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Chapter

Biosurfactants from Marine 
Microorganisms
Rosanna Floris, Carmen Rizzo and Angelina Lo Giudice

Abstract

The marine biosphere represents a yet underexploited natural source of bioac-
tive compounds, mainly of microbial origin. Among them, biosurfactants (BSs) are 
functional molecules, which are attracting a great interest due to their biocompat-
ibility, versatility, and applications in several biotechnological fields. BSs are surface 
active amphipathic compounds, containing both a hydrophilic and a hydrophobic 
moiety, which are grouped in low (glycolipids and lipopeptides) or high molecular 
weight (polymeric complexes) compounds. A number of environmental factors 
such as pH, salinity, temperature, and nutrient availability can affect microbial BS 
production. Marine microorganisms with different phylogenetic affiliations and 
isolated from several marine habitats (e.g., seawater, sediments, and higher organ-
isms) worldwide (spanning from the Mediterranean Sea to Antarctica) have been 
reported as surfactant producers. However, most of the marine microbial world 
remains still unexplored. The present chapter aims at giving a general overview on 
the recent advances about BSs of marine origin, in order to enhance the knowledge 
inherent their production, chemical characterization and identification, interesting 
biological properties, and potential biotechnological applications.

Keywords: bacteria, surfactants, aquatic environments, biodegradability, 
natural tensioactive, biotechnology

1. Introduction

In aquatic ecosystems, marine microorganisms have developed unique metabolic 
and physiological capabilities to adapt to diverse habitats which cover a wide range 
of thermal, pressure, salinity, pH, and nutrient conditions [1]. In this way, the 
symbiotic association and the interaction of biological systems with bacteria have 
induced the production of a variety of bioactive compounds such as biosurfactants 
(BSs), antibiotics, enzymes, vitamins, [2] and more than 10,000 metabolites 
with a broad spectrum of biological activities that have been isolated from marine 
microbes. By evolution, bacteria have adapted themselves to feeding on water-
immiscible materials by producing and using surface-active products that help 
them in aqueous phase to adsorb, emulsify, wet, and disperse or solubilize water-
immiscible materials [3]. In this context, surface active metabolites as BSs have 
gained much attention because of their biodegradability, low toxicity, and ability 
to be produced from renewable and cheaper substrates, thus getting an important 
ecological role due to their structural, functional diversity, and the potential mul-
tidisciplinary applications in industrial and environmental fields. These features in 
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addition to their stability at extremes of temperatures, pH, and salinity make them 
commercially optimal alternatives to their chemically synthesized counterparts. For 
this reason, different authors have tested BSs of marine origin for environmental 
applications such as bioremediation processes, dispersion of oil spills, and enhance-
ment of oil recovery. Furthermore, some BSs play an essential role for the survival 
of microbial producers against other competing or dangerous microorganisms by 
acting as biocide agents [4], and some others have shown the ability to stimulate 
plant and animal defense responses against microbes [5]. By considering that, these 
aspects have been explored especially for terrestrial bacteria, in the light of the 
above said characteristics, BSs from marine bacteria have been getting attention 
more and more as new suitable alternatives to chemical surfactants of petroleum 
origin in the food, cosmetic, health care industries [6], synthetic medicines and can 
be safe and effective therapeutic agents in medicine.

The purpose of this chapter is to provide a comprehensive overview on the 
recent advances about different types of marine BSs, to highlight the recent studies 
on the new sources of production, and to focus on the state of art of the screening 
methodologies for the identification, characterization, and potential biotechnologi-
cal applications.

2. Biosurfactants

BSs are secondary metabolism bacterial products which exhibit surface and 
emulsifying activities thanks to the hydrophobic part of the molecule and the 
hydrophilic water soluble end. They are produced extracellularly or as a part of 
the cell membrane by a variety of yeasts, bacteria, and filamentous fungi from 
various substrates as sugars, oils, alkanes, and wastes [7]. The name surfactant 
derives from their surface chemical action, as they tend to interact at the bound-
ary level between two phases in a heterogeneous system by forming a film which 
can change the properties (wettability and surface energy) of the original surface. 
They are mainly classified in BSs acting by reducing surface tension at the air-
water interface (biosurfactants), and BSs that reduce the interfacial tensions 
between immiscible liquids or at the solid-liquid interface (bioemulsifiers) [8]. 
The investigations on BS production from microorganisms are more and more 
frequent and are subdivided into three main steps: (1) the potential BS producer 
isolation; (2) the screening for BS production; and (3) the extraction and purifica-
tion step, sometimes improved with the chemical characterization of molecules. 
According to Ref. [6], the producer isolation and detection are crucial phases 
in the research for new BSs, which have to be strongly related to the aim of the 
investigation. While the terrestrial sources have been extensively explored, the 
marine environments have been focused as potential optimal source only in recent 
decades. It has been reported that BS-producing bacteria are widely distributed 
in both contaminated and undisturbed water or soil [9, 10]. Indeed, the most 
exploited source of microbial BS producers is represented by sediment and water 
samples, with different types and levels of contamination [11–13]. As a matter 
of fact, it is retained that microbial degraders of insoluble substrates, that is, 
hydrocarbons or oils, are stimulated to produce secondary metabolites that are 
able to enhance the cellular uptake and degradation of such compounds. In some 
cases, enrichment cultures have been performed with natural samples in order to 
favor the isolation of potential producers [14, 15]. Despite the application of this 
principle has gained optimal results in the discovery of new marine producers and 
BSs [14, 16], some authors assessed that the BS production is not strictly linked 
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to the hydrocarbon uptake [17, 18]. Only recently, innovative marine sources of 
isolation has been proposed, and researchers have focused their studies on biologi-
cal matrices, that is, filter-feeding organisms as host of microbial communities 
specialized in the production of secondary metabolites with functional roles. As 
reviewed in [6], BS producers with optimal potentialities have been isolated from 
polychaetes [19, 20], sponges [21–25], sea pens [26], cnidarians [27, 28], and fish 
[29]. A common characteristic of BSs is to relax or decrease surface tension and 
this increases solubility so that BSs may interact with the interfaces and affect the 
adhesion and the detachment of bacteria [4]. All these properties confer to the BS 
antibacterial, antifungal, and antiviral activities [30], in addition to the pollutants 
removal potential. For these reasons, particular growing interest at global level is 
centered into new and unexplored sources of BSs as marine and deep-sea environ-
ments represent.

2.1 BS classification/types, census of BS marine microbial producers

Surfactants are generally classified according to the nature of the charge on 
polar moiety: anionic (negatively charged), nonionic (polymerization products), 
cationic (positively charged), and amphoteric (both negatively and positively 
charged). They can be grouped into two categories: (a) low molecular mass mol-
ecules (rhamnolipids, sophorolipids, trehalose lipids, lipopeptides phospholipids, 
fatty acids, and neutral lipids) [31], which lower the surface and interfacial tensions 
and (b) high molecular polymer mass (high molecular weight polysaccharide, 
polysaccharide-protein complexes, lipopolysaccharides, and lipoproteins called 
emulsans), which bind tightly to surfaces [32]. Various microbial species produce 
different BSs [33]. The most known ones are glycolipids, a class of molecules made 
of mono-, di-, tri- and tetra-saccharides which include glucose, mannose, galactose, 
glucuronic acid, rhamnose, and galactose sulfate in combination with long-chain 
aliphatic acids or hydroxyaliphatic acids. Among glycolipids, rhamnolipids, and 
trehalolipids, sophorolipids are the most studied disaccharides. Rhamnolipids 
are known to be produced by the Pseudomonas genus [31, 34], while trehalolipids 
are generally produced by many members of the genera Mycobacterium, Nocardia 
and Corynebacterium, Rhodococcus erythropolis, and Arthrobacter sp. [35]. Finally, 
sophorolipids represent a group of BSs by Candida spp. [31]. Another class of sur-
factant compounds which received considerable attention is the fatty acids such as 
the phospholipids derived from alkane substrates. Indeed, they represent the major 
components of microbial membranes which are mainly produced by hydrocarbon-
degrading bacteria as Acinetobacter sp. Rhodococcus erythropolis, Thiobacillus thio-
oxidans, Capnocytophaga sp., Penicillium spiculisporum, and Corynebacterium sp., 
or yeasts [32]. Moreover, a number of microorganisms (e.g., Candida lipolytica and 
Saccharomyces cerevisiae) with different taxonomic affiliations produce exocellular 
polymeric surfactants called bioemulsans, composed of polysaccharides, protein, 
lipopolysaccharides, and lipoproteins, among which the bioemulsans produced 
by different species of Acinetobacter are the most studied [36]. Different authors 
described microbial BSs from marine sources (sediments, corals, sponges, sea, 
and hot water springs) which include several lipopeptide antibiotics with potent 
surface-active properties [22, 37–41]. Some authors [22] detected carbohydrate, 
protein, and lipid contents (20 μg/0.1 ml, 35 μg/0.1 ml, and 573 μg/0.1 ml, respec-
tively) in the analyzed BS, suggesting a chemical structure typical of a lipopeptidic 
compound for the sponge-associated marine actinomycetes Nocardiopsis alba 
MSA10. Further chemical analyses [Fourier-transformed infrared spectrophotom-
eter analysis (FT-IR), nuclear magnetic resonance (NMR), and gas chromatography 
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mass spectrometry (GC/MS)] were carried out by other scientists [21, 23, 28], and 
lipopeptidic BSs were detected for Bacillus spp. strains, in line with previous data on 
the neighboring cluster Bacillus as prominent lipopeptide producers. Interestingly, 
the lipopeptide identified in [23] was firstly demonstrated from Brevibacterium 
stain MSA13 (so-called brevifactin) and showed a different structure respect to that 
observed for other lipopeptides. Indeed, it was composed of a hydrophobic moiety 
of octadecanoic acid methyl ester and a peptide part contained a short sequence 
of four amino acids including pro-leu-gly-gly (Figure 1). Similarly, the possible 
production of novel BSs by P. rettgeri, Psychrobacter sp., and B. anthracis isolates was 
suggested by the analysis of FTIR spectra [28].

In the marine context, the group of glycolipids has been widely studied because 
they are produced by a broad spectrum of bacteria isolated from various marine 
matrices, both animals (Annelida, sea pen Pteroeides, and fish gut) and contami-
nated soils (Arctic and Antarctic sediments) [14, 19, 20, 24, 26, 29, 42]. A glycoli-
popeptide BS produced by the coral-associated Bacillus sp. E34 was identified by 
means of FT-IR analysis [27].

A list of various studied BS types with the respective microbial producers and 
the source of isolation is shown in Table 1.

Finally, other studies drew their attention on a group of heterogeneous high 
molecular weight bioactive compounds not strictly defined as biosurfactants but 
endowed with interfacial properties, called exopolysaccharides (EPSs), often 
originated from marine both prokaryotes and eukaryotes (cyanobacteria and 
microalgae) and extreme environments [43].

Figure 1. 
MS spectra of octadecanoic acid methyl ester (a), probable structure of octadecanoic acid methyl ester with 
peptide moiety (b), crystalline appearance of the recovered crystals of lipopeptide (MSA13) examined under a 
light microscope at 40× [23].
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3. Natural roles and biotechnological applications

Biosurfactants have various functions which are often unique for the physiology 
and ecology of their microbial producers. As stated above, one of the most inter-
esting roles from the environmental point of view is represented by the different 
strategies adopted by microorganisms to enhance the bioavailability and the access 
to hydrophobic compounds as carbon source [44]. A mechanism proposed by which 
hydrocarbons became incorporated within the hydrophobic core of the BS micelles 
is shown in Figure 2. This process studied with alkanes as model substrates and 
referred to as “micelle solubilization” [45], favors their dispersion into the aqueous 
phase and their bioavailability for uptake by cells.

The potential application of BSs in hydrocarbon bioremediation has been 
investigated for marine microorganisms from different origins and allowed 
to obtain interesting results. In this case, the use of contaminated samples for 
isolation of potential BS producers is extremely encouraged. Strains affiliated to 
Rhodococcus spp. were reported as capable of reduce surface tension in the pres-
ence of oily substrates, and the extracted BSs have been proved optimal enhancer 

ND: not determined.

Table 1. 
Overview of various studied BS types with the respective marine producers and the source of isolation.

Figure 2. 
Mechanism of hydrocarbon solubilization so called “micelle solubilization” within biosurfactant micelles: 
biosurfactants at the interface between the aqueous and hydrocarbon phases [45].
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for n-hexadecane biodegradation at 13°C and of tetradecane [11, 14]. The studies 
described in [26] evaluated the BS production in the presence of hydrocarbonic 
substrates to test the potential of Brevibacterium and Vibrio spp. strains in the field 
of bioremediation and reported the diesel oil as better utilized carbon source. The 
hydrocarbon remediation aspect was also deeply studied by investigating Joostella 
sp. A8, Alcanivorax sp. A53, and Pseudomonas sp. A6 for BS production and diesel 
oil degradation in pure culture and co-culture conditions [46]. Interestingly, the 
biodegradation rates and the efficiency increased in co-culture of 99.4 and 99.2%, 
respectively. Furthermore, in Ref. [27], a glycolipidic biosurfactant produced by 
the coral-associated Bacillus with a removing capacity of about 45% was reported 
as optimal candidate for oil removal. The bioremediation potential of bacterial 
BSs has been investigated also in terms of chelating activity toward heavy metals, 
despite in this context, the literature is scarce. In fact, several bacteria have been 
reported as able to produce BSs in the presence of heavy metals such as Cd, Cu, 
and Zn, as Joostella sp. A8 and Alcanivorax sp. A53 [47, 48]. Despite, the heavy 
metal removal is an interesting topic, it remains still largely unexplored [47–49] 
for marine bacteria and need to be improved especially for metal chelation in 
aqueous systems. BS-producing microorganisms have developed other important 
physiological functions as response to needs and life style, such as antimicrobial 
activity (mainly lipopeptide and glycolipid surfactants), biofilm formation or 
processes of motility and colonization of surfaces. Immunomodulation and enzyme 
inhibition, have been detected for several BSs from marine environments or not. 
The antimicrobial activity of BS has been studied in vivo and in vitro and a broad 
spectrum of this activity against Gram-positive, Gram-negative, fungi, viruses, 
algae, etc., so as different modes of action were detected [5]. Both lipopeptides and 
glycolipids of marine origin have been proved as active against several bacterial 
pathogens. Indeed, the lipopeptide produced by N. alba [22] exhibited antibacterial 
activity against E. faecalis, B. subtilis, and the pathogenic yeast C. albicans. Similarly, 
the sponge-associated Brevibacterium aureum MSA13 and Brachybacterium para-
conglomeratum MSA21 were proved as BS producers with a wide antibacterial 
activity toward several pathogens such as B. subtilis, C. albicans E. coli, E. faecalis, 
K. pneumonia, M. luteus, P. aeruginosa, P. mirabilis, Streptococcus sp., S. aureus, and 
S. epidermidis [23, 24]. The antibacterial and antifungal activities were also found 
in the BSs produced by Halobacterium salinarum [50]. It is quite fascinating the 
mechanism by which BS producers act. Various studies observed that the formation 
of a film on an interface after the excretion of a BS determines the attachment of 
certain microorganisms to the interface while inhibiting others. Therefore, it can 
be stated that some microorganisms can use their BS to regulate the cell surface 
properties in order to attach or to detach from surfaces according to need. In this 
respect, some authors [51] reported about studies on the mechanism by which 
bioemulsifier producing microorganisms regulate biofilm formation. Interestingly, 
the biofilm formation inhibition of P. aeruginosa ATCC10145 is highlighted and this 
seems to be determined to the BSs produced by a coral mucus associated strains 
[28]. According to [49], the detection of microorganisms able to produce BSs with 
such activities is fundamental for a reduced utilization of synthetic surfactants, 
and it favors the increase of biodegradable compounds. Besides, the existence of 
a horizontal transfer of high molecular weight emulsifiers from the producing 
microorganisms to heterologous bacteria was highlighted. In this case, the first 
step of this process is to bind to the surface of a group of bacteria by changing their 
surface properties in order to transport the emulsifier into the recipient cells. This 
has significant ecological implications for building a network of microbial BS pro-
ducing strains in natural microbial communities. Last but not least, a new role for 
rhamnolipids in stimulation of plant and animal defense responses has emerged [5]. 



7

Biosurfactants from Marine Microorganisms
DOI: http://dx.doi.org/10.5772/intechopen.80493

In particular, rhamnolipids have been demonstrated to have a direct biocide action 
on bacteria and fungi and to increase the susceptibility of certain Gram-positive 
and Gram-negative bacteria to specific antibiotics. Indeed, these biomolecules have 
been known as exotoxins produced by pathogens and are described as a new class of 
microbe-associated molecular patterns (MAMPs) that is, molecular signals which 
activate a large battery of defense-related genes of plants and animals by which a 
more specific immune response is determined [5, 52].

4. Methods and screening procedure for testing BS production

The screening procedure is constantly based on the performance of a selection 
of standard tests, differently chosen by authors with the attempt to carry out a 
fast and economic selective procedure. The BS chemical diversity is very wide and 
also different in their properties; thus, the screening procedure has to probe all the 
multifaceted activities, from the interfacial to the emulsifying, from the chelat-
ing to the foaming stabilization functions, and so on. The interfacial actions are 
generally explored by direct measurements of surface tension, through the evalu-
ation of the force required to detach a ring or loop of wire (Du-Noüy method), or 
a platinum plate (Wilhelmy plate method) from an interface or surface [53, 54]. 
These methods ensure the advantages of accuracy and easiness, despite they require 
specialized equipment, and the impossibility to perform the measurements on 
different samples simultaneously. Other direct surface tension measurements have 
been reported, but they are actually considered not recommendable for an efficient 
screening procedure [55, 56]. The surface tension evaluation by direct measurement 
is one of the most commonly test reported for marine isolates [11, 15, 19, 20, 25, 26, 
28, 47]. Many screening methods are based on indirect measure of surface/interfa-
cial tension, such as drop collapse method, titled glass slide test, oil spreading assay, 
penetration assay, and microplate assay. The main advantages are represented by 
the possibility to screen more samples in a quick way, although a low sensitivity due 
to the strong dependence on BS concentration was highlighted. The methods are 
indeed based on distortion visual effects caused by the BS presence and are gener-
ally performed on supernatants and some authors suggested to color them in order 
to evidence the visual effects [57–59]. Among them, the oil spreading and the drop 
collapse assays are the most reported for marine bacteria [11–13, 21–24, 26, 28, 30, 
50] for its rapidity and easiness, in addition to the requirement of small volume of 
sample, and simple and easily available equipment [56].

A second group of screening tests is differently based on the evaluation of 
emulsifying activity and is generally carried out with some modifications, with 
regards to volume of culture/supernatant, to the hydrocarbon used as test, and to 
vortexing time. The most used tests are the emulsifying activity test, based on a 
quick observation of emulsion occurrence [60] and the E24 index detection, based 
on the occurrence of emulsions stable over the time. It was applied in many screen-
ings for marine BS producers [11–13, 19–25, 28, 30, 46–48, 50], and most authors 
reported some modifications: it was tested with cell broth instead of cell-free 
supernatant, whereas kerosene has been replaced in some cases by other hydro-
phobic compounds, for example, hexadecane, crude oil, vegetable oil, and diesel 
oil [13]. Surface activity and emulsification capacity do not always correlate [56]. 
Indeed, different studies [7, 14, 19] observed and explained this aspect considering 
that some BSs might stabilize (emulsifiers) or destabilize (de-emulsifiers) the emul-
sion so that the emulsification test alone fails to identify compounds with surfactant 
activity which destabilizes the emulsions. However, while the surface activity assay 
could give just an indication of BS production, the detection of stable emulsion 
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index correlates to the surfactant concentration. According to the Refs. [20, 25], 
the surface tension measurement and the emulsification activity assays could be 
complementary and represent the basic tests to include in a screening procedure, 
allowing to detect both low molecular mass BSs with efficiency in surface and 
interfacial tension reduction and high molecular mass BSs more effective as emul-
sion stabilizers. In addition to the above standard screening tests, several authors 
reported the use of specific assays, the cetyltrimethylammonium bromide (C-TAB) 
agar plate assay, and the blood agar assay, useful to detect anionic BSs, but not 
enough sensitive to detect BS producers. The first one is based on the interaction 
between anionic surfactants eventually present and the cationic surfactant cetyl-
trimethylammonium bromide contained in a methylene blue stained mineral salts 
agar plate; the consequent creation of a blue dark halo around the colonies detects 
the presence of the BS producers. The blood agar assay is differently based on the 
hemolytic actions of biosurfactants—α, β, and γ hemolysis—on solid medium 
containing defibrinated blood as greenish or clarification halos around the bacterial 
colonies. The use of these specific assays have been reported in most of the above 
mentioned references, but it has been reduced over the years, because some authors 
signaled the possible harmfulness toward bacterial growth, the low specificity, and 
the possible occurrence of false positive/negative. In [19, 20], the two assays are 
performed on 69 and 96 isolates of different marine origin, respectively, suggest-
ing the use of such tests as integration of a more deep screening procedure. To the 
list of screening test, it is necessary to mention some other tests with important 
implications in the screening quality and for considerations about bioremediation 
purposes. In [46], the authors reported the BS-mediated hydrocarbon degradation 
by Joostella sp. A8 grown in pure culture and consortia, as result of a BS production 
monitoring in which the bacterial adhesion to hydrocarbons assay (BATH assay) 
was included. This is a simple photometrical assay described for the first time in 
Ref. [61] for indirect evaluation of BS production by measuring the hydrophobicity 
of bacteria. The use of such test in relation to BS production is still a debating issue 
in this field, because the authors are divided between those who believes that a cor-
relation between cell hydrophobicity, biodegradation efficiency, and BS production 
exists [62, 63] and who instead claims that the changes in cellular surface properties 
could be affected by several parameters and may not be necessarily associated to 
biodegradation ability [64]. Finally, some other minor tests have been reported by 
several authors for BS production by marine bacteria, but their efficiency have to be 
improved: this is the case of penetration assay [26], the hydrocarbon overlay agar 
method [13, 30], tilted glass slide test (TGS test) [30], and lipase activity [21–24, 
28]. A number of additional screening tests are well reviewed in [59].

4.1 BS production conditions

There are two primary pathways for bacterial BS biosynthesis: the way of hydro-
carbons and the way of carbohydrates [9, 14], and their production is influenced by 
the availability, types of carbon sources, and the balance between carbon-nitrogen 
and other limiting nutrients [10]. The effects of several parameters on marine bac-
terial BS production have been explored by several authors, with particular focus on 
carbon source, temperature, pH, and NaCl concentration [20, 22–27]. The bacterial 
BS production has been generally observed at early stationary phase of growth [21, 
22, 44, 65], or at exponential phase [25, 27]. In Ref. [22], the authors hypnotized 
that N. alba releases a cell bound biosurfactant into the culture broth which leads 
to an increase in extra cellular BSs. Moreover, the same authors evidenced a good 
BS production by the strains at all the tested conditions, even if they detected for 
Nocardiopsis alba the optimum conditions for BS production at pH 7, temperature 
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30°C, and 1% salinity with glucose and peptone supplementation as carbon and 
nitrogen sources, respectively. In [21], the authors confirmed that carbon source 
and its concentration are affecting parameters for BS production, and established 
that glycerol, peptone, ferrous sulfate, and incubation time exhibited significant 
effect, with optimum levels as pH 7, temperature at 37°C, and salt concentration 
2% for B. amyloliquefaciens. In particular, the authors reported that glycerol used 
as a carbon source showed the highest BS production (up to 6.76 g/l). According to 
Ref. [24], the studies performed a more deep optimization analysis to investigate 
the BS production by the sponge-associated Brachybacterium paraconglomeratum 
and indicated a yeast extract nitrogen source as factor enhancing up to 60% 
biosynthesis activity. Positive effects were also exhibited by the supplementation 
with 2% of NaCl, a pH level of 7.0, and a 30°C temperature. Moreover, asparagine 
resulted highly effective for BS production followed by glycine, leucine, and valine, 
and a requirement of CuSO4 as a metal supplement was requested by the strain 
for optimum production of BS. In [20], the authors investigated the influence of 
salinity and temperature on the BS production by polychaete-associated isolates 
and showed that the NaCl concentration strongly influenced the surface tension 
reducing activity and emulsification rate in major level rather than temperature. 
Nevertheless, the authors reported that the strain Marinobacter sp. A1 exhibited the 
best performances at 15°C and in the absence of NaCl, by suggesting that limited 
conditions could act as stimulating factors. Interestingly, several researchers [19, 
20, 25] also reported the BS production in the presence of hydrocarbons. The BS 
synthesis under solid state cultivation (SSC) was investigated for Brevibacterium 
aureum MSA13, which increased its production with pre-treated molasses, glucose, 
and acrylamide [23] as substrates. The report is interesting because it represents 
the first attempt in which acrylamide was used as nitrogen source, and the SSC 
conditions have been proven to be a preferred bioprocess for the BS production and 
optimization. In [27], the authors suggested a parallel relationship between bacte-
rial growth and productivity and tested several carbon sources (sugar cane molas-
ses, olive oil, corn oil, motor oil, and kerosene) among which molasses resulted the 
better one, as previously reported for non-marine BS producers [40]. This finding 
evidenced the possible importance of low cost substrate employment, which could 
solve the problems of high costs for BS production. As suggested by other research-
ers who revealed yeast extract and tryptone as significantly positive factors for BS 
production, nitrogen is an aspect to be carefully treated, as important constituent 
of the peptide part of lipopeptidic BSs [27]. Similarly, phosphate source has to be 
regulated to ensure a good bacterial growth, with positive influence on BS produc-
tion. Finally, calcium source has also been reported as important positive factor and 
enhancer of emulsification activity. Due to this deep optimization approach, the 
authors achieved an increase of BS production with emulsification indexes from 
60 to 77%.

5. Genetic regulation

The genetics of microbial surfactant synthesis is important because it represents 
a primary factor determining their productivity. It has been studied by the use of 
mutants naturally occurring or induced by transposition. However, the screening 
for such mutants is difficult because of the loss of ability to produce the surfac-
tant that does not result in an easily selectable phenotype or may be lethal. The 
regulation at the molecular level of BS production has been mainly investigated 
for the rhamnolipid produced by Pseudomonas aeruginosa and for a few lipopep-
tides of Bacilli. The BS production has proved to be controlled by quorum sensing 



Metabolomics - New Insights into Biology and Medicine

10

mechanism, a cell density dependent gene regulation process allowing bacterial 
cells to express certain specific genes on attaining high cell density [66]. With 
this mechanism, at the base of the bacterial production of secondary metabolites, 
bacteria produce a small diffusible signal molecule which accumulates in the growth 
medium and determine the gene activation when the microorganisms are in high 
densities. According to [49], the genes responsible for lipopeptide BS biosynthesis 
from Bacillus and Pseudomonas species display a high degree of structural similarity 
among themselves. The lipopeptide surfactin is produced as a result of nonribo-
somal biosynthesis. The mechanism is quite complex, as peptide synthetase for 
the amino acid moiety of surfactin is encoded by four open reading frames (ORFs) 
in the SrfA operon. The gene controlling the peptide synthetase consists of SrfAA 
(SrfORF1), SrfAB (SrfORF2), and SrfAD which activate each other. As a matter of 
fact, a more complex mechanism drives the srfA operon expression by controlling 
the level of various molecular signals [67]. On the other hand, structural genes 
required for the synthesis of the lipopeptidic BS lichenysin have been isolated, and 
a high sequence homology with srfA of surfactin synthetase was observed. Indeed, 
the lichenysin biosynthesis operon (called lic operon) was cloned and sequenced by 
revealing a composition of three peptide synthetase genes (lic A, lic B, and lic C) 
[68]. With respect to the genes which regulate the synthesis of glycolipids as rham-
nolipids, they had been isolated, characterized, and their introduction into other 
species allowed the production of rhamnolipids in heterologous hosts [66]. The 
genes involved in the rhamnolipid biosynthesis are plasmid encoded and act during 
the late exponential early stationary phase as a consequence of the higher cell 
density. The synthesis of rhamnolipids in P. aeruginosa is carried out by the rhlAB 
operon, and a few additional genes are required [51, 45]. In particular, the bio-
synthetic pathway involved the genes rhlA, B, C, R, and I. rhlAB operon and rhlC 
gene encode the two rhamnosyltransferases (proteins that resides in the periplasm) 
responsible for the synthesis, transport or the stabilization of the rhamnosyltrans-
ferase within and in the cytoplasmatic membrane. RhlA, B genes are organized in 
one operon and are coexpressed from the same promoter [67]. RhlR and rhlI genes 
act as regulators of the rhlA, B gene expressions, and in turn are regulated by other 
genes (lasR and lasI) of a second quorum sensing system found in a different region 
of the Pseudomonas aeruginosa chromosome [67, 69]. As a matter of fact, the circuit 
of rhamnolipid production is promoted by other regulatory factors triggered by 
environmental conditions such as C/N ratio and inhibited by higher iron concentra-
tion [70], while the transcription of rhlAB genes is overexpressed under nitrogen-
limited medium. As regards to the genetic regulation of high molecular weight 
heteropolysaccharide bioemulsifiers, they are more complex than the low molecular 
weight lipopeptides or rhamnolipids because they require a larger number of genes, 
and the genetic organization is even more complicated for polysaccharides-protein 
complexes [49]. However, although several structural and regulatory genes have 
been identified for the BS production, this aspect has been mainly improved for 
bacteria of terrestrial origin, while it has been scarcely explored for marine micro-
organisms. To the best of our knowledge, the only reports in this regard are in Refs. 
[23, 71]. In particular, these studies were addressed to the polyketide synthases 
(PKSs), the nonribosomal peptide synthases (NRPS), and large multifunctional 
proteins, modular proteins involved in the production of bioactive molecules. The 
research group investigated the possible correlation between the PKS gene and the 
BS biosynthesis in sponge-associated BS actinobacterial producers. In Ref. [23], 
the authors detected the presence of pks II gene in B. aureum MSA13, by suggesting 
the possible biosynthesis of secondary metabolites with antibiotic and surfactant 
properties. Furthermore, the studies described in [71] provided interesting insights 
into the KS genes of Brevibacterium and Brachybacterium, by confirming through 
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molecular approaches that marine resources should be better explored for biodis-
covery purposes. The molecular genetics of BS production is still in progress, and 
important genetic tools (plasmids, transposons, and gene libraries) are still to be 
developed, as well as further studies could allow to develop a biosynthetic engineer-
ing approach to design novel biomolecules.

6. Conclusions

The research on BS is still undergoing evolution and requires many improve-
ments in several aspects. The results obtained in the last decades from the marine 
resources are very encouraging, both in terms of BS chemical diversity and in 
terms of the BS effectiveness and microbial production capacity. Despite this, new 
tools and improvements are necessary for a better comprehension of the genetic 
regulation, in order to exploit these mechanisms for a potential large-scale pro-
duction. The discovery of new BSs must represent the main goal, and should be 
accompanied by appropriate chemical analysis, and identification of the most active 
fractions. The screening methods must be standardized and refined, and above 
all the study should be planned on the basis of the application of interest. Marine 
bioprospecting and the blue biotechnology are research areas that deserve to be 
explored, which are worth focusing on, and which could allow significant scientific 
contributions and useful applications for humans.

Author details

Rosanna Floris1*, Carmen Rizzo2 and Angelina Lo Giudice2,3

1 AGRIS-Sardegna-Agricultural Research Agency of Sardinia, Servizio Ricerca 
Prodotti Ittici, Sassari, Italy

2 Department of Chemical, Biological, Pharmaceutical and Environmental 
Sciences, University of Messina, Messina, Italy

3 Institute for the Coastal Marine Environment, National Research Council, 
UOS Messina, Messina, Italy

*Address all correspondence to: rfloris@agrisricerca.it



12

Metabolomics - New Insights into Biology and Medicine

[1] Baharum SN, Beng EK, Mokhtar 
MAA. Marine microorganisms: 
Potential application and challenges. 
Journal of Biological Sciences. 
2010;10:555-564

[2] Dusane DH, Matkar P, 
Venugopalan VP, Kumar AR, 
Zinjarde SS. Cross-species induction 
of antimicrobial compounds, 
biosurfactants and quorum-sensing 
inhibitors in tropical marine epibiotic 
bacteria by pathogens and biofouling 
microorganisms. Current Microbiology. 
2011;62:974-980

[3] Paniagua-Michel J, Olmos-Soto J, 
Morales-Guerrero ER. Algal and 
microbial exopolysaccharides: 
New insights as biosurfactants and 
bioemulsifiers. Advances in Food and 
Nutrition Research. 2014;73:221-257. 
(chapter eleven)

[4] Rodrigues L, Banat IM, Teixeira J, 
Oliveira R. Biosurfactants: Potential 
applications in medicine. Journal 
of Antimicrobial Chemotherapy. 
2006;57:609-618

[5] Vatsa P, Sanchez L, Clement C, 
Baillieul F, Dorey S. Rhamnolipid 
biosurfactants as new players in animal 
and plant defense against microbes. 
International Journal of Molecular 
Sciences. 2010;11(12):5095-5108

[6] Rizzo C, Lo GA. Marine 
invertebrates: Underexplored sources of 
bacteria producing biologically active 
molecules. Diversity. 2018;10:52

[7] Chen C-Y, Baker SC, Darton RC. The 
application of high throughput analysis 
method for the screening of potential 
biosurfactants from natural sources. 
Journal of Microbiology Methods. 
2007;70:503-510

[8] Batista SB, Mounteer AH, 
Amorim FR, Tòtola MR. Isolarion and 

characterization of biosurfactants/
bioemulsifier-producing bacteria 
from petroleum contaminated 
sites. Bioresource Technology. 
2006;97:868-875

[9] Desai JD, Banat IM. Microbial 
production of surfactants and their 
commercial potential. Microbiology 
and Molecular Biology Reviews. 
1997;61:47-64

[10] Lotfabad TB, Shourian M, 
Roostaazad R, Najafabadi AR, 
Adelzadeh MR, Noghabi KA. An 
efficient biosurfactant-producing 
bacterium Pseudomonas aeruginosa 
MR01, isolated from oil excavation areas 
in south of Iran. Colloids and Surfaces 
B: Biointerfaces. 2009;69:183-193

[11] Dang NP, Landfald B, Willassen NP. 
Biological surface-active compounds 
from marine bacteria. Environmental 
Technology. 2016;37(9):1151-1158

[12] Dhail S, Jasuja ND. Isolation of 
biosurfactant-producing marine 
bacteria. African Journal of 
Environmental Science and Technology. 
2012;6(6):263-266

[13] Shoeb E, Ahmed N, Akhter J, Badar U,  
Siddiqui K, Ansari FA, Waqar M, 
Imtiaz S, Akhtar N, Shaikh QA, Baig R, 
Butt S, Khan S, Khan S, Hussain S, 
Ahmed B, Ansari MA. Screening and 
characterization of biosurfactant-
producing bacteria isolated from the 
Arabian Sea coast of Karachi. Turkish 
Journal of Biology. 2015;39:210-216

[14] Malavenda R, Rizzo C, Michaud L, 
Gerçe B, Bruni V, Syldatk C, Hausmann R,  
Lo Giudice A. Biosurfactant production 
by Arctic and Antarctic bacteria 
growing on hydrocarbons. Polar Biology. 
2015;38:1565-1574

[15] Thavasi R, Sharma S, Jayalakshmi S. 
Evaluation of screening methods for 

References



13

Biosurfactants from Marine Microorganisms
DOI: http://dx.doi.org/10.5772/intechopen.80493

the isolation of biosurfactant producing 
marine bacteria. Journal of Petroleum 
& Environmental Biotechnology. 
2011;S-1(1):1-6

[16] Pini F, Grossi C, Nereo S, 
Michaud L, Lo Giudice A, Bruni V,  
Baldi F, Fani R. Molecular and 
physiological characterisation of 
psychrotrophic hydrocarbon-degrading 
bacteria isolated from Terra Nova Bay 
(Antarctica). European Journal of Soil 
Biology. 2007;43:368-379

[17] Chrzanowski L, Ławniczak L, 
Czaczyk K. Why do microorganisms 
produce rhamnolipids? World Journal 
of Microbiology and Biotechnology. 
2012;28:401-419

[18] Ławniczak L, Marecik R, 
Chrzanowski L. Contributions of 
biosurfactants to natural or induced 
bioremediation. Applied Microbiology 
and Biotechnology. 2013;97:2327-2339

[19] Rizzo C, Michaud L, Hörmann B, 
Gerçe B, Syldatk C, Hausmann R, De 
Domenico E, Lo Giudice A. Bacteria 
associated with Sabellids (Polychaeta: 
Annelida) as a novel source of surface 
active compounds. Marine Pollution 
Bulletin. 2013;70:125-133

[20] Rizzo C, Michaud L, Syldatk C, 
Hausmann R, De Domenico E, Lo 
Giudice A. Influence of salinity 
and temperature on the activity 
of biosurfactants by polychaete-
associated isolates. Environmental 
Science and Pollutution Research. 
2014;21:2988-3004

[21] Dhasayan A, Selvin J, Kiran S. 
Biosurfactant production from marine 
bacteria associated with sponge 
Callyspongia diffusa. Biotechnology. 
2015;5:443-454

[22] Gandhimathi R, Kiran SG, 
Hema TA, Selvin J. Production and 
characterization of lipopeptide 
biosurfactant by a sponge associated 

marine actinomycetes Nocardiopsis alba 
MSA10. Bioprocess and Biosystems 
Engineering. 2009;32:825-835

[23] Kiran GS, Anto TT, Selvin J, 
Sabarathnam B. Optimization and 
characterization of a new lipopeptide 
biosurfactant produced by marine 
Brevibacterium aureum MSA13 in solid 
state culture. Bioresource Technology. 
2010;101:2389-2396

[24] Kiran GS, Sabarathnam B, 
Thajuddin N, Selvin J. Production of 
glycolipid biosurfactant from sponge-
associated marine actinobacterium 
Brachybacterium paraconglomeratum 
MSA21. Journal of Surfactants and 
Detergents. 2014;17:531-542

[25] Rizzo C, Syldatk C, Hausmann R,  
Gerçe B, Longo C, Papale M, 
Conte A, De Domenico E, Michaud L, 
Lo Giudice A. The demosponge 
Halichondria (Halichondria) panicea 
(Pallas, 1766) as a novel source of 
biosurfactant-producing bacteria. 
Journal of Basic Microbiology. 
2018:1-11. https://doi.org/10.1002/
jobm.201700669

[26] Graziano M, Rizzo C, Michaud L, 
Porporato EMD, De Domenico E, 
Spanò N, Lo Giudice A. Biosurfactant 
production by hydrocarbon-degrading 
Brevibacterium and Vibrio isolates from 
the sea pen Pteroeides spinosum (Ellis, 
1764). Journal of Basic Microbiology. 
2016;56:963-974

[27] Mabrouk MEM, Youssif EM, 
Sabry SA. Biosurfactant production by 
a newly isolated soft coral-associated 
marine Bacillus sp. E34: Statistical 
optimization and characterization. Life 
Science Journal. 2014;11:10

[28] Padmavathi AR, Pandian SK. 
Antibiofilm activity of biosurfactant 
producing coral associated bacteria 
isolated from Gulf of Mannar. 
Indian Journal of Microbiology. 
2014;54:376-382



Metabolomics - New Insights into Biology and Medicine

14

[29] Floris R, Scanu G, Fois N, 
Rizzo C, Malavenda R, Spanò N, Lo 
Giudice A. Intestinal bacterial flora 
of Mediterranean gilthead seabream 
(Sparus aurata, L.) as a novel source 
of natural surface active compounds. 
Aquaculture Research. 2018;49:1262-
1273. DOI: 10111/are.13580

[30] Satpute SK, Banat IM, Dhakephalkar 
PK, Banpurkar AG, Chopade BA. 
Biosurfactants, bioemulsifiers and 
exopolysaccharides from marine 
microorganisms. Biotechnology 
Advances. 2010;28:436-450

[31] Mulligan CN. Environmental 
applications for biosurfactants. 
Environmental Pollution. 
2005;133:183-198

[32] Rosenberg E, Ron EZ. High 
and low molecular mass microbial 
surfactants. Applied Microbiology and 
Biotechnology. 1999;52:154-162

[33] Pattanatu KSM, Gakpe E. 
Production, characterisation and 
applications of biosurfactants-Review. 
Biotechnology. 2008;7(2):360-370

[34] Rahman KSM, Street G, Lord R, 
Kane G, Rahman TJ, Marchant R, 
Banat IM. Bioremediation of petroleum 
sludege using bacterial consortium 
with biosurfactant. In: Singh SN, 
Tripathi RD, editors. Environmental 
Bioremediation Technologies. Springer 
Publication; 2006. pp. 391-408. 
DOI:10.1007/978-3-540-34793-4-17

[35] Reis CBLD, Morandini LMB, 
Bevilacqua CB, Bublitz F, Ugalde G, 
Mazutti MA, Jacques RJS. First 
report of the production of a potent 
biosurfactant with ß-trehalose by 
Fusarium fujikuroi under optimized 
conditions of submerged fermentation. 
Brazilian Journal of Microbiology. 
2018;S1517-8382(17):30993-0

[36] Rosenberg E, Ron EZ. Surface active 
polymers from the genus Acinetobacter. 

In: Kaplan DL, editor. Biopolymers 
from Renewable Resources. New York: 
Springer, Berlin Heidelberg; 1998. 
pp. 281-291

[37] Desjardine K, Pereira A, Wright H, 
Matainaho T, Kelly M, Andersen RJ. 
Tauramamide, a lipopeptide antibiotic 
produced in culture by Brevibacillus 
laterosporus isolated from a marine 
habitat. Journal of Natural Products. 
2007;70:1850-1853

[38] Kalinovvskaya NI, Kuznetsova TA, 
Rashkes YV, Milgrom YM, Milgrom EG, 
Willis RH. Surfactin-like structures 
of five cyclic depsipeptides from 
the marine isolate of Bacillus 
pumillus. Russian Chemical Bulletin. 
1995;44(5):951-955

[39] Gerard J, Lloyd R, Barsby T, 
Haden P, Kelly MT, Andersen RJ. 
Massetolides A-H, antimycobacterial 
cyclic depsipeptides produced by two 
pseudomonads isolated from marine 
habitats. Journal of Natural Products. 
1997;60(3):223-229

[40] Joshi SJ, Suthar H, Yadav AK, 
Hinguaro K, Nerurkar A. Occurrence 
of biosurfactants producing Bacillus 
spp. in diverse habitats. 2013 
International Scholarly Research 
Network ISRN Biotechnology. 
Article ID 652340. p. 6. DOI: 
10.5402/2013/652340

[41] Yakimov MM, Timmis KN, Wray V, 
Fredrickson HL. Characterization of a 
new lipopeptide surfactant produced 
by thermotolerant and halotolerant 
subsurface Bacillus licheniformis 
Bas50. Applied and Environmental 
Microbiology. 1995;61:1706-1713

[42] Gutierrez T, Shimmied T, Haidon C, 
Black K, Green DH. Emulsifying 
and metal ion binding activity of a 
glycoprotein exopolymer produced 
by Pseudoalteromonas sp. Strain 
TG12. Applied and Environmental 
Microbiology. 2008, 2008;74:4867-4876



15

Biosurfactants from Marine Microorganisms
DOI: http://dx.doi.org/10.5772/intechopen.80493

[43] Kumar AK, Mody K, Jha B. Bacterial 
exopolysaccharides—A perception. 
Journal of Basic Microbiology. 
2007;47:103-117

[44] Zhang Y, Miller RM. Enhanced 
octadecane dispersion and 
biodegradation by a Pseudomonas 
rhamnolipid surfactant (biosurfactant). 
Applied and Environmental 
Microbiology. 1992;58:3276-3282

[45] Perfumo A, Smyth TJP, 
Marchant R, Banat IM. Production 
and roles of biosurfactants and 
bioemulsifiers in accessing hydrophobic 
substrates. In: Timmis KN, editor. 
Handbook of Hydrocarbon and 
Lipid Microbiology. Chichester: 
Springer-Verlag Berlin Heidelberg; 
2010. pp. 1502-1510. DOI: 
10.1007/978-3-540-77587-4_103

[46] Rizzo C, Rappazzo AC, Michaud L, 
De Domenico E, Rochera C, Camacho A,  
Lo Giudice A. Efficiency in hydrocarbon 
degradation and biosurfactant 
production by Joostella sp. A8 when 
grown in pure culture and consortia. 
Journal of Environmental Sciences. 
2018;67:115-126

[47] Rizzo C, Michaud L, Graziano M, 
De Domenico E, Syldatk C, Hausmann R,  
Lo Giudice A. Biosurfactant 
activity, heavy metal tolerance and 
characterization of Joostella strain A8 
from the Mediterranean polychaete 
Megalomma claparedei (Gravier, 1906). 
Ecotoxicology. 2015;24:1294-1304

[48] Rizzo C, Lo Giudice A. Heavy 
metal tolerance and chelating 
activity of bacteria associated with 
Mediterranean polychaetes. SF Journal 
of Environmental and Earth Science. 
2018;1(2):1015

[49] Das P, Mukherjee S, Sen R. Genetic 
regulations of the biosynthesis of 
microbial surfactants: An overview. 
Biotechnology & Genetic Engineering 
Reviews. 2008;25(1):165-186

[50] Sumaiya M, Anchana Devi C, 
Leela K. A study on biosurfactant 
production from marine bacteria. 
International Journal of Scientific and 
Research Publications. 2017;7:12

[51] Ron EZ, Rosenberg E. Natural 
roles of biosurfactants. Environmental 
Microbiology. 2001;3(4):229-236

[52] Mackey D, McFall AJ. MAMPs and 
MIMPs: Proposed classifications for 
inducers of innate immunity. Molecular 
Microbiology. 2006;61:1365-1371

[53] Tadros T. Adsorption of surfactants 
at the air/liquid and liquid/liquid 
interfaces. In: Tadros TF, editor. 
Applied Surfactants: Principles and 
Applications. Weinheim: Wiley VCH; 
2015. pp. 81-82

[54] Tuleva B, Christova N, Jordanov B, 
Jordanov B, Nikolova-Damyanova B, 
Petrov P. Naphthalene degradation and 
biosurfactant activity by Bacillus cereus 
28BN. Zeitschrift für Naturforschung. 
Section C. 2005;60:577-582

[55] Dilmohamud B, Seeneevassen J, 
Rughooputh S, Ramasami P. Surface 
tension and related thermodynamic 
parameters of alcohols using the Traube 
stalagmometer. European Journal of 
Physics. 2005;26(6):1079-1084

[56] Plaza G, Zjawiony I, Banat I. Use 
of different methods for detection 
of thermophilic biosurfactant-
producing bacteria from hydrocarbon-
contaminated bioremediated soils. 
Journal of Petroleum Science and 
Engineering. 2006;50(1):71-77

[57] Chen C, Baker S, Darton R. The 
application of a high throughput 
analysis method for the screening of 
potential biosurfactants from natural 
sources. Journal of Microbiological 
Methods. 2007;70:503-510

[58] Tugrul T, Cansunar E. Detecting 
surfactant-producing microorganisms 



Metabolomics - New Insights into Biology and Medicine

16

by the drop-collapse test. World Journal 
of Microbiology and Biotechnology. 
2005;21:851-853

[59] Walter V, Syldatk C, Hausmann R. 
Screening concepts for the isolation 
of biosurfactant producing 
microorganisms. Advances in 
Experimental Medicine and Biology. 
2010;672:1-13

[60] Christova N, Tuleva B, Lalchev Z, 
Jordanovac A, Jordanov B. Rhamnolipid 
biosurfactants produced by 
Renibacterium salmoninarum 27BN 
during growth on n-hexadecane. 
Zeitschrift für Naturforschung. Section 
C. 2004;59(1-2):70-74

[61] Rosenberg M, Gutnick D, 
Rosenberg E. Adherence of bacteria to 
hydrocarbons—A simple method for 
measuring cell-surface hydrophobicity. 
FEMS Microbiology Letters. 
1980;9(1):29-33

[62] Franzetti A, Caredda P, Colla PL, 
Pintus M, Tamburini E, Papacchini M, 
Bestetti G. Cultural factors affecting 
biosurfactant production by Gordonia 
sp. BS29. International Biodeterioration 
and Biodegradation. 2009;63:943-947

[63] Obuekwe CO, Al-Jadi ZK, 
Al-Saleh ES. Insight into heterogeneity 
in cell-surface hydrophobocity and 
ability to degrade hydrocarbons among 
cells of two hydrocarbon-degrading 
bacterial populations. Canadian Journal 
of Microbiology. 2007;53:252-260

[64] Chakraborty S, Mukherji S, 
Mukherji S. Surface hydrophobicity 
of petroleum hydrocarbon degrading 
Burkholderia strains and their 
interactions with NAPLs and surfaces. 
Colloids and Surfaces. B, Biointerfaces. 
2010;78:101-108

[65] Antoniou E, Fodelianakis S, 
Korkakaki E, Kalogerakis N. 
Biosurfactant production from marine 
hydrocarbon-degrading consortia 

and pure bacterial strains using crude 
oil as carbon source. Frontiers in 
Microbiology. 2015;6:274

[66] Daniels R, Vanderleyden J, 
Michiels J. Quorum sensing and 
swarming migration in bacteria. FEMS 
Microbiology. 2004;28:261-289

[67] Sullivan ER. Molecular genetics 
of biosurfactants production. 
Current Opinion in Biotechnology. 
1998;9(3):263-269

[68] Yakimov MM, Kroeger A, 
Slepak TN, Giuliano L, Timmis KN, 
Golyshin PN. A putative lichenysis 
A Synthetase operon in Bacillus 
licheniformis: Initial characterization. 
Biochimica et Biophysica Acta. 
1998;1399:141-153

[69] Ochsner UA, Fiechter A, Reiser J, 
Witholt B. Production of Pseudomonas 
aeruginosa rhamnolipid biosurfactant 
in heterologous hosts. Applied 
and Environmental Microbiology. 
1995;61:3503-3506

[70] Guerra-Santos LH, Kappel O, 
Fiechter A. Dependence of Pseudomonas 
aeruginosa biosurfactant production 
in continuous culture biosurfactant 
production on nutritional and 
environmental factors. Applied 
Microbiology and Biotechnology. 
1986;24:443-448

[71] Selvin J, Sathiyanarayanan G, 
Lipton AN, Al-Dhabi NA, Arasu MV, 
Kiran GS. Ketide synthase (KS) domain 
prediction and analysis of iterative type 
II PKS gene in marine sponge-associated 
actinobacteria producing biosurfactants 
and antimicrobial agents. Frontiers in 
Microbiology. 2016;7:63


