: 10.1016/j.marpolbul.2008.07.021

 Nikolopoulou, M., Pasadakis, N., and Kalogerakis, N. (2013b). Evaluation of autochthonous bioaugmentation and biostimulation during microcosm-simulated oil spills. Mar. Pollut. Bull. 72, 165–173. doi: 10.1016/j.marpolbul.2013.04.007

 Nikolova, C., and Gutierrez, T. (2020). Use of microorganisms in the recovery of oil from recalcitrant oil reservoirs: current state of knowledge, technological advances and future perspectives. Front. Microbiol. 10:2996. doi: 10.3389/fmicb.2019.02996

 Nikolova, C., Ijaz, U. Z., Magill, C., Kleindienst, S., Joye, S., and Gutierrez, T. (2020). Response and oil degradation activities of a northeast Atlantic bacterial community to biogenic and synthetic surfactants. bioRxiv. doi: 10.1101/2020.12.18.423525

 Niu, Y., Wu, J., Wang, W., and Chen, Q. (2019). Production and characterization of a new glycolipid, mannosylerythritol lipid, from waste cooking oil biotransformation by Pseudozyma aphidis ZJUDM34. Food Sci. Nutrit. 7, 937–948. doi: 10.1002/fsn3.880

 Olivera, N. L., Nievas, M. L., Lozada, M., del Prado, G., Dionisi, H. M., and Siñeriz, F. (2009). Isolation and characterization of biosurfactant-producing Alcanivorax strains: hydrocarbon accession strategies and alkane hydroxylase gene analysis. Res. Microbiol. 160, 19–26. doi: 10.1016/j.resmic.2008.09.011

 Owoseni, O., Zhang, Y., Omarova, M., Li, X., Lal, J., McPherson, G. L., et al. (2018). Microstructural characteristics of surfactant assembly into a gel-like mesophase for application as an oil spill dispersant. J. Colloid Interface Sci. 524, 279–288. doi: 10.1016/j.jcis.2018.03.089

 Park, T., Joo, H. W., Kim, G. Y., Kim, S., Yoon, S., and Kwon, T. H. (2017). Biosurfactant as an enhancer of geologic carbon storage: Microbial modification of interfacial tension and contact angle in carbon dioxide/water/quartz systems. Front. Microbiol. 8:1285. doi: 10.3389/fmicb.2017.01285

 Parthipan, P., Preetham, E., Machuca, L. L., Rahman, P. K. S. M., Murugan, K., and Rajasekar, A. (2017). Biosurfactant and degradative enzymes mediated crude oil degradation by bacterium Bacillus subtilis A1. Front. Microbiol. 8:193. doi: 10.3389/fmicb.2017.00193

 Passeri, A., Lang, S., Wagner, F., and Wray, V. (1991). Marine biosurfactants II. production and characterisation of an anionic trehalose tetraester from the marine bacterium Arthrobacter sp. EK 1. Naturforsch 46, 204–209. doi: 10.1515/znc-1991-3-408

 Peng, F., Liu, Z., Wang, L., and Shao, Z. (2007). An oil-degrading bacterium: Rhodococcus erythropolis strain 3C-9 and its biosurfactants. J. Appl. Microbiol. 102, 1603–1611. doi: 10.1111/j.1365-2672.2006.03267.x

 Pereira, J. F. B., Gudiña, E. J., Costa, R., Vitorino, R., Teixeira, J. A., Coutinho, J. A. P., et al. (2013). Optimization and characterization of biosurfactant production by Bacillus subtilis isolates towards microbial enhanced oil recovery applications. Fuel 111, 259–268. doi: 10.1016/j.fuel.2013.04.040

 Perfumo, A., Banat, I. M., and Marchant, R. (2018). Going green and cold: biosurfactants from low-temperature environments to biotechnology applications. Trends Biotechnol. 36, 277–289. doi: 10.1016/j.tibtech.2017.10.016

 Perfumo, A., Rancich, I., and Banat, I. M. (2010). “Possibilities and challanges for biosurfactants use in pertroleum industry,” in Biosurfactants, ed. R. Sen (Landes Bioscience and Springer Science+Business Media, LLC), 136–145. doi: 10.1007/978-1-4419-5979-9_10

 Pines, O., and Gutnick, D. (1986). Role for emulsan in growth of Acinetobacter calcoaceticus RAG-1 on crude oil. Appl. Environ. Microbiol. 51, 661–663. doi: 10.1128/AEM.51.3.661-663.1986

 Poli, A., Moriello, V. S., Esposito, E., Lama, L., Gambacorta, A., and Nicolaus, B. (2004). Exopolysaccharide production by a new Halomonas strain CRSS isolated from saline lake Cape Russell in Antarctica growing on complex and defined media. Biotechnol. Lett. 26, 1635–1638. doi: 10.1007/s10529-004-3187-y

 Portmann, J. E., and Connor, P. M. (1968). The toxicity of several oil-spill removers to some species of fish and shellfish. Mar. Biol 1, 322–329. doi: 10.1007/BF00360784

 Prajapati, V. D., Jani, G. K., Zala, B. S., and Khutliwala, T. A. (2013). An insight into the emerging exopolysaccharide gellan gum as a novel polymer. Carbohydr. Polym. 93, 670–678. doi: 10.1016/j.carbpol.2013.01.030

 Prieto, L. M., Michelon, M., Burkert, J. F. M., Kalil, S. J., and Burkert, C. A. V. (2008). The production of rhamnolipid by a Pseudomonas aeruginosa strain isolated from a southern coastal zone in Brazil. Chemosphere 71, 1781–1785. doi: 10.1016/j.chemosphere.2008.01.003

 Prince, R. C. (2010). “Bioremediation of Marine Oil Spills,” in Handbook of Hydrocarbon and Lipid Microbiology, ed. K. N. Timmis (Berlin;Heidelberg: Springer), 2618–2626. doi: 10.1007/978-3-540-77587-4_194

 Prince, R. C., McFarlin, K. M., Butler, J. D., Febbo, E. J., Wang, F. C. Y., and Nedwed, T. J. (2013). The primary biodegradation of dispersed crude oil in the sea. Chemosphere 90, 521–526. doi: 10.1016/j.chemosphere.2012.08.020

 Qiao, N., and Shao, Z. (2010). Isolation and characterization of a novel biosurfactant produced by hydrocarbon-degrading bacterium Alcanivorax dieselolei B-5. J. Appl. Microbiol. 108, 1207–1216. doi: 10.1111/j.1365-2672.2009.04513.x

 Raddadi, N., Giacomucci, L., Totaro, G., and Fava, F. (2017). Marinobacter sp. from marine sediments produce highly stable surface-active agents for combatting marine oil spills. Microb. Cell Fact. 16:186. doi: 10.1186/s12934-017-0797-3

 Raguénès, G., Christen, R., Guezennec, J., Pignet, P., and Barbier, G. (1997a). Vibrio diabolicus sp. nov., a new polysaccharide-secreting organism isolated from a deep-sea hydrothermal vent polychaete annelid, Alvinella pompejana. Int. J. Syst. Bacteriol. 47, 989–995. doi: 10.1099/00207713-47-4-989

 Raguénès, G., Pignet, P., Gauthier, G., Peres, A., Christen, R., Rougeaux, H., et al. (1996). Description of a new polymer-secreting bacterium from a deep-sea hydrothermal vent, Alteromonas macleodii subsp. fijiensis, and preliminary characterization of the polymer. Appl. Environ. Microbiol. 62, 67–73. doi: 10.1128/AEM.62.1.67-73.1996

 Raguénès, G. H. C., Peres, A., Ruimy, R., Pignet, P., Christen, R., Loaec, M., et al. (1997b). Alteromonas infernus sp. Nov., a new polysaccharideproducing bacterium isolated from a deep-sea hydrothermal vent. J. Appl. Microbiol. 82, 422–430. doi: 10.1046/j.1365-2672.1997.00125.x

 Rahsepar, S., Smit, M. P. J., Murk, A. J., Rijnaarts, H. H. M., and Langenhoff, A. A. M. (2016). Chemical dispersants: oil biodegradation friend or foe? Mar. Pollut. Bull. 108, 113–119. doi: 10.1016/j.marpolbul.2016.04.044

 Randhawa, K. K. S., and Rahman, P. K. S. M. (2014). Rhamnolipid biosurfactants-past, present, and future scenario of global market. Front. Microbiol. 5:454. doi: 10.3389/fmicb.2014.00454

 Reddy, M. S., Naresh, B., Leela, T., Prashanthi, M., Madhusudhan, N. C., Dhanasri, G., et al. (2010). Biodegradation of phenanthrene with biosurfactant production by a new strain of Brevibacillus sp. Bioresour. Technol. 101, 7980–7983. doi: 10.1016/j.biortech.2010.04.054

 Riehm, D. A., Neilsen, J. E., Bothun, G. D., John, V. T., Raghavan, S. R., and McCormick, A. V. (2015). Efficient dispersion of crude oil by blends of food-grade surfactants: toward greener oil-spill treatments. Mar. Pollut. Bull. 101, 92–97. doi: 10.1016/j.marpolbul.2015.11.012

 Roca, C., Lehmann, M., Torres, C. A. V., Baptista, S., Gaudêncio, S. P., Freitas, F., et al. (2016). Exopolysaccharide production by a marine Pseudoalteromonas sp. strain isolated from Madeira Archipelago ocean sediments. New Biotechnol. 33, 460–466. doi: 10.1016/j.nbt.2016.02.005

 Ron, E. Z., and Rosenberg, E. (2002). Biosurfactants and oil bioremediation. Curr. Opin. Biotechnol. 13, 249–252. doi: 10.1016/S0958-1669(02)00316-6

 Rosenberg, E., and Ron, E. Z. (1999). High- and low-molecular-mass microbial surfactants. Appl. Microbiol. Biotechnol. 52, 154–162. doi: 10.1007/s002530051502

 Rougeaux, H., Talaga, P., Carlson, R. W., and Guezennec, J. (1998). Structural studies of an exopolysaccharide produced by Alteromonas macleodii subsp. fijiensis originating from a deep-sea hydrothermal vent. Carbohydrate Res. 312, 53–59. doi: 10.1016/S0008-6215(97)10061-1

 Ruggeri, C., Franzetti, A., Bestetti, G., Caredda, P., La Colla, P., Pintus, M., et al. (2009). Isolation and characterisation of surface active compound-producing bacteria from hydrocarbon-contaminated environments. Int. Biodeter. Biodegrad. 63, 936–942. doi: 10.1016/j.ibiod.2009.05.003

 Ruiz-Ruiz, C., Srivastava, G. K., Carranza, D., Mata, J. A., Llamas, I., Santamaría, M., et al. (2011). An exopolysaccharide produced by the novel halophilic bacterium Halomonas stenophila strain B100 selectively induces apoptosis in human T leukaemia cells. Appl. Microbiol. Biotechnol. 89, 345–355. doi: 10.1007/s00253-010-2886-7

 Santos, D. K. F., Resende, A. H. M., Almeida, D. G. D. E., Rita, D., Silva, S., Rufino, R. D., et al. (2017). Candida lipolytica UCP0988 biosurfactant: potential as a bioremediation agent and in formulating a commercial related product. Front. Microbiol. 8:767. doi: 10.3389/fmicb.2017.00767

 Satpute, S. K., Banpurkar, A. G., Dhakephalkar, P. K., Banat, I. M., and Chopade, B. A. (2010). Methods for investigating biosurfactants and bioemulsifiers: a review. Crit. Rev. Biotechnol. 30, 127–144. doi: 10.3109/07388550903427280

 Schneiker, S., Martins dos Santos, V., a, P., Bartels, D., Bekel, T., Brecht, M., et al. (2006). Genome sequence of the ubiquitous hydrocarbon-degrading marine bacterium Alcanivorax borkumensis. Nat. Biotechnol. 24, 997–1004. doi: 10.1038/nbt1232

 Schultheis, E., Dreger, M. A., Nimtz, M., Wray, V., Hempel, D. C., and Nörtemann, B. (2008). Structural characterization of the exopolysaccharide PS-EDIV from Sphingomonas pituitosa strain DSM 13101. Appl. Microbiol. Biotechnol. 78, 1017–1024. doi: 10.1007/s00253-008-1383-8

 Schwehr, K. A., Xu, C., Chiu, M. H., Zhang, S., Sun, L., Lin, P., et al. (2018). Protein: polysaccharide ratio in exopolymeric substances controlling the surface tension of seawater in the presence or absence of surrogate Macondo oil with and without Corexit. Mar. Chem. 206, 84–92. doi: 10.1016/j.marchem.2018.09.003

 Seidel, M., Kleindienst, S., Dittmar, T., Joye, S. B., and Medeiros, P. M. (2016). Biodegradation of crude oil and dispersants in deep seawater from the Gulf of Mexico: insights from ultra-high resolution mass spectrometry. Deep-Sea Res. II 129, 108–118. doi: 10.1016/j.dsr2.2015.05.012

 Sen, R. (2010). Biosurfactants. Landes Bioscience and Springer Science+Business Media, LLC. doi: 10.1007/978-1-4419-5979-9

 Shahaliyan, F., Safahieh, A., and Abyar, H. (2015). Evaluation of emulsification index in marine bacteria Pseudomonas sp. and Bacillus sp. Arab. J. Sci. Eng. 40, 1849–1854. doi: 10.1007/s13369-015-1663-4

 Shibulal, B., Al-Bahry, S. N., Al-Wahaibi, Y. M., Elshafie, A. E., Al-Bemani, A. S., and Joshi, S. J. (2014). Microbial enhanced heavy oil recovery by the aid of inhabitant spore-forming bacteria: an insight review. Sci. World J. 2014:309159. doi: 10.1155/2014/309159

 Singh, P., Patil, Y., and Rale, V. (2018). Biosurfactant production: emerging trends and promising strategies. J. Appl. Microbiol. 126, 2–13. doi: 10.1111/jam.14057

 Soares da Silva, R., de, C. F., de Almeida, D. G., Brasileiro, P. P. F., Rufino, R. D., de Luna, J. M., et al. (2019). Production, formulation and cost estimation of a commercial biosurfactant. Biodegradation 30, 191–201. doi: 10.1007/s10532-018-9830-4

 Sriram, M. I., Gayathiri, S., Gnanaselvi, U., Jenifer, P. S., Mohan Raj, S., and Gurunathan, S. (2011). Novel lipopeptide biosurfactant produced by hydrocarbon degrading and heavy metal tolerant bacterium Escherichia fergusonii KLU01 as a potential tool for bioremediation. Bioresour. Technol. 102, 9291–9295. doi: 10.1016/j.biortech.2011.06.094

 Tahseen, R., Afzal, M., Iqbal, S., Shabir, G., Khan, Q. M., Khalid, Z. M., et al. (2016). Rhamnolipids and nutrients boost remediation of crude oil-contaminated soil by enhancing bacterial colonization and metabolic activities. Int. Biodeter. Biodegrad. 115, 192–198. doi: 10.1016/j.ibiod.2016.08.010

 Thavasi, R., Jayalakshmi, S., Balasubramanian, T., and Banat, I. M. (2007). Biosurfactant production by Corynebacterium kutscheri from waste motor lubricant oil and peanut oil cake. Lett. Appl. Microbiol. 45, 686–691. doi: 10.1111/j.1472-765X.2007.02256.x

 Thavasi, R., Jayalakshmi, S., and Banat, I. M. (2011). Effect of biosurfactant and fertilizer on biodegradation of crude oil by marine isolates of Bacillus megaterium, Corynebacterium kutscheri and Pseudomonas aeruginosa. Bioresour. Technol. 102, 772–778. doi: 10.1016/j.biortech.2010.08.099

 Toren, A., Navon-Venezia, S., Ron, E. Z., and Rosenberg, E. (2001). Emulsifying activities of purified alasan proteins from Acinetobacter radioresistens KA53. Appl. Environ. Microbiol. 67, 1102–1106. doi: 10.1128/AEM.67.3.1102-1106.2001

 Tripathi, L., Twigg, M. S., Zompra, A., Salek, K., Irorere, V. U., Gutierrez, T., et al. (2019). Biosynthesis of rhamnolipid by a Marinobacter species expands the paradigm of biosurfactant synthesis to a new genus of the marine microflora. Microb. Cell Fact. 18, 1–12. doi: 10.1186/s12934-019-1216-8

 Tumeo, M., Braddock, J., Venator, T., Rog, S., and Owens, D. (1994). Effectiveness of a biosurfactant in removing weathered crude oil from subsurface beach material. Spill Sci. Technol. Bull. 1, 53–59. doi: 10.1016/1353-2561(94)90007-8

 Twigg, M. S., Tripathi, L., Zompra, A., Salek, K., Irorere, V. U., Gutierrez, T., et al. (2018). Identification and characterisation of short chain rhamnolipid production in a previously uninvestigated, non-pathogenic marine pseudomonad. Appl. Microbiol. Biotechnol. 102, 8537–8549. doi: 10.1007/s00253-018-9202-3

 Uzoigwe, C., Burgess, J. G., Ennis, C. J., and Rahman, P. K. S. M. (2015). Bioemulsifiers are not biosurfactants and require different screening approaches. Front. Microbiol. 6:245. doi: 10.3389/fmicb.2015.00245

 Van Bogaert, I. N. A., Saerens, K., De Muynck, C., Develter, D., Soetaert, W., and Vandamme, E. J. (2007). Microbial production and application of sophorolipids. Appl. Microbiol. Biotechnol. 76, 23–34. doi: 10.1007/s00253-007-0988-7

 VanFossen, A. L., Lewis, D. L., Nichols, J. D., and Kelly, R. M. (2008). Polysaccharide degradation and synthesis by extremely thermophilic anaerobes. Ann. N. Y. Acad. Sci. 1125, 322–337. doi: 10.1196/annals.1419.017

 Vanittanakom, N., Loeffler, W., Koch, U., and Jung, G. (1986). Fengycin-a novel antifungal lipopeptide antibiotic produced by Bacillus subtilis F-29-3. J. Antibiot. 39, 888–901. doi: 10.7164/antibiotics.39.888

 Vasileva-Tonkova, E., and Gesheva, V. (2007). Biosurfactant production by antarctic facultative anaerobe Pantoea sp. during growth on hydrocarbons. Curr. Microbiol. 54, 136–141. doi: 10.1007/s00284-006-0345-6

 Venosa, A. D., and Zhu, X. (2003). Biodegradation of crude oil contaminating marine shorelines and freshwater wetlands. Spill Sci. Technol. Bull. 8, 163–178. doi: 10.1016/S1353-2561(03)00019-7

 Wade, T. L., Sweet, S. T., Sericano, J. L., Guinasso, N. L., Diercks, A. R., Highsmith, R. C., et al. (2013). “Analyses of water samples from the deepwater horizon oil spill: documentation of the subsurface plume,” in Monitoring and Modeling the Deepwater Horizon Oil Spill: A Record Breaking Enterprise, eds Y. Liu, A. Macfadyen, Z.-G. Ji, R. H. Weisberg (American Geophysical Union), 77–82. doi: 10.1029/2011GM001103

 Wang, W., Zhong, R., Shan, D., and Shao, Z. (2014). Indigenous oil-degrading bacteria in crude oil-contaminated seawater of the Yellow sea, China. Appl. Microbiol. Biotechnol. 98, 7253–7269. doi: 10.1007/s00253-014-5817-1

 Whyte, L. G., Smits, T. H. M., Labb,é, D., Witholt, B., Greer, C. W., and Van Beilen, J. B. (2002). Gene cloning and characterization of multiple alkane hydroxylase systems in Rhodococcus strains Q15 and NRRL B-16531. Appl. Environ. Microbiol. 68, 5933–5942. doi: 10.1128/AEM.68.12.5933-5942.2002

 Worthen, A. J., Foster, L. M., Dong, J., Bollinger, J. A., Peterman, A. H., Pastora, L. E., et al. (2014). Synergistic formation and stabilization of oil-in-water emulsions by a weakly interacting mixture of zwitterionic surfactant and silica nanoparticles. Langmuir 30, 984–994. doi: 10.1021/la404132p

 Xia, W. J., Luo, Z. B., Dong, H. P., and Yu, L. (2013). Studies of biosurfactant for microbial enhanced oil recovery by using bacteria isolated from the formation water of a petroleum reservoir. Pet. Sci. Technol. 31, 2311–2317. doi: 10.1080/10916466.2011.569812

 Yakimov, M. M., Golyshin, P. N., Lang, S., Moore, E. R. B., Abraham, W.-R., Lunsdorf, H., et al. (1998). Alcanivorax borkurnensis gen. now, sp. nov., a new, hydrocarbon-degrading and surfactant-producing marine bacterium. Int. J. Syst. Bacteriol. 48, 339–348.

 Yakimov, M. M., Timmis, K. N., and Golyshin, P. N. (2007). Obligate oil-degrading marine bacteria. Curr. Opin. Biotechnol. 18, 257–266. doi: 10.1016/j.copbio.2007.04.006

 Yakimov, M. M., Timmis, K. N., Wray, V., and Fredrickson, H. L. (1995). Characterization of a new lipopeptide surfactant produced by thermotolerant and halotolerant subsurface Bacillus licheniformis BAS50. Appl. Environ. Microbiol. 61, 1706–1713. doi: 10.1128/AEM.61.5.1706-1713.1995

 Youssef, N., Simpson, D. R., Duncan, K. E., McInerney, M. J., Folmsbee, M., Fincher, T., et al. (2007). In situ biosurfactant production by Bacillus strains injected into a limestone petroleum reservoir. Appl. Environ. Microbiol. 73, 1239–1247. doi: 10.1128/AEM.02264-06

 Zhang, Z., Hou, Z., Yang, C., Ma, C., Tao, F., and Xu, P. (2011). Degradation of n-alkanes and polycyclic aromatic hydrocarbons in petroleum by a newly isolated Pseudomonas aeruginosa DQ8. Bioresour. Technol. 102, 4111–4116. doi: 10.1016/j.biortech.2010.12.064

 Zhu, Z., Zhang, B., Cai, Q., Ling, J., Lee, K., and Chen, B. (2020). Fish waste based lipopeptide production and the potential application as a bio-dispersant for oil spill control. Front. Bioeng. Biotechnol. 8:734. doi: 10.3389/fbioe.2020.00734

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Nikolova and Gutierrez. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fbioe-09-626639-t003.jpg
Company (website)

AGAE Technologies LLC
(www.agaetech.com)

Jenel Biotech
(wwwjeneilbiotech.com)
Biotensidon
(wwwibiotensidon.corm)
Frauhofer IGB
(www.igb.fraunhofer.de)
Saraya Co. Ltd
(worldwide.saraya.corm)
Ecover

(www.ecover.com)

Groupe Soliance
(www.soliance.com)

MG Intobio Co. Ltd

Evonik (corporate.evonik.com)
Lipotec SAU
(www.iipotec.com)
Biopolymer International

(wwwbiopolymer-international com)

Location

USA

USA

Germany

Germany

Japan

Belgium

France

South Korea
Germany
Spain

Belgium

Adapted from Randhawa and Rahman (2014).

Products
Rhamnolipids
Rhamnolipids.
Rhamnolipids.
Glycolipids, MELs
Sophorolipids
Sophorolipicis
Sophorolipids
Sophorolipids
Sophorolipids
Marine EPS

Xanthan and gellan gums

Industry application

Pharmaceuticals, cosmetics, personal care, bioremediation, EOR

Cleaning products, EOR

Agriculture (plant pest control), cosmetics, cleaning products,EOR

Cleansing products (shower gels, shampoos, washing-up liquids)

Cleaning products, cosmetics, hygiene products

Cleaning products, cosmetics, bioremediation, pest control, pharmaceuticals

Cosmetics

Beauty and personal care
Cleansing products
Cosmetics, personal care

Food, personal care, pharmaceuticals, oil driling, animal feed





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Biosurfactants and Their Applications in the Oil and Gas Industry: Current State of Knowledge and Future Perspectives



		Introduction



		Types of Biosurfactants



		Marine Biosurfactant-Producing Bacteria



		Pseudomonas



		Bacillus



		Acinetobacter



		Antarctobacter



		Rhodococcus



		Halomonas



		Alcanivorax



		Pseudoalteromonas



		Marinobacter







		Ecology and Environment



		Current Exploitation of Biosurfactants for Oil and Gas Industry Applications



		Soil Bioremediation



		Microbial Enhanced Oil Recovery (MEOR)



		Marine Oil Spill Response



		Recent Trends in the Development of Bio-Based Dispersants to Combat Marine Oils Spills







		Conclusion and Future Perspectives



		Author Contributions



		Funding



		Footnotes



		References

















OPS/images/cover.jpg
’ frontiers

in Bioengineering and Biotechnology

Biosurfactants and Their
Applications in the Oil and Gas
Industry: Current State of
Knowledge and Future
Perspectives





OPS/images/fbioe-09-626639-t001.jpg
Biosurfactant
type

Origin

Low-molecular weight biosurfactants

Chemical structure Industrial application

References

Glycolipids
Rhamnolipid Pseudomonas aeruginosa Rhamnose monosaccharide/s linked to Bioremediation Funston et al., 2016;
Burkholderia thailandensis 3-hydroxyl fatty acid unit via B-glycosidic bond Agriculture Chong and Li, 2017;
Marinobacter sp. Cosmetics Twigg et al., 2018; Tripathi
strain MCTG107b Pharmaceuticals etal.,, 2019
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Sophorolipid Candida spp. Dimeric sugar sophorose head linked to a long Cosmetics Van Bogaert et al., 2007;
chain hydroxy fatty acid tail Personal care products Kurtzman et al., 2010;
Santos et al., 2017
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Trehalose lipids Rhodococcus erythropolis Trehalose sugar linked to long chain fatty acids Peng et al., 2007
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Mannosylerythrol Candida antarctica Long-chain fatty acids linked to a Food Adamczak and Bednarski,
lipids (MELs) Pseudozyma spp. mannopyranosyl-meso-erythritol hydrophilic 2000; Morita et al., 2013;
head group Niu etal.,, 2019
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Lipopeptides
Surfactin, iturin Bacillus subtilis Cyclic lipopeptide consisting of long hydroxyl Soil bioremediation Varittanakom et al., 1986;
and fengycin fatty acid chain and hydrophobic amino acid MEOR Al-Wahaibi et al., 2014;
ring Inés and Dhouha, 2015;
Liu et al., 2015
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Lichenysin Bacillus lichenformis Cyclic lipopeptide similar to surfactin MEOR Yakimov et al., 1995;
Joshi et al., 2015;
Coronel-Ledn et al., 2016
Viscosin Pseudomonas fluorescens Cyclic lipopeptide similar to surfactin Agriculture Laycock et al., 1991; De
Bruijn and Raaijmakers,
2009
High-molecular weight bioemulsifiers
Emulsan Acinetobacter calcoaceticus A complex of a lipheteropolysaccharide MEOR Rosenberg and Ron,
RAG-1 (apoemulsan) and a protein 1999; Uzoigwe et al.,
2015
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Alasan Acinetobacter radioresistens A complex of anionic polysaccharides rich in Bioremediation Navon-Venezia et al.,
KAS3 alanine and proteins with high molecular mass MEOR 1995; Toren et al., 2001
Liposan Candida lipolytica A complex of heterpolysaccharides and protein Pharmaceuticals Cirigliano and Carman,
Food 1985; Campos et al.,
Cosmetics 2013
Sphingan Sphingomonas spp. Linear tetrasaccharide backbone Food Schultheis et al., 2008;
(glucose-glucoronic Textile Prajapati et al., 2013; Kaur
acid-glucose-rhamnose/mannose) to which Pharmaceuticals etal., 2014; Li et al., 2016
glucosyl, thamnosyl, mannosyl or acetyl side Oil and Gas
chains are attached
Xanthan gum Xanthomonas campestris A backbone of repeating sub-units of 3 to 8 Food Kuppuswarni, 2014; de
monosaccharides Oil and Gas Mello Luvielmo et al.,

2016; Kang et al., 2019





OPS/images/fbioe-09-626639-t002.jpg
Environment Organism Carbon source ST Els  Chemical composition of References
(mN/m) (%)  surfactant

Marine Alcanivorax borkumensis Alkanes 29 Glucose-lipid ‘Yakimov et al., 1998

Marine Aleanivorax dieselofei Alkanes 35 51 Glycolipid Hassanshahian et al.,
2012

Marine hydrothermal vent  Alteromonas infernus Glucose Acidic EPS Raguénés et al., 1997b

Marine hydrothermal vent  Alteromonas macleodii Glucose Sulphated EPS Raguénés et al., 1996;
Rougeaux et al., 1998

Marine Arthrobacter sp. EK1 Alkanes Trehalose lipid Passeri et al., 1991

Oiled soil Bacillus cereus IAF 346 Sucrose 28 60 EPS Cooper and Goldenberg,
1987

Ol reservoir Bacilus methylotrophicus USTBa  Alkanes, PAH 28 Glycolipid Chandankere et al., 2014

Oiled soil Bacillus pumilus 2IR Crude oil/glucose 32 >60  Lipopeptide Fooladi et al., 2016

Olled sludge Brevibacilus sp. POM-3 Phenanthrene a7 57 Glycolipid Reddy et al., 2010

Other Burkholderia thailandensis Glycerol 32 42 Rhamnolipid Diaz De Rienzo et al.,
2016

Ol reservoir Clostridium sp. N-4 Sucrose 32 Glycoprotein Arora et al., 2019

Marine Cobetia sp. MM1IDA2H-1 PAH 33 44 Lipidic surfactant Ibacache-Quiroga et al.,
2013

Marine Colwellia psychrerythraea 34H Capsular EPS Casillo et al., 2017

Marine Corynebacterium kutscheri Motor oil; Peanut oil Glycolipopeptide Thavasi et al., 2007

Oil field Corynebacterium lepus Kerosene 30 Lipopeptide Cooper et al, 1979

Marine Enterobacter cloaceae 71a >60 EPS Iyer et al., 2006

Ofled soil Escherichia fergusonii KLUO1 Diesel o 32 Lipopeptide Sriram et al., 2011

Marine Flexibacter sp. TG382 Glucose 67 >60  Giycoprotein EPS Gutiérrez et al., 2009

Marine Gordonia amicalis LH3 Parafins, crude oil Rhamnolipid Hao et al., 2008

Marine Halomonas eurihalina Glucose, PAH 78 Sulfated Calvo et al., 2002

heteropolysaccharide

Marine Idiomarina sp. 185 Tetradecane 29 30 Glycolipid Malavenda et al., 2015

Marine Pantoea sp. A-13 Paraffins, kerosene 30 Glycolipid Vasileva-Tonkova and
Gesheva, 2007

Marine sediment Pseudoaltermonas sp. 93 Tetradecane 63 55 Glycolipid EPS Malavenda et al., 2015

Ol reservoir Pseudomonas aeruginosaWd-1  Alkanes, Veg oils 24 100 Rhamnolipid Xia et al, 2013

Other Pseudomonas cepacian CCT6659 Vg oil 2720 -  Rhamnolipid Soares da Siva et al.,

100 2019
Marine hydrothermal vent  Vibrio diabolicus HE800 Glucose EPS Raguénes et al., 1997a
Olled soil; marine Virgibacillus salanis Glucose 30 80 Lipopeptide Elazzazy et al., 2015

Empty fields mean that these parameters were not determined by the source.
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