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Abstract The isolation and screening of bacteria and fungi for the production of
surface-active compounds has been the basis for the majority of the biosurfactants
discovered to date. Hence, a wide variety of well-established and relatively simple
methods are available for screening, mostly focused on the detection of surface or
interfacial activity of the culture supernatant. However, the success of any
biodiscovery effort, specifically aiming to access novelty, relies directly on the
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characteristics being screened for and the uniqueness of the microorganisms being
screened. Therefore, given that rather few novel biosurfactant structures have been
discovered during the last decade, advanced strategies are now needed to widen
access to novel chemistries and properties. In addition, more modern Omics tech-
nologies should be considered to the traditional culture-based approaches for
biosurfactant discovery. This chapter summarizes the screening methods and strat-
egies typically used for the discovery of biosurfactants and highlights some of the
Omics-based approaches that have resulted in the discovery of unique
biosurfactants. These studies illustrate the potentially enormous diversity that has
yet to be unlocked and how we can begin to tap into these biological resources.

Keywords Bioprospecting, High-throughput, Functional properties, Microbial,
OMICS, OSMAC, Sequence-based, Surface-active

1 Introduction

Diverse microbial genera, from all domains of life, Bacteria, Archaea, and
Eukaryota, have been identified as biosurfactant producers. To this end biodiscovery
efforts have primarily focused on the screening of culturable isolates and generally
included (1) the enrichment of microorganisms from a wide range of environments;
(2) high-throughput screening using numerous assays suitable for the evaluation of
large numbers of isolates; followed by (3) isolation and structural determination of
the biosurfactant (Fig. 1). To increase the chance of identifying a novel compound,
several culturing considerations have been applied in the biodiscovery stage. These
include sampling from exotic (extreme) and underexplored environments [1];
targeting environments with prior exposure to hydrocarbon pollutants which have
naturally selected for biosurfactant-producing microorganisms [2—4]; utilizing
hydrophobic compounds in the culture media to enrich for the most capable pro-
ducers [5]; and focusing on microorganisms from underrepresented phyla [6]. Con-
sidering that the compound identification and structural determination entails a time-
consuming investigation, strain prioritization and dereplication are normally applied
after the primary screening. Factors that are typically considered to select the most
superior and novel producers include the novelty of the strain, the biosurfactant yield
(based on the initial screening), and the activity range across property-based assays
[7]. However, despite all these considerations, the structural diversity of the com-
mercially available biosurfactants remains limited, and literature continues to report
the rediscovery of structurally similar biosurfactants. Therefore, to identify truly
novel biosurfactants, discovery efforts need rejuvenated approaches that critically
assess the aspects that limit access to the novelty that is sought.

Indicated by Omics studies, it has become widely accepted that we have only
scraped the tip of the iceberg in terms of accessing the biotechnological potential
harbored in microorganisms. It can be reasonably expected, therefore, that there is
yet much biosurfactant diversity to be discovered by investigating non-cultivable
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microorganisms using culture-independent screening approaches, followed by the
assessment of the activity through heterologous expression (Fig. 1). Moreover, the
increased sequencing of culturable bacterial genomes has revealed great disparity
between the number of putative secondary metabolite gene clusters identified based
on bioinformatics analyses vs. the actual number of secondary metabolites detected
from culture fermentations [8]. This not only points to an astounding level of as yet
undiscovered metabolites for the majority of cultured organisms, but it also provides
the opportunity to employ sequence-based analyses to inform on strategies to elicit
the biosynthetic pathways that remain silent during the growth of culturable isolates
under standard laboratory conditions. The level to which genome mining
(vs. screening for biosurfactant activity) can already contribute to biosurfactant
discovery will be discussed in this chapter (Fig. 1).

Regardless of whether culture-based or culture-independent approaches are
employed for biosurfactant discovery, assessment of the activity constitutes a crucial
component of each biodiscovery approach. Focused on the detection of novel
biosurfactants with specific physicochemical characteristics and performance prop-
erties, the selection of a strategy to screen for biosurfactant-producing microorgan-
isms is of vital importance. The strategy sets the scene for the likelihood and the level
of success in the identification of novel and structurally diverse biosurfactants with
potential commercial value in different sectors of bioeconomy. In the interest of
product development, the strategy should not only incorporate methods to screen
large collections of microorganisms rapidly, easily and with a high level of sensi-
tivity, but should also facilitate the detection of specific biosurfactant characteristics
and the quantification of key parameters for the selection of the most promising
biosurfactant candidates. Therefore, this chapter will provide an exhaustive sum-
mary of the wide range of screening methods available, addressing specific factors
that need to be considered and revised in the prospecting efforts to ensure that novel
properties and structures are identified. Another major obstacle to the development
of biosurfactants for commercial application is the yield, which may be factored into
the screening process. However, some bioengineering approaches to improve strain
yields are available, therefore, this chapter will not incorporate yield as a screening
criterium.

2 Screening Methods Based on Physical Properties

A wide range of screening methods, based on the physicochemical properties
displayed by surfactants, are available for the identification of biosurfactants pro-
duced by microorganisms. These are mostly dependent on direct and indirect
measures of surface and interfacial tension activity, with a few methods that assess
specific physicochemical features of specific groups of biosurfactants. Screening for
surface activity, using a single or a combination of assays, can be performed on
purified biosurfactants, on whole cells, or culture supernatants, where both qualita-
tive and quantitative data can be obtained. The principal aim in such screenings is to



identify structurally new biosurfactants with effective surface and interfacial tension
reduction, low critical micelle concentration (CMC), high emulsion capacity, good
solubility and retained activity at a broad pH, salinity, and temperature range
[10]. Notably, the screening methods can also be employed to prioritize cultures
that could offer a commercial competitiveness by demonstrating a high production
rate/yield at low production costs.

This section provides an overview of all the methods reported to date and
highlights the screening strategies most often employed. The screening methods
are categorized here as “Universal” — assays for the initial screening of large
numbers or collections for general biosurfactant activity; or, “Targeted” — which
includes either indirect assays to detect specific biochemical or performance prop-
erties or the more sophisticated direct assays to identify biosurfactants based on
physicochemical properties. The described methods are compared in terms of
necessary processing efforts, skill level, and equipment requirement, and suitability
for high-throughput screening and quantification (Table 1). Notably, many of these
methods lack specificity, therefore the initial results, in particular from universal
screening methods, should be confirmed with complementary methods up to struc-
tural elucidation. A guideline for screening and characterization approaches for
biosurfactants was recently suggested by Twigg et al. [29].

2.1 Universal Screening Assays

Included in this category are screening methods based on an indirect measure of the
ability to reduce surface and interfacial tension, the phenotypic characteristics shared
by surfactants. They are easy, rapid, sensitive, do not normally require expensive
equipment (Table 1), and are often suitable for the screening of large numbers of
cultured strains or metagenomic library clones. Hence, such assays are typically used
as the first line of screening for the isolation of positive biosurfactant-producing
strains/clones. Of all the assays described hereafter, the drop collapse, oil spread test,
and the atomized oil spray have been the most widely applied in biodiscovery and
screening studies [30, 31].

2.1.1 The Drop Collapse Test

This method assesses the stability of drops of culture broth, culture supernatant or
solutions of pure biosurfactant when they encounter an oil-coated or hydrophobic
surface (Fig. 2) [32]. The underlining principle is that the drop collapse occurs as a
result of the reduction of interfacial tension within the liquid and the surface tension
reduction on the hydrophobic surface caused by biosurfactant activity [33, 34]. The
control drops without biosurfactant activity remain stable and do not collapse due to
the hydrophobic surface repelling the polar water. The stability of the drop depends



Table 1 Comparison of the ease of use of the methods available for the screening of
biosurfactants®

Screening method | Sample type Sensitivity | Level of Analysis Special Qualitative | Applicability | Recent biodiscovery
difficulty speed equipment | (QL), semi - for high examples employing
required quantitative | throughput the respective
(S-QN), screening method
quantitative aCan be
(QN) adapted to be
Atomized Spray Colonies H Easy Sec N S-QN Y [11]
Method
Drop Collapse Test | Culture M Easy Min N S-ON Y (4}
supernatant,
relatively pure
compound
Oil Spread Test Culture H Easy Sec N S-ON N [12]
supernatant,
relatively pure
compound
Micro Plate Assay | Culture H Easy Min N QL Y [13]
supernatant,
relatively pure
compound
Penetration Assay | Culture M Easy Min N QN Y [14]
supernatant
Tilting Slide Test Culture M Easy Min N QL N [15]
supernatant,
relatively pure
compound
VPBO-Assay Culture H (>CMC) | Easy Sec N QN Y [16]
supernatant,
relatively pure
compound
EC24 Culture M Easy Hours N QN N [13]
supernatant
Hemolytic Assay Colonies M Easy Days N S-QON Na 71
CTAB-Methylene | Colonies H Easy Days N S-QN Na [17]
Blue
CPC-Bromothymol | Culture H Easy Min N S-QN N depends on| [18]
Blue supernatant, QN the need for
crude extract extraction
TLC Crude extract H Medium Hours N S-ON N [19]
Hydrocarbon Colonies M Easy Days N QL N [20]
Overlay Agar
BATH Culture with H Easy Hours Y QL N [20]
cells
HIC Relatively pure | H Challenging| Hours Y QL N [21]
compound
Replica Plate Test | Colonies H Easy Min N QL N
Assay
Salt aggregation Culture H Easy Min N QN N [22]
supernatant
Solubilization of Culture H Challenging| Min N QN N
Crystalline supernatant,
Anthracene relatively pure
compound
MALDI-TOF/MS | Crude extract H Advanced | Hours Y QN N [23]
Du-Nouy-Ring Culture H Medium Hours Y QN N [24]
Method supernatant,
relatively pure
compound
Wilhelmy Plate Culture H Medium Hours Y QN N [25]
Method supernatant,
relatively pure
compound
Stalagmometric Culture H Medium Hours Y QN N [26]
Method supernatant
Axisymmetric Drop | Culture H Challenging| Hours Y QN N 271
Shape Analysis by | supernatant,
Profile relatively pure
compound
Pendant Drop Shape | Culture H Medium Hours Y QN N [28]
Technique supernatant,
relatively pure
compound

@The methods are compared in terms of necessary processing efforts, skill level, and equipment
requirement, and suitability for high-throughput screening and quantification. The methods are
presented in four categories (yellow) “Universal” preliminary screening assays; (gray) methods that
screen for specific biochemical or physicochemical characteristics and performance of the
biosurfactant; and (green) those that directly measure surface and interfacial tension reduction



Fig. 2 The drop collapse method is used to screen for biosurfactant activity by observing the
stability of drops containing biosurfactant on a hydrophobic surface. (a) Pure water samples without
the presence of biosurfactant. (b) Mono-rhamnolipid containing supernatants of recombinant
P. putida

on the concentration and surface tension reduction capabilities of the biosurfactant
being screened.

One of the advantages of this method is its sensitivity and ease of use, with just a
small volume of sample needed and no special equipment required [34]. It can be
applied in large sample screening, and modifications to enable automated screening
in microplates for high-throughput screening have been successfully employed
[33, 35]. Staining of the droplets is an additional modification to enhance the
visualization of the drops [36]. Disadvantageously, hydrophobic biosurfactants,
and those that possess surface reduction capabilities but do not necessarily result
in droplet collapse, cannot be detected using this method [37]. Activity relies
obviously on a detectable concentration of the compound in the droplet and the
hydrophobicity of the applied surface. Notably, there is actually no conclusive
evidence that links surface tension reduction to the method, thus reducing its
reliability. Lastly, the method is only qualitative, although it can be adapted to be
quantitative for relative measurement of biosurfactant concentration for pure surfac-
tants by measuring the drop size or the contact angle [7].

2.1.2 0il Spread Test

The oil spread test is a rapid and easy method that does not require any special
equipment [38]. A volume of crude oil is added to the surface of distilled water in a
petri dish, resulting in the formation of a thin layer of oil on top of the water. The
culture or culture supernatant is then placed on the oil layer, and where a
biosurfactant is present, it displaces the oil creating a clear zone. This occurs as a
result of the pressure formed upon contact of the hydrophobic part of the oil and that
of the biosurfactant; the interface tension is reduced and the oil layer breaks resulting
in a zone of clearing. The assumption is that the displacement of oil is directly



proportional to the concentration of the biosurfactant in the sample tested, and
therefore provides both qualitative and semi-quantitative measurements [39]. A
correlation between the oil spread test and the drop collapse method suggests that
both could be used for preliminary screening; however, due to the disadvantages
associated with the drop collapse method, perhaps the oil spread test represents a
more appropriate assay for generalized screening.

2.1.3 The Atomized Oil Spray Method

In this assay a thin mist of paraffin is sprayed over bacterial colonies cultivated on
agar plates, revealing the formation of droplets as a halo around a biosurfactant-
producing colony (Fig. 3), the radius of which can be measured for a semi-
quantitative analysis [35]. The method rapidly detects activity and does not require
sample preparation, making it suitable for high-throughput screening of thousands of
colonies at once, and therefore ideal for metagenomic library screening [31, 40]. Fur-
thermore, the atomized spray method (also known as the oil vaporization assay)

Fig. 3 The atomized oil spray method showing biosurfactant activity as a light-diffractive halo via
formation of uniformed droplets surrounding microbial growth on agar. (a) Recombinant E. coli
producing Serrawettin W1; (b) Recombinant P. putida producing mono-rhamnolipid; (c) Recom-
binant Erwinia billingiae producing Serrawettin W1



provides greater sensitivity than the drop collapse method, detecting 10—100-fold
lower surfactant concentrations and allows the detection of biosurfactants with low
water solubility [35]. Due to the versatility and sensitivity of the atomized oil assay,
it is considered a more superior screening method than most of its indirect screening
method counterparts.

2.1.4 Microplate Assay

The microwell plate assay has been patented as a qualitative measure to screen
culture supernatant for surface tension reduction abilities [41]. The assay involves
assessing optical changes of gridded paper placed under the 96 well plate containing
the culture supernatant being tested (Fig. 4). Pure water in a hydrophobic well has a
flat surface and no optical distortion, whereas the presence of a biosurfactant results
in optical distortion. As a consequence, the fluid changes the surface brought about
by the wetting of the edge of the well, subsequently becoming concave and taking
the shape of the diverging lens. The assay is easy, rapid, sensitive, allowing
instantaneous detection of surface-active compounds from a small volume [42]
and is suitable for automated high-throughput screening, therefore appropriate as a
method for functional metagenomic library screening [31]. Proper imaging is
required to capture the correct optical distortion to remove subjective bias. Besides,
the sample must be clear with no turbidity or intense color to observe the underlying
grid changes [33].

Fig. 4 Microwell plate assay measures the surface activity of biosurfactants in a solution. (a) Pure
water in a hydrophobic well which has a flat surface; (b) optical distortion that is caused by mono-
rhamnolipid recombinantly expressed in P. putida



2.1.5 Penetration Assay

This colorimetric qualitative assay is based on the infusion of two insoluble phases in
a 96 well plate that results in a color change [43]. A hydrophobic paste mixture
consisting of oil and silica gel applied to the wells is then covered with oil. The
culture supernatant or sample, colored by adding a red staining solution, for example
1% safranin, is then placed on the surface of the oil mixture. In the presence of
biosurfactant, the hydrophilic liquid breaks through the oil film barrier into the paste
causing the stain to be absorbed by the silica, and the color of the upper phase
changes from clear red to cloudy white within 15 min. The effect is based on the
ability of the silica gel to enter the hydrophilic phase from the hydrophobic paste
much more quickly in the presence of a biosurfactant. In the case of no biosurfactant
activity, the upper layer will turn cloudy but remain red. The assay is simple, and
with the help of tools such as a Cybi-Disk robot, it can be applied in high-throughput
screening [43].

2.1.6 Tilting Slide Test

This test examines the flow of water droplets over a glass slide surface and can be
applied in preliminary screenings [44]. A single test colony picked from an agar
plate is applied onto a sterilized glass slide near the glass edges and mixed with 1%
saline water. The glass slide is gradually tilted to observe the flow of the water
droplet over the glass surface, and activity is recorded if it flows. The method is easy
to apply and does not require any expensive or specialized equipment [25], but
serves only as a preliminary screening method and must be supported by secondary
screening.

2.1.7 Victoria Pure Blue BO (VPBO) Assay

This assay is based on the surfactant-dependent solubilization of Victoria Pure Blue
BO, a hydrophobic blue dye typically used in ballpoint pens. Assay plates are
prepared before the screening by immobilizing the dye on 96-well polystyrene
plates. The surfactants in aqueous solutions applied to the wells, e.g., supernatants
of bacterial cultures can re-solubilize the dye into the liquid [16, 45]. The solubilized
dye can be quantified, if desired, after the transfer of the liquid to a clean plate
(Fig. 5) via the specific absorption at 625 nm. The method, initially used to
determine residual detergent levels in medical preparations, offers a broad range of
applications beyond the qualitative high-throughput screening for biosurfactant
production, including biosurfactant quantification, e.g., for the comparative evalua-
tion of different cultivation conditions and assessment of the CMC and solubilization
properties of isolated surfactants [16, 46]. The VPBO Assay has been shown to be
suitable for chemically different ionic and non-ionic biosurfactants; however, like



Fig. 5 Biosurfactant solutions after VPBO Assay in a microwell plate. The presence of surfactant is
indicated by the blue dye Victoria Pure Blue BO that is released from the surface of the plate well by
surfactant activity. This response (b + c) is concentration dependent, whereas in the absence of
surface-active agents (or in amounts below CMC) the solution remains uncolored (a)

for the drop collapse assay, water solubility of the biosurfactant and a concentration
above the CMC appear to be a prerequisite.

2.2 Targeted Screening Assays

The assays described here encompass two parts: methods that assess specific bio-
chemical or physicochemical characteristics and performance of the biosurfactant;
and those that directly measure surface and interfacial tension reduction.

2.2.1 Emulsification After 24 h (EC24)

The emulsification capacity index (EC24) measures the ability of an emulsifier to
stabilize the emulsion of immiscible liquids over 24 h. After the mixing of two
immiscible phases, for example, water and oil, the unstable emulsion divides into
separate phases depending on the respective densities, whereas in the presence of a
biosurfactant with emulsification capabilities, the emulsion is stabilized through
interfacial tension reduction between the immiscible phases allowing them to readily
mix (Fig. 6). This method, therefore, assesses the capability of a culture
(or supernatant) to form an emulsion with a hydrocarbon such as paraffin, kerosene,
and hexadecane after they are mixed [47]. The EC24 is measured as the height of the
emulsification over the total height of the two-phased mixture, 24 h after mixing by
agitation to form emulsions. Alternatively, emulsification can be detected by quan-
tifying the turbidity from the emulsion using a turbidimeter [48].

However, the ability of a biosurfactant to form an emulsion is rarely associated
with its surface and interfacial tension reduction potential [31, 37]. Therefore, good
emulsion does not necessarily equate to surface and interfacial tension reduction [9],



Fig. 6 Emulsification after
24 h, after mixing paraffin
with culture supernatant.
Following the mixing of two
immiscible phases an
unstable emulsion divides
into separate phases (b),
whereas a stabilized
emulsion is formed due to
the presence of
recombinantly expressed
lyso-ornithine lipid (LOL)
in the cell-free culture media

(@)

Fig. 7 The blood agar method detects hemolytic capabilities of some biosurfactants (b) through
lysis of erythrocytes cells, producing a colorless transparent ring around the agar well, compared to
no clear zone for a control solution (a)

and vice versa, biosurfactants capable of reducing the surface and interfacial tension
are not necessarily good emulsifiers.

2.2.2 Hemolytic Assay

The blood agar method is widely used to detect biosurfactant production through the
lysis of erythrocytes cells producing a colorless transparent ring around the colonies
(Fig. 7) [49, 50]. It is a semi-quantitative method as the concentration of
biosurfactant correlates to the linear increase of the diameter of lysis on the blood
agar. The assay is also suitable for a 96-well and liquid format where the amount of
hemoglobin released into the solution is determined photometrically [51]. However,
hemolysis is not a universal property of biosurfactants. Furthermore, hemolysis may



also be evoked by pore-forming proteins or phospholipases [52] which can yield
false-positive results. Hence, hits from this assay must be treated with care and
maybe not as the method of choice for primary screenings.

2.2.3 Colorimetric Complex Release Assays

The complex formation of biosurfactants with cationic detergents, resulting in the
displacement of a dye molecule, can be applied to determine the presence of
biosurfactants in supernatants photometrically at 96 well scale.

CTAB-Methylene Blue Plate Assay

The cetyltrimethylammonium bromide (CTAB)-methylene blue method, also
referred to as the “blue agar plate” method, serves as a semi-quantitative assay for
the preliminary detection of extracellular anionic surfactants [17]. The positive
detection of biosurfactants on agar containing 0.5 mg/ml CTAB and 0.2 mg/ml
methylene blue is seen by the formation of a blue halo surrounding a bacterial colony
or sample (Fig. 8). The blue halo is formed through the binding and forming of a
complex of anionic surfactant with the cationic surfactant of CTAB. Not all bacteria
can be screened using the method because CTAB is toxic to some bacteria including
E. coli [31].

Fig. 8 The CTAB-
methylene blue method for
the detection of extracellular
glycolipids or other anionic
surfactants. SDS shows the
positive detection of
surfactants as seen by the
formation of a blue halo




CPC-Bromothymol Blue Assay

Cetylpyridinium chloride (CPC) in combination with bromothymol blue (BTB) or
fluorescein has been successfully applied in a similar manner as the CTAB-
methylene blue assay [18, 53]. Biosurfactant presence and concentration can be
determined via the color/fluorescence shift evoked by the displacement of the dye
components. This strategy was described as a very reliable method to even quantify
the anionic lipopeptide surfactin [18] but it may interfere with media components or
primary metabolites [54] and may therefore require extraction procedures before the
assay. Furthermore, it is most likely that both complex release assays are restricted to
anionic biosurfactants.

2.2.4 Detection of Biosurfactant Production by Thin Layer
Chromatography (TLC)

Thin layer chromatography (TLC) is mainly applied in the characterization of the
chemical nature of the produced biosurfactants by using selective reagents and
manipulating the polarity of solvents when separating crude extracts on a silica gel
plate. For the detection of functional groups of biosurfactants, different staining
reagents can be used, e.g. ninhydrin stains lipopeptides red whereas a-naphthol
stains glycolipids purple (Fig. 9). Hydrophobic moieties like aromatic ring systems
or lipid chains can be visualized applying iodine vapor or primuline. This method is
not suitable for high-throughput screening.

Fig. 9 TLC analyses of different biosurfactant extracts, (a) stained with primuline for lipid
detection; (b) stained with iodine for lipid detection; (c) stained with a-naphthol for sugar detection;
(d) stained with orcinol/sulfuric acid for sugar detection



2.2.5 Screening Methods Based on Cell Surface Hydrophobicity

Several indirect methods are suitable to screen for differences in cell surface
hydrophobicity. The cell-bound biosurfactant production by a microorganism is
associated with high hydrocarbon uptake and therefore high surface hydrophobicity,
whereas microorganisms that release biosurfactant extracellularly are associated
with low surface hydrophobicity. Many other factors influence the hydrophobicity
of bacteria, such as physiological aspects like growth conditions and cellular age.
Therefore, these methods are generally used for rapid identification during the
isolation stages and are followed by secondary screening.

Hydrocarbon Overlay Agar

Microbial isolations on oil-coated agar plates can identify strains that degrade
hydrocarbons and produce biosurfactants by the production of an emulsified halo
surrounding the colony [36, 55]. The method is easy to set up and does not require
special equipment, but it cannot be applied for strains that do not degrade hydrocar-
bons. The method is used for initial screening purposes only and requires further
confirmation of positive results.

Bacterial Adhesion to Hydrocarbon Test (BATH)

The photometrical bacterial adhesion to hydrocarbons (BATH) assay measures the
hydrophobicity of a cell surface by measuring the degree of adhesion of washed
microbial cells to different hydrocarbon compounds, such as hexadecane or octane
[56]. Hydrophobicity of the cells is measured by assessing changes in absorbance at
550 nm of the lower aqueous phase before and after the mixing procedure, expressed
as a percentage. The basic principle is that a decrease in the turbidity of the aqueous
phase correlates to the hydrophobicity of the cell; however, it is considered one of
the least reliable methods [30].

Hydrophobic Interaction Chromatography (HIC)

This chromatography screening method is based on the hydrophobic interaction
between non-polar group regions of particles and the non-polar groups on a hydro-
phobic chromatographic resin. It was initially employed to purify and separate
biomolecules based on differences in their surface hydrophobicity [27] and was
modified for biosurfactant screening. A bacterial suspension in a high-salt buffer is
allowed to flow through a gel bed of hydrophobized Sepharose to which hydropho-
bic cells adhere. Turbidity and bacterial counting in the elute are measured to obtain
the degree of adsorption of the cells to the gel. Stepwise or continuous decrease of



the ionic strength for desorption of the adherent microbes promotes their elution.
This way, microbes of different surface hydrophobicity can be separated. The main
advantage of applying HIC for screening biosurfactant production is that it is
convenient because both isolation and screening of strains can be achieved simulta-
neously while also serving as a good comparative analysis of the hydrophobic
properties of microorganisms.

Replica Plate Test Assay: Adhesion of Bacteria to Hydrophobic Polystyrene

This simple assay is used to identify and isolate hydrophobic microorganisms by
their adhesion to hydrophobic polystyrene by pressing a flat sterile disk of polysty-
rene onto agar containing the colonies [57]. The underlying principle is that the
affinity of bacteria to polystyrene strongly correlates to the hydrophobicity of the cell
surface [58]. The advantage of this method is that hydrophobic strains can be
simultaneously isolated and identified.

Salts Aggregation Assay

This assay involves the precipitation of cells by increasing salt concentration, the
same principle used in salting out proteins [59]. The underlining principle is that the
more hydrophobic the surface of the cell, the lower the salt concentration that is
required to aggregate the cells. A bacterial suspension is mixed with various
ammonium sulfate concentrations on glass depression slides and monitored for the
formation of a white aggregate.

Solubilization of Crystalline Anthracene

This quantitative assay is based on the solubilization of anthracene, a highly
hydrophobic crystalline compound, when added to the culture supernatant
[60]. The production of biosurfactant is determined by measuring the concentration
of the solubilized anthracene at 354 nm with a photometric device. Important to note
is that the cell-free supernatant of the culture is used to conduct the assay, since
bacteria could metabolize the anthracene, which may be mistakenly interpreted as
biosurfactant activity [61, 62].

2.2.6 Structure-Based Screening as a Recent Advance
in Physicochemical Screening Methods

The typically low biosurfactant titers in broth cultures not only impact the efficiency
of the screening process, but also impede the structural determination of the isolated
biosurfactants which relies on a large amount of purified compound and



time-consuming methods. To overcome these bottlenecks, Sato and co-authors [23]
recently demonstrated a structure-based screening method in the early stages of the
screening process. The approach they developed relies on the use of matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/MS), a
technique that is commonly used to identify organic molecules based on precise
mass-to-charge ratio measurements. Although MALDI-TOF/MS has been applied
for the structural determination of purified biosurfactants [63—67], this study has
been the first to employ it for screening for biosurfactant producers and on crude
samples. Currently, this method has only been applied for the screening of
glycolipid-type producers, and therefore its application to other classes of
biosurfactants has yet to be ascertained. Since the technique is premised on identi-
fying mass to charge ratios of known compounds, its ability to identify completely
novel structures is most likely very limited. However, this does represent a rapid and
reliable tool to detect variants of a class of compound, as was demonstrated by Sato
et al. [23]. Additional advantages of this approach are that MALDI-TOF/MS
requires a small amount of sample for measurement and can distinguish structural
differences in mixtures because of the precise measurement of the mass-to-charge
ratio corresponding to the molecular weights of the compounds. Furthermore, it can
be used to screen unidentified microbial cultures in addition to new biosurfactant
variants. The fact that the structure can already be ascertained in the primary
screening of the crude extract is an obvious advantage for accelerating the screening
process.

2.2.7 Quantitative Screening Methods Based on the Direct Measure
of the Surface and Interfacial Tension

Surface and interfacial tension reduction is the common measure of the physical
property of surfactants, defined in two ways; the tension force per unit length exerted
by a liquid in all directions at an interface of a solid or another liquid; or, explained in
terms of energy, as the amount required to decrease the interior forces of bulk liquid
molecules and molecules at the interface of the liquid in contact with other surfaces
[68, 69]. The surface tension is measured as dimensions force/length in the units
dyne/cm or mN/m. At a value of 72 mN/m, water is known to be one of the organic
liquids with the highest surface tension value [10]. An effective surfactant should
interrupt the forces per unit length of water and lower the surface tension from 72 to
30 mN/m [9]. Interfacial tension (IFT) is the intermolecular attractive force of the
molecule in a liquid and represents the emulsion capacity of a surfactant. A high
emulsion relates to a low IFT [10]. A surface-active biomolecule must lower the
interfacial tension for water against n-hexadecane from 40 to ImN/m.
Tensiometers can be universally used to quantify the activity of any biosurfactant
by measuring the change in surface and interfacial tension at their air/water and
oil/water interfaces. Force or optical tensiometry are techniques that are commonly
used to measure the surface and interfacial tension. Force tensiometry involves a
direct measure of the surface or interfacial force exerted on a probe, whereas the



optical tensiometry unit measure is calculated from theoretical equations whereby an
image profile of a drop or bubble is extracted and fitted to an equation.

The reduction of the interfacial tension in air/water or oil/water systems increases
with (bio)surfactant concentration but only up to a critical point, above which no
further surface tension reduction occurs, instead, surfactants aggregate to form
structures like micelles, bilayer, and vesicles. The value at the critical point is
known as the critical micelle concentration (CMC) [9]. The efficiency of the
surfactant is determined by how low its critical micelle concentration is, the lower
the CMC, the less product needed to reduce the surface and interfacial tension. In
most industrial processes, ranging from drug delivery systems to agricultural reme-
diation technologies, the CMC value is considered particularly important for deter-
mining the biosurfactants’ suitability in the respective application [70]. Discussed
below are some of the direct screening techniques:

Du-Nouy-Ring Method

This is a traditional technique used for the direct measurement of surface or interface
tension change generally using an automated tensiometer [36]. The method involves
measuring the force required to pull through a fully submerged ring or loop of
platinum wire from an interface or surface of the liquid of interest. The detachment
force is measured relative to the surface or interfacial tension. A biosurfactant-
containing solution is noted as one that reduces the tension of pure water to
40 mN/m or less [68, 69]. This measure shows a direct relationship to the drop
collapse, oil spreading, and surface tension assays. It is the most widely applied
method as it is accurate and easy to use; however, it requires specialized
equipment [71].

Wilhelmy Plate Method

This is a universal method for measuring surface or interfacial tension at an air—water
or water—water interface. A thin Wilhelmy plate is submerged perpendicular to the
air—liquid or liquid—liquid interface and the force applied on it is measured [72]. The
Wilhelmy plate is often made from filter paper, glass, or platinum with a rough
surface to ensure wetting. The choice of material is not particularly important, but the
material must have the capacity to be wetted by a liquid. The advantages of this
method include that one can use disposable papers; it is considered the simplest and
most accurate measure; it does not require correction factors when calculating
surface tension, because the Wilhelmy plate assumes a zero-contact angle with the
liquid; and there is no need to measure or know the density of liquids, only mass of
plate and wetting force is considered [36]. The disadvantage of the application is that
a large volume of liquid is needed.



Stalagmometric Method

This is one of the most common methods adopted to screen for biosurfactant
production, using a traube stalagmometer to measure surface tension activity [73].
A pipette with a broad flattened tip is used as the capillary system, with which large
drops of reproducible size are suspended from the tip, drop once a maximum weight/
volume is reached. The volume is calibrated by the stalagmometer and the weight of
the drop is dependent on the characteristics of the liquid being tested. The underlying
principle is that the weight of volume is in equilibrium with the surface tension.
Biosurfactant production is measured by counting the number of each drop that falls
per volume from the glass capillary tube, and by measuring the density of the sample
and the surface tension of the control sample liquid used, which is normally water.
The main disadvantage of this screening method is the large variability usually
obtained in the results, suggested being due to drop formation being too fast and
not allowing the complete adsorption of the surfactant to the newly generated drop
surface [10]. Another disadvantage is that consecutive measurements are not
possible.

Axisymmetric Drop Shape Analysis by Profile (ADSA-P)

This optical method is used to simultaneously measure liquid surface tension and
contact angle from the profile of a droplet resting on a solid surface [74]. The
underlying principle is that the shape of a liquid droplet depends greatly on the
liquid surface tension; biosurfactant solutions with low surface tension tend to
minimize the surface area of the drop causing the droplet to deviate from a perfectly
spherical shape when compared to those with high surface tension, as indicated by
the drop collapse test (Sect. 2.1.1). The circumference of a liquid on a solid surface is
captured as an image and the measurements are subsequently fitted to the capillary
Laplace equation to calculate the surface tension [68, 69, 75]. The advantage of the
ADSA-P is the small volume needed for the drop shape analysis. However, the
shortcomings of using this method include the requirement for a camera and
software; and it involves complex calculations; complex computational routine
and samples cannot be measured in parallel [10, 36, 75].

Pendant Drop Shape Technique

This is the most common optical tensiometry method used to screen for biosurfactant
activity and is considered an excellent screening technique for a quick analysis of
surface and interfacial tension and measurement of contact angle [74]. The surface
and interfacial tension properties are measured from a drop of liquid allowed to hang
from the end of a capillary. The drop adopts an equilibrium profile based on the tube
radius, the interfacial tension, its density, and the gravitational field [76].



3 In Silico Screening of Sequence Datasets for Novel
Biosurfactants

The development and continuous improvement of next-generation sequencing
(NGS) platforms and the subsequent scalability, cost reductions, and development
of in silico tools have enabled the advancement of sequence-based screening for the
discovery of novel biomolecules. The availability of genome sequences for over
800,000 bacteria and 4,000 fungi [77], as well as enormous metagenomic sequence
datasets in public databases, representing largely untapped resources from diverse
organisms from almost every environment imaginable, makes sequence-based
screening particularly attractive. Not only can researchers bypass the sampling and
isolation of strains and/or (meta)genomic DNA and sequencing costs, it enables also
the convenient de novo synthesis of the identified genes and pathways, cloned into a
plasmid vector of choice, through a number of service providers [78]. Without
question DNA sequencing technologies have reinvigorated the discovery of new
microbial enzymes and secondary metabolites [79, 80], but it has had rather limited
application for the discovery of novel biosurfactants. However, several genome-
guided efforts involving biosurfactant-producing strains have reinforced the notion
that targeted sequence-based approaches have the potential to contribute to
biosurfactant discovery. The following sections will outline the sequence-based
screening process and discuss the potential for biosurfactant discovery.

3.1 Gene/Pathway Identification

Assembled genomes and/or contigs are queried to identify protein-coding sequences
based on homology to reference sequence data in curated sequence databases where
open reading frames (ORFS) or conserved protein motifs (for example active sites/
domains) are identified through similarity search algorithms (e.g., BLAST [81],
COG [82], KEGG [83, 84]. In many cases, expression of secondary metabolites,
which encompass biosurfactants, involves more than one gene for biosynthesis. One
of the most popular tools for the identification of biosynthetic gene clusters (BGCs)
in general is antiSMASH (antibiotic and secondary metabolite analysis shell)
[85]. This tool is continuously developed and currently provides researchers with
an easy-to-use, up-to-date collection of state-of-the-art annotated BGC data. It
identifies all BGCs present in the query sequence as well as facilitating cross-
genome analyses. In addition to cluster predictions, more complex searches can be
implemented via the graphical query builder from which researchers can gauge the
novelty of the clusters, and by extension, the novelty of the compound they encode.
Therefore, in addition to discovery, sequence-based mining can also serve as a
dereplication tool that can be used to prioritize strains most likely to produce a
novel biosurfactant. Advantageously, sequence-based screenings can be conducted
in an ultra-high-throughput manner provided suitable bioinformatics and



computational capacity is available. Another advantage of sequence-based mining
pertains to the realization that there is great disparity between the number of putative
secondary metabolite gene clusters identified based on bioinformatics analyses vs
the actual number of secondary metabolites detected from culture fermentations
[86]. Such BGCs are regarded as cryptic, where either the genes are not expressed
under standard laboratory cultivation conditions or they encode compounds that are
produced in yields insufficient for direct isolation and characterization [80]. This not
only points to an astounding level of as yet undiscovered metabolites for the majority
of cultured organisms, but it also provides the opportunity to employ genome-guided
strategies to identify biosurfactant BGCs in organisms that may have initially tested
negative in a functional screen [87].

Given the structural and biosynthetic diversity of biosurfactants, there is no
universal sequence-based screen to detect biosurfactant genes or pathways from
datasets a priori [31]. For example, glycolipid discovery using a sequence-based
approach is currently not viable due to the lack of a specific conserved domain to
distinguish glycolipid associated enzymes from the wealth of glycosyltransferases
performing a multitude of functions in bacteria [88, 89]. In consequence, glycolipid
operon prediction is not implemented e.g., in antiSMASH. However, for lipopeptide
biosurfactants which are encoded by nonribosomal synthase (NRPS) gene clusters,
the conserved adenylation domain of the synthase gene could be targeted to identify
NRPS BGCs, followed by a secondary screen of the initiation domains to discern for
lipopeptide-specific NRPS BGCs [31]. For example, holrhizin A, a novel linear
lipopeptide from the Burkholderia rhizoxinica, an endosymbiont of the rice seedling
blight fungus Rhizopus microspores, was discovered through such a genome mining
approach [90]. The identification of a conserved cryptic NRPS gene cluster among
all sequenced Rhizopus endosymbionts led to the isolation and characterization of
holrhizin A as a biosurfactant. It was further demonstrated to influence the formation
of mature biofilms and thus cell motility behavior, typical for biosurfactants, and
thus ultimately supports the colonization and invasion of the fungal host, furthering
the understanding of the mechanism behind the exceptional Burkholderia-Rhizopus
symbiosis relationship.

The discovery of holrhizin A represents an elegant example of how a genomics-
led discovery not only resulted in the description of a novel biosurfactant, but also
provided a functional link between orphan NRPS genes and a chemical mediator that
promotes bacterial invasion into the fungal host. But this example also serves to
highlight that sequence alone could not have predicted the biosurfactant properties of
the NRPS-encoded metabolite. Therefore, it can be reasonably expected that a purely
sequence-based screening approach will have limited success for biosurfactant
discovery. A much higher success rate can, however, be expected when employing
sequence-based screening for strains with confirmed biosurfactant activity, espe-
cially in the case where the primary or secondary screening already points to a
specific class of biosurfactant which can inform the sequence-based search [91-93].

Another limitation of sequence-based screening pertains to the level of novelty
that can be identified. Since sequence-based searches rely on similarity algorithms

that score based on sequence identity, the discovery of completely novel



biosurfactants will be limited; and true novelty may be overlooked as very distantly
related sequences are often unlikely to be found by homology-based searches
[94]. However, a sequence-based approach could have enormous value in identify-
ing variants of certain classes of biosurfactants. For example, rhamnolipids encom-
pass a wide diversity of congeners and homologues [95], the synthesis of which are
encoded by the rhlA, rhiB, and rhIC genes. Perhaps, sequence variations in the genes
could be a proxy for predicting novel homologues and therefore sequence-based
screening could identify new targets to validate by culturing the native host or
through heterologous expression of the genes (discussed further below). Especially
the products of BGCs that are not readily expressed by the natural producers under
the chosen growth parameters may be accessed using heterologous expression
and/or genetic engineering approaches to bypass the strict regulation systems in
the natural hosts [96].

3.2 Heterologous Expression of Putative
Biosurfactant-Encoding Genes/Pathways Identified
Through In Silico Mining

Once identified, the genes or pathways can be cloned and heterologously expressed
in a suitable host, to produce the biosurfactants for purification and characterization.
The transfer of complete biosynthetic pathways is a considerable challenge because
the respective genes may be dispersed over the chromosome (as for example the
genes necessary for di-rhamnolipid biosynthesis in P. aeruginosa) [68, 69] or
organized in very large BGCs. For the NRPS-synthesized lipopeptides, where
BGCs can span >50 kb in size, standard cloning procedures involving polymerase
chain reaction (PCR) amplification are not suitable and de novo synthesis
approaches would not be feasible [97, 98]. However, if identified from genomes of
culturable organisms, a large collection of tools has become available for generating
conventional genome libraries and/or capturing even large BGCs in clones which
can then be screened (in the case of a genome library) or assessed for biosurfactant
activity [5, 99].

Even if complete BGCs are transferred to suitable host strains, the successful
expression and biosynthesis for a specific biosurfactant is to a large extent dependent
on the chosen host strain that must be suitable to produce a respective biosurfactant
in amounts at least sufficient for detection and structural elucidation. This typically
requires promoter recognition (or a suitable promoter sequence on the applied vector
backbone), efficient translation of the foreign genes, supply of accessory proteins
and cofactors, supply of precursor metabolites, and tolerance toward the surface-
active and often also bioactive product itself. For example, Gram-positive bacteria
like Bacillus or Staphylococcus are very susceptible to surface-active compounds in
general, most likely because of the lack of a protective LPS-containing outer
membrane [100]. Hence, although Gram-positive organisms are often pronounced



lipopeptide producers, they appear to not be favorable hosts to produce recombinant
biosurfactants at high levels. The dependence of active production of NRPS machin-
ery on a phosphopantetheinyl transferase (PPT) for posttranslational modification
exemplifies the importance of suitable enzymatic capabilities of a host strain
[101]. PPTs are often not part of BGCs and therefore must be supplied by the host
in these cases, preferably with a broad substrate spectrum. Another consideration for
host selection is for the host strain to lack biosurfactant/bioemulsification activity
itself, to facilitate the isolation and characterization of the recombinantly expressed
biosurfactant.

Approaches toward recombinant biosurfactant production are so far mainly
focused on different proteobacteria like E. coli [102, 103], Burkholderia sp., and
several non-pathogenic members of the Pseudomonas genus [103] as host organ-
isms. In this context, the well-explored production of rhamnolipids in P. putida
exemplifies the potential of recombinant production in a strain that combines high
tolerance, a versatile metabolism, sufficient precursor supply, and low background
activity with effective expression to enable high-yield production and, besides that,
tailoring of biosynthetic pathways [104, 105]. With respect to recombinant
lipopeptide production, Bacillus sp. and Streptomyces sp. as naturally potent
lipopeptide producers have been additionally applied as hosts [5].

Recombinant production strategies have been largely based on prokaryotic host
organisms so far. However, fungi represent a technologically important class of
biosurfactant producers well-known for the production of sophorolipids,
mannosylerythritol lipids, cellobiose lipids or hydrophobines and functional expres-
sion of related BGCs of fungal origin can often not be achieved in prokaryotic hosts.
To this respect, there is a need to complement the established set of microorganisms
for recombinant biosurfactant production with eukaryotic expression systems.
Accordingly, a few initial studies report successful functional heterologous expres-
sion of (partial) biosynthetic pathways for biosurfactants in Saccharomyces
cerevisiae, Starmerella bombicola, or Pichia pastoris [84, 106—108].

4 Metagenomic Biodiscovery: Unlocking Hidden Diversity

It is acknowledged that diverse and complex microbial communities inhabiting
many unique niches remain undiscovered; yet could represent the source of enor-
mous biosurfactant novelty. Moreover, researchers have for decades appreciated the
difficulty of bringing the abundant microbial diversity to culture in the laboratory. To
overcome the culturing limitations and to explore the natural wealth beyond the
minority of microorganisms that is culturable, metagenomic screening approaches
have been established in the hope of accelerating biodiscovery, and to specifically
tap into novel chemical space [96, 109]. Metagenomic approaches for the identifi-
cation of novel biomolecules utilize both approaches that have been explained in the
previous sections, functional, activity-based screenings of metagenomic libraries
constructed in a heterologous host; and sequence-based screening via bioinformatic



analysis of next-generation sequencing data of environmental DNA (eDNA) [21,
84]. For reasons that have already been eluded to, functional metagenomics
(as opposed to sequence-based) has been considered the more promising approach
for the discovery of novel biosurfactants [31, 84, 110]. However, only few studies
have so far employed metagenomic screening successfully for surface-active metab-
olite discovery, in which novel genes encoding the synthesis of N-acylated amino
acids are largely reported. N-acyl amino acid synthases (Nas) catalyzing the synthe-
sis of acylated aromatic amino acids appeared rather frequently in functional screens
for active compounds against Gram-positive bacteria [111]. However, aromatic N-
acylated amino acids show pronounced surface activity and were, hence, detected in
functional screenings for biosurfactants [112]. Considering the susceptibility of
Firmicutes toward surfactants, it would be reasonable to assume that the observed
antibiotic effect of many biosurfactants is connected to their surface activity. A
recent study showed the advantage of different expression hosts even for such simple
molecules by indicating that the expression of the same nas gene in different
Proteobacteria led to different products [113]. Whereas E. coli extracts contained
predominantly N-acyl tyrosine, P. putida produced mainly N-acyl-phenylalanine. In
P. koreensis extracts, N-acyl-leucine was detected additionally.

Recent functional screens for surface activity revealed a structurally different
biosurfactant from the family of acylated amino acids, namely lactamized lyso-
ornithine lipids and ornithine lipids [40]. Key to success in this study was the
simultaneous screening in different hosts, because the respective library clone
showed surface activity only in the P. putida screening, whereas it was not detectable
in the E. coli library, although later experiments proofed the functionality of the
responsible metagenomic acyl-ACP-ornithine acyl transferase in E. coli. Here again,
the different strains produced biosurfactants of different composition, with only
P. putida producing ornithine lipids. Interestingly, a chromosomal integration shut-
tle vector was applied here for screening in P. putida, which might be a useful
strategy to stabilize large eDNA fragments in the host cells.

The potential of especially functional metagenomics for the detection of
completely novel biosurfactants was recently illustrated by the discovery of
MBSP1, a protein with emulsifying properties [114]. Remarkably, this protein is
putatively of archaeal origin whereas the known classes of emulsifying proteins,
hydrophobins and cerato-platanines, are produced by fungi [115, 116]. Hence,
MBSP1 represents the first example of a prokaryotic homologue. Moreover,
sequence searches revealed that homologues of MBSP1 are common among
Halobacteriaceae but were previously unassigned to a function. Although advances
are being made in computational tools to improve predictions of hypothetical pro-
teins which represent a significant fraction of the sequences in public databases
[117], this study elegantly exemplifies functional metagenomics as the most reliable
method for determining the functionality of novel protein sequences, a task which is
currently beyond the capabilities of existing in silico annotation technologies [94].

The available studies on functional metagenomic identification of biosurfactants
commonly reported surface-active molecules retractable to the activity of one
protein, whereas the biosynthesis of the majority of known biosurfactants is encoded



in operons of several genes or even in large BGCs. This bias may, in part, be related
to the challenges associated with maintaining a complete biosynthetic pathway
during library construction. In particular, with regard to lipopeptides, it is unlikely
to achieve clones encoding a complete NRPS gene cluster in a plasmid, cosmid, or
fosmid library with typical average fragment sizes of 5—40 kb [97, 98]. Although
there are examples for very compact NRPS machineries (e.g., Serrawettin W1
synthesized in an iterative mode by only one NRPS module [118]), to successfully
access this class of biosurfactant from uncultured representatives, metagenomic
libraries need to ensure fragment sizes greater than 40 kb. This not only presents
an enormous challenge to the handling and maintenance of DNA fragments of this
size from environmental samples, there are also very few vectors and expression
hosts available for the construction of such libraries [31, 119]. Alternatively,
lipopeptide gene clusters can be reassembled from sequence-based screenings and
cloned for recombinant expression as discussed earlier; however, metagenomic
sequencing datasets are overly complex and prediction and correct reassembly of
gene clusters from several contigs remain a challenge [120, 121].

Occasional reports on the discovery of novel lipopeptides through metagenomic
approaches illustrate that sequence-based approaches targeting this group may be
feasible despite the mentioned challenges. Nonribosomal peptides in general are
well-known for their bioactivities, e.g., as antibiotics or anticancer agents. Hence,
many studies were conducted with this focus to identify novel nonribosomal pep-
tides and the related biosynthetic machinery using sequence-based screening
approaches to explore novel pharmaceutic lead structures [122]. Several of those
studies revealed lipopeptides which were, however, not tested for surface activity yet
most likely exhibit it because of the amphiphilic structure of the molecules. Recently
discovered examples are the antibiotics cadaside A and malacidin A with massively
charged cyclic peptide headgroups [123, 124]. Here, the adenylation modules
incorporating the charged amino acids were used as target for sequence-based
screenings for novel calcium-dependent antibiotics. Another likely biosurfactant
candidate is humimycin A, a linear lipopeptide with activity against Staphylococcus
that was resynthesized according to a NRPS machinery architecture discovered in
metagenomic sequence data [125].

Strikingly, most of the successful recombinant biosurfactant production examples
described utilize biosynthetic genes from related strains, e.g., P. aeruginosa
rhamnolipid genes were used to establish rhamnolipid production in P. putida.
Such a strategy appears advantageous to avoid issues of promoter/RBS recognition
or differing codon usage. In this light, it appears as a strong limitation that E. coli is
still overwhelmingly applied as host strain for functional metagenomic library
screens, probably because well-established protocols and commercial Kits for library
construction are based on E. coli vectors. A number of studies reported accordingly
the successful application of shuttle vectors to enable screening for natural product
formation in different hosts, specifically in a range of proteobacteria including
Pseudomonads and in actinomycetes [97]. Their results illustrated the huge advan-
tage of considering screening strains other than E. coli or even parallel screening in
different strains [31, 122, 126]. Different hosts did not only vary in their capabilities



to realize a specific biosynthetic pathway encoded by the introduced DNA, even the
compounds produced from the same BGC differed sometimes in dependence of the
host, as described before [40, 113, 127]. Furthermore, if the recombinant production
of a certain biosurfactant is detrimental for the applied host, these novel
biosurfactants will obviously remain undiscovered using only this specific host for
the screening.

In this context the application of functional metagenomics using eukaryotic hosts
remains comparably unexplored; probably because the reassembly of BGCs from
intron-free metagenomic cDNA libraries, which are usually used to uncover single
biocatalysts, appears challenging [128]. However, the bacteria-similar organization
of biosurfactant-related genes in S. bombicola or U. maydis as a distinct gene cluster
without or with just a few introns [129—131] suggests that yeast-based screening
might be a useful tool to identify novel fungi-borne biosurfactants within classical
eDNA libraries in the future.

5 Coming Full Circle: Culturing Considerations to Unlock
Novel Biosurfactant Potential

Due to the “Great Plate Count Anomaly,” referring to the orders of magnitude
difference between the number of organisms that can be cultured on laboratory
media vs. the numbers countable by microscopic examination [132], together with
the availability of well-established culture-independent technologies with revolu-
tionary impact, the merits of continued traditional culture-based approaches for the
discovery of novel biosurfactants could be questioned. This is especially pertinent
given the dearth in novel structures despite ongoing culture-based screening efforts,
whereas metagenomics has more recently revealed novel biosurfactant classes
[114]. Furthermore, genomics presents a number of advantages for overcoming the
limitations associated with the culturing of microorganisms for biosurfactant dis-
covery; both in terms of the inability to establish pure cultures of representatives of
all bacterial divisions and accessing the number of biosynthetic pathways that
remain “silent” in the native host. These will undoubtedly open new possibilities
for biosurfactant discovery.

However, despite the genomic revolution, bringing a microorganism into culture
is still essential for realizing its full potential [133], especially toward designing and
operating stable and resilient high-performing systems required for industrial scale
production. This is particularly relevant for biosurfactant discovery since in many
cases the biosurfactant production is tightly linked to the physiology of the micro-
organism. For example, culture-based studies continue to bring new understanding
of the various roles that biosurfactants play in quorum sensing and swarming
motility and how this contributes to bacteria co-ordinating virulence and pathogen-
esis [134, 135]. The value of having the organism in culture to query experimentally
provides unmatched opportunities to understand the microorganism in question



which may be crucial to the downstream aspects concerning the development of the
biosurfactant for industrial application [136]. This highlights two major consider-
ations for biosurfactant discovery:

1. Many biosurfactants will likely remain undiscovered if the producing microor-
ganisms are not brought into culture. In other words, the success of discovering
novel biosurfactants is as much dependent on the employment of novel isolation
approaches as on the aspects concerning screening. Several advances have been
made over the last decade to improve the culturability of rare and novel micro-
organisms and the reader is referred to a number of recent reviews on this topic
[133, 136—140]. Although very much needed, not all currently proposed alterna-
tive isolation protocols are feasible with the screening technologies available; for
example, where the isolation involves diffusion chambers due to a dependence on
metabolic consortia [133].

2. Biosurfactant production may be strongly influenced by cell culture conditions
and therefore the screening process needs to take cognizance of this. For example,
the production of surfactants has been shown to be conditional on whether the
bacteria are grown on a surface or cultured planktonically [141], while in others
expression is influenced by growth stage [142, 143]. Therefore, the traditional
approach to assess culture supernatants for biosurfactant activity may completely
miss the discovery of those that are only produced when cultured on agar. While a
move to more high-throughput screening methods is advocated as being key to
the discovery of new biosurfactants [10], it needs to take into consideration the
more tedious and slower One Strain Many Compounds (OSMAC) principles.
OSMAC is a culture-based approach that involves the manipulation of easily
accessible culturing conditions to induce the expression of all the biosynthetic
pathways encoded by a single microorganism [144]. A major advantage provided
by OSMAC is that it eliminates bias during biosurfactant screening because the
stimuli responsible for the activation of the many biosurfactant pathways differ
between microorganisms. This approach exploits the fact that microorganisms
produce secondary metabolites as a defense mechanism against other organisms
in nature [145] and that under stressful conditions, microorganisms tend to
produce secondary metabolites either to adapt to the environment for self-defense
or intercellular communication [146, 147]. Moreover, OSMAC is aimed at
stimulating the expression of the “silent” biosynthetic pathways and should
form an integral part of the screening process, to unlock expression of untapped
microbial-derived biosurfactants [148]. Biotic and abiotic parameters such as
nutrient content (carbon, phosphate, nitrogen sources, and trace elements), aera-
tion levels and shape of the culturing flasks, physical parameters (i.e., pH,
temperature, salinity, heat shock treatments), the effect of ethanol or organic
compounds, the presence of precursors of secondary metabolites and co-
culturing can be easily changed and may alter the global physiology of a
microbial strain, and in turn significantly affect biosurfactant expression
[80, 149]. It is important to note that the expression could be subject to regulation
that might not be immediately linked to biosurfactant production and rather



associated with central physiological features and/or dependent on the coordi-
nated expression of different pathways [80]. Furthermore, the triggers are organ-
ism and pathway specific [150], therefore systematic alterations to culture
conditions need to be conducted. The empirical nature of the OSMAC approach
is therefore time-consuming, laborious, and challenging from a practical stand-
point, as the number of cultivation parameters that can be changed is virtually
limitless. However, the rewards could be enormous as it offers the potential to
further diversify the biosurfactant repertoire and improve the hit-rate to feed the
biosurfactant pipeline, essential toward creating eco-friendly and cost-effective
industrial scale production processes.

6 Concluding Remarks

There is a need and a gap to finding new biosurfactants with structural diversity
suitable for specifically tailored applications in different industries beyond the three
main products surfactin, sophorolipids, and rhamnolipids that are currently available
commercially. In this chapter, we have highlighted the main areas that with con-
certed effort could help uncover much diversity that is undoubtedly still hidden in
nature.

Firstly, increased effort in the application of a broad range of different screening
methods has been highlighted as one of the solutions to finding new biosurfactant
products. The screening methods over the years have been dominated by those
mainly relying on the detection of surface or interfacial tension reduction and
emulsion activity. One of the biggest challenges of using well-established assays
is that it places a substantial restriction on the level of novelty that can be acquired,
thus the same groups of biosurfactants will continue to be isolated. There has been
little to no effort in developing alternative methods that assess properties other than
the ones already screened for and therefore this is an area that calls for technological
innovation to accelerate the discovery of novel biosurfactants. Sequence based
screening has been presented in this chapter as an alternative approach to the more
traditional activity-based screening of culture fermentations. Although the heterol-
ogous expression of biosurfactant pathways identified through in silico screening
opens a number of opportunities for biosurfactant discovery and development,
especially in the case of lipopeptide biosurfactants and for those encoded by “silent”
BGCs, it remains to be seen the level to which novel chemistry can be revealed
through homology dependent screening. The added advantages of employing an in
silico screen followed by heterologous expression for biosurfactant discovery is that
the cloning strategy can be designed to maximize the biosurfactant yield, and by
using metabolically characterized hosts, the biosurfactant purification and charac-
terization steps can be substantially accelerated in comparison with conducting this
from the native host [151]. An important aspect to its success will be the ability to
tackle some of the challenges associated with heterologous expression, most



notably, the development of a wider range of bacterial and fungal hosts and
corresponding genetic tools to maximize the expression and production.

Secondly, the cultivation of microorganisms poses a significant limitation on
biosurfactant discovery. On the one hand, metagenomic biodiscovery has the poten-
tial to contribute to biosurfactant discovery without the need to culture microorgan-
isms, which holds much promise since only less than 1% of the microbial diversity is
currently accessible through the traditional laboratory-based culturing [111]. There-
fore, if this vast genetic repertoire is to be exploited and novel microbial-derived
biosurfactants uncovered, it is clear that culture-independent approaches will need to
be employed. On the other hand, it is recognized that the pure culture of microor-
ganisms to gain insight into their physiological and cell-biological properties is
essential to progressing biosurfactant discovery. The application of new isolation
protocols has demonstrated that the number of species isolated can be doubled and
allows the culturing of microorganisms corresponding to sequences previously not
assigned [137], therefore we are far from having exhausted all culturing options.
Even for already cultured isolates, extensive experimentation is needed to ensure that
the right culturing conditions are used to trigger biosurfactant production, as there
are potentially many undiscovered biosurfactants from previously isolated and
screened microorganisms. Therefore, greater attention should be given to the isola-
tion and culturing and not just the screening aspects of biosurfactant discovery, even
though these may sometimes result in an overall long and costly route to undertake
[80]. However, mature technologies such as micro-fermentation and experimental
design represent promising strategies that in combination should streamline the
discovery processes.

Finally, as with many other biodiscovery programs aimed to develop novel
biocatalysts to improve industrial pipelines, the overall notion is that integrated
strategies that include genomic and synthetic biology approaches have the potential
to fast-track the discovery and subsequent improvement of a new generation of
biosurfactants [152]. We have without question only scratched the tip of the iceberg
with respect to biosurfactant diversity, and there is no single approach that will
ensure that we fully realize all that Nature has to offer. Bottlenecks exist in both
culture-based and culture-independent approaches; however, the continuous devel-
opment of more efficient and powerful tools to explore the expansive potential
harbored in natural environments will undoubtedly deliver novel biosurfactants.
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