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Editorial on the Research Topic
Microbial biosurfactants: updates on their biosynthesis, production and
applications

Microbial biosurfactants are increasingly attracting interest as ingredients in green
household and personal care products as well as in industrial and environmental
biotechnological applications. This is due to their general surfactant efficacy and
additional application-specific benefits, which have been demonstrated in numerous
studies for available biosurfactants. The general advantages of biosurfactants include
very good biodegradability, low toxicity, production from renewable raw materials and
the environmental benefits perceived by consumers.

Traditional and widely used natural surfactants include lecithins, saponins (e.g., from the
soap nut, Sapindus sp.) or surfactants derived from renewable raw materials such as soap
(vegetable or animal fatty acid salts), betaine surfactants and alkyl polyglycosides (APGs). In
contrast, microbial biosurfactants are derived from fermentation based on renewable raw
materials. Currently, however, there is still a limited choice of widely available microbial
biosurfactants, mostly represented by three glycolipids: sophorolipids, rhamnolipids and
mannosylerythritol lipids. As the demand for fully biodegradable ingredients from renewable
plant sources will certainly continue to increase, especially regarding the replacement of sulfate-
based surfactants, sustainable alternatives that respond to consumer ethical concerns are needed;
microbial biosurfactants precisely meet these requirements. For these reasons, research and
development into biosurfactants is particularly important at the moment. Correspondingly the
utilization of renewable substrates and challenges of sustainability are the common thread
running through this Research Topic, which presents selected state-of-the-art contributions in
the area of biosurfactants. It is linked to the second Biosurfactants International Conference,
which took place from September 28th - 30th, 2022 in Stuttgart Hohenheim, Germany.

This Research Topic deals specifically with the characterization, analysis, biosynthesis,
purification and life cycle assessment of glycolipid and lipopeptide biosurfactants. A first
thematic focus of the 15 Research Topic articles is represented by the glycolipids. Nakamichi
et al. provide structural insight into the catalytic domain of an acyltransferase involved in
MEL biosynthesis by the basidiomycetous yeast Pseudozyma tsukubaensis. Bippus et al.
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evaluated the environmental impact of MEL production through a
life cycle assessment (LCA) analysis and reported that the substrates,
energy requirements for bioreactor aeration and solvents used for
purification are the main contributors to the environmental impact.
Eras-Muñoz et al. report on the use of industrial wastes as alternative
feedstocks for the sustainable production of sophorolipids via solid-
state fermentation. Most microbial biosurfactants naturally display a
specific but limited structural variability, which restricts their
properties and areas of application. Pala et al. have addressed
this challenge by chemically modifying microbially produced
sophorolipids to produce a series of amines and hydrogenated
derivatives, then testing their antimicrobial properties. Glycine
glycolipid, a little-studied biosurfactant from Alcanivorax
borkumensis, has been studied by Karmainski et al. and they
report on achieving improved growth rates and production
kinetics. Another little-studied glycolipid class was addressed by
Haala et al. who developed and optimized aminimal medium for the
production of liamocins, polyol lipids biosurfactant produced by the
yeast-like fungus Aureobasidium pullulans. Kumar et al. report on
their study on a novel Starmerella species capable to produce
sophorolipids, also able to reduce naphthyl ketones to their
corresponding alcohols.

Lipopeptides represent the second research focus of this Research
Topic. Treinen et al. demonstrate the applicability of an external foam
column for in situ product removal of surfactin during fermentation of
Bacillus subtilis. Moldes et al. report on the purification of Bacillus
lipopeptides from complex matrices using polyacrylamide gel
electrophoresis. Bochynek et al. analyzed the formation and
structural features of surfactin micelles, highlighting the relationship
between the structure and properties of various congeners. The
bioactivity potential of Bacillus and Pseudomonas and their related
lipopeptides is addressed in three contributions. Mukadam et al. report
on a strain of B. proteolyticus and its biosurfactant, a blend of glycolipids
and lipopeptides, that controls the growth of phytopathogen fungus
Sclerotium rolfsii while Akintayo et al. report on the antifungal
properties of two new lipopeptide-producing B. velezensis strains.
Zhou et al. review the structure and function of Pseudomonas
lipopeptides displaying surfactant and antimicrobial properties and
examine how their biosynthesis could be controlled through a better
understanding of regulation.

Finally, studies of general interest for biosurfactant research
are also presented in a couple of articles: Jimoh et al. review the

use of biosurfactants as anti-biofilm agents in industrial water
systems through their biocidal and dispersant properties, and as
anti-fouling and anti-corrosion agents, while Sass et al. present a
simple method for quantification of anionic biosurfactants in
aqueous solutions.

Overall, we are very pleased by the quality, diversity, and
originality of scientific contributions compiled in this Research
Topic. We believe it provides a representative cross-section of
current research topics on microbial biosurfactants.
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Purification of lipopeptide
biosurfactant extracts obtained
from a complex residual food
stream using Tricine-SDS-PAGE
electrophoresis

A. B. Moldes1*, P. Álvarez-Chaver2, X. Vecino1 and J. M. Cruz1

1CINTECX (Research Center in Technologies, Energy and Industrial Processes), Chemical Engineering
Department, University of Vigo, Vigo, Spain, 2CACTI (Centro de Apoyo Científico y Tecnológico a la
Investigación), Structural Determination and Proteomics Service, University of Vigo, Vigo, Spain

Protocols to identify lipopeptide biosurfactant extracts contained in complex
residual streams are very important, as fermented agri-food matrices are
potential sources of these valuable compounds. For instance, corn steep liquor
(CSL), a secondary stream of the corn wet-milling industry, is composed of a
mixture of microbial metabolites, produced during the corn steeping process, and
other natural metabolites released from corn, that can interfere with the
purification and analysis of lipopeptides. Electrophoresis could be an
interesting technique for the purification and further characterization of
lipopeptide biosurfactant extracts contained in secondary residual streams like
CSL, but there is little existing literature about it. It is necessary to consider that
lipopeptide biosurfactants, like Surfactin, usually are substances that are poorly
soluble in water at acidic or neutral pH, forming micelles what can inhibit their
separation by electrophoresis. In this work, two lipopeptide biosurfactant extracts
obtained directly from CSL, after liquid–liquid extraction with chloroform or ethyl
acetate, were purified by applying a second liquid extraction with ethanol.
Following that, ethanolic biosurfactant extracts were subjected to
electrophoresis under different conditions. Lipopeptides on Tricine-SDS-PAGE
(polyacrylamide gels) were better visualized and identified by fluorescence using
SYPRO Ruby dye than using Coomassie blue dye. The matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS)
analysis of lipopeptide isoforms separated by electrophoresis revealed the
presence of masses at 1,044, 1,058, and 1,074 m/z, concluding that Tricine-
SDS-PAGE electrophoresis combined with MALDI-TOF-MS could be a useful
tool for purifying and identifying lipopeptides in complex matrices.

KEYWORDS

corn, spontaneous fermentation, biosurfactant, purification, analysis

1 Introduction

Corn steep liquor (CSL) is a subproduct of the corn wet-milling industry that possesses
important potential as a direct source of biocompounds, including biosurfactants of
microbial origin and phospholipids (Rodríguez-López et al., 2020), among others. In the
last years, it has been demonstrated that a sporulated Bacillus named Bacillus aneurinilyticus,
with the ability to produce biosurfactants and other antibiotic substances, grows in CSL. The
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biosurfactant extracts produced by this Bacillus strain possess
similar characteristics to the lipopeptides produced by Bacillus
subtilis, although with a different aminoacidic chain when it is
fermented in commercial media (López-Prieto et al., 2021).

It is known that a specific bacilli strain can produce diverse
families of lipopeptides (Ma et al., 2016; Fanaei et al., 2021; Huarachi
et al., 2022). For instance, Ma et al. (Ma et al., 2016) have identified
40 variants of lipopeptides from Bacillus megaterium; whereas other
authors (Fanaei et al., 2021; Huarachi et al., 2022) have observed that
Bacillus mojavensis, Bacillus amyloliquefaciens and B. subtilis can
produce different lipopeptides. The most abundant amino acid in
the Surfactin variants detected by these authors was leucine or
isoleucine, which is consistent with the composition of Surfactin
also reported in other works (Baumgart et al., 1991; Hu et al., 2019).
Regarding the Surfactin variants detected by Ma et al. (Ma et al.,
2016), these were composed of a sequence of 4–5 leucines or
isoleucines combined with glutamic acid, aspartic acid or/and
valine in different positions. These authors also found that other
lipopeptides like Bacillomycin D are composed of different
sequences of amino acids including in this case asparagine,
tyrosine, proline, glutamic acid, serine, and threonine.
Concerning the lipopeptide biosurfactant Fengycin A, this is
composed of a sequence containing glutamic acid, ornithine,
tyrosine, threonine, alanine, leucine or isoleucine, glutamic acid
and proline. This amino acid chain is like that observed in Fengycin
B but with alanine replaced by valine. Regarding the lipid
composition of lipopeptides, Ma et al. (Ma et al., 2016) described
the presence of C12–C18 fatty acids in the biosurfactants produced
by B. megateriumwithmolecular weights between 905 and 1,509 Da.
It is important to mention that the culture medium used by these
authors was a commercial medium composed of glucose, yeast
extract, ammonium nitrate and different minerals including
NaCl, MgSO4, KCl, KH2PO4, CuSO4, MnSO4, and FeSO4,
consisting in a pure culture fermented by a unique Bacillus strain.

On the other hand, lactic acid bacteria (Hull et al., 1996) and
other Bacillus strains that possess the capacity to produce cell-bound
biosurfactants grow in CSL (López-Prieto et al., 2021). Therefore,
taking into consideration the presence of lactic acid bacteria, CSL
could be considered a prebiotic fermented stream with potential for
obtaining different bioactive compounds in a unique extract, hence
promoting a circular economy and industrial synergies with the
cosmetic (Rodríguez-López et al., 2022), agrochemical (López-Prieto
et al., 2020) and pharmaceutical industries (Knoth et al., 2019;
Rincón-Fontán et al., 2020). Moreover, a previous work
demonstrated the prebiotic character of the lipopeptide
biosurfactant extract obtained from CSL as this extract promotes
the growth of Lactobacillus casei (López-Prieto et al., 2019a) and
inhibits the growth of pathogenic bacteria (López-Prieto et al.,
2019b).

However, it is necessary to consider that some of these
bioactive compounds like biosurfactants are complex polymeric
matrices that are not easy to purify for a correct identification.
Therefore, a pure culture does not exist in spontaneously
fermented streams, hence many secondary metabolites can be
present, apart from the natural compounds released from the
kernel of corn like phospholipids, antioxidants, or fatty acids
(Rodríguez-López et al., 2016; Rodríguez-López et al., 2020).
Other authors have also identified the presence of Bacillus

strains that produce biosurfactants in different sources from the
food industry, although the direct extraction of biosurfactants
from these substrates has not been explored (Akintayo et al., 2022).

Regarding the identification of biosurfactants coming from
controlled fermentation processes, the use of liquid–liquid
extraction or precipitation followed by mass spectrometry
could be an option (Kügler et al., 2015). However, when
biosurfactant extracts come from complex matrices, after
liquid–liquid extraction with organic solvents or after
precipitation, the direct use of mass spectrometry after
extraction is not probably the best option as many substances
can interfere with the masses of the biosurfactants contained in
the extract, spectra with a huge number of signals being obtained.
In these spectra, the masses of the lipopeptide biosurfactants are
masked with those of other metabolites, a weak signal being
observed for lipopeptides (Rodríguez-López et al., 2020; López-
Prieto et al., 2022). For instance, in the biosurfactant extracts
obtained from CSL, the presence of antioxidants, which can be in
polymeric form given masses close to those of lipopeptides, has
also been demonstrated (Rodríguez-López et al., 2016). Also, the
lipopeptides included in the biosurfactant extracts obtained from
CSL can form micelles, solubilizing other bioactive compounds
present in this extract, forming complex molecules micelles.
Altogether, these can prevent the purification and further
identification of biosurfactants like lipopeptides in
biosurfactant extracts mainly when they are produced in
spontaneous heterogeneous microbial fermented media.
Concerning this, the use of electrophoresis prior to mass
spectrum analysis could be an interesting tool for the
purification and identification of lipopeptides, mainly in
complex matrices like corn steep liquor. However, few studies
have considered electrophoresis for purifying fermented streams
containing lipopeptides, probably because lipopeptides, like
Surfactin, are poorly soluble in water, preventing the
migration of the biosurfactant through the electrophoresis gel.

Therefore, the aim of this work was to evaluate different
liquid–liquid extraction systems for the extraction of lipopeptide
biosurfactants and precipitation of impurities before electrophoresis
and mass spectrometry analysis, providing a methodology for
detecting biosurfactants in a complex matrix like corn steep
liquor. Various conditions during electrophoresis are considered
in the study, including different sample carrier solutions and
detection systems.

2 Materials and methods

2.1 Extraction of biosurfactant extracts from
corn steep liquor

Two different biosurfactant extracts (BS1 and BS2) were
obtained from CSL using chloroform (BS1) or ethyl acetate (BS2)
as extractant agents, respectively. For the extraction, the protocol
established in a previous work was applied (Rodríguez-López et al.,
2016). The extraction with chloroform was carried out at 56°C for
60 min, using a CSL: chloroform ratio of 1: 2 (v/v) at 200 rpm; the
extraction with ethyl acetate was carried out at 25°C for 45 min using
a CSL: ethyl acetate ratio of 1: 3 (v/v) at 200 rpm. After finishing the
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extraction process, the organic and aqueous phases were separated
by decantation for 24 h and then the organic phase containing the
biosurfactant extract was distilled with a Bu€chi R-120 rotavapor
(Labortechnik, Switzerland), obtaining the raw BS1 and
BS2 depending on the extractant employed.

Moreover, to achieve purer biosurfactant extracts, these were
subjected to a subsequent extraction with ethanol by dissolving
the biosurfactant extracts in ethanol at different concentrations
(20, 10, and 1 mg of biosurfactant/mL of ethanol) and
centrifuging to remove impurities. Following that, the
ethanolic biosurfactant extract was recovered for analysis.
Figure 1 includes the scheme followed for the purification and
analysis of the biosurfactant extract obtained from the secondary
residual stream under study (e.g., CSL).

2.2 Purification of biosurfactant extracts by
Tricine-SDS-PAGE electrophoresis

After the sequential organic extractions described above,
ethanolic biosurfactant extracts were subjected to Tricine sodium
dodecyl sulphate polyacrylamide gel electrophoresis (Tricine-SDS-
PAGE), based on a Tricine sample buffer. For that, extracts of BS1,
BS2 and commercial Surfactin from Sigma Aldrich (10 mg/mL)
were mixed 1: 1 with Tricine sample buffer (200 mM Tris-HCl,
pH 6.8, 40% glycerol, 2% SDS, 0.04% Coomassie blue G-250% and
2% β-mercaptoethanol) and separated in polyacrylamide (40% total
acrylamide and 5% crosslinker bisacrylamide) denaturing mini gels.
No special cooling was used. For gels stained with SYPRO Ruby dye,
stained lipopeptide bands were visualized using the UV

FIGURE 1
Assays established for the extraction and purification of lipopeptide biosurfactant extracts obtained from corn steep liquor.
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transilluminator drawer of ChemiDoc XRS + (Bio-Rad). Two
different sets of gel electrophoresis were carried out, one stained
with Coomassie blue Imperial™ Protein stain (Thermo Scientific)
that allows the visualization of proteins as blue bands, and the other
stained with Invitrogen™ SYPRO® Ruby that allows the
visualization of proteins by fluorescence. A control lane was run
with 10 µL of Dual Xtra Molecular Weight Standards (Bio-Rad).
Lanes visualized with Coomassie blue gels were loaded with different
ratios of ethanolic biosurfactant extract, water, and Tricine sample
buffer. In the case of gels stained with SYPRO Ruby, lane samples
contained 5 µL of BS1, BS2 or Surfactin +5 µL of water +10 µL of
Tricine-SDS-PAGE buffer.

Tricine-SDS-PAGE was carried out with 16% (v/v)
separating and 4% (v/v) stacking gels. The voltage was
adjusted to 30 or 50 V until samples reached the running gel
and then it was set at 50 or 100 V, respectively, until the end of
the run. Gels were stained overnight with continuous agitation
using 50 mL of Coomassie Blue or SYPRO Ruby dye. A rinse step
in 10% methanol and 7% acetic acid for 1 h was included for
SYPRO Ruby gels to decrease background fluorescence. Finally,
gels were washed in water and images were acquired with a
ChemiDoc XRS + system (Bio-Rad).

Bands were excised from the gels using a clean cutter to further
analysis of lipopeptides. For gels stained with SYPRO® Ruby dye,
stained lipopeptide bands were visualized using the built-in UV
transilluminator of ChemiDoc XRS+ (Bio-Rad).

Then, these bands were washed twice with 100 µL of ammonium
bicarbonate/50% acetonitrile for 20 min to destain the samples and
compare them with non-destained samples at the same
electrophoretic conditions.

Finally, Surfactin was extracted from the cut band in an
Eppendorf tube with 20 µL of 100% ethanol, BS1 with 20 µL of
100% ethanol or chloroform + ethanol (v/v) and BS2 with 20 µL of
100% ethanol or ethyl acetate + ethanol (v/v). Figure 1 describes the
extraction and purification assays carried out for the identification of
lipopeptides contained in CSL prior to matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry analysis
(MALDI-TOF-MS).

2.3 Matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) analysis

Samples of biosurfactant extracts (2 µL) were mixed 1: 1 with a
α-cyano-4-hydroxycinnamic acid (CHCA) matrix at 3 μg/μL in
ethanol: acetone (v/v). In order to study the effect of
trifluoroacetic acid (TFA), in selected samples, 0.1% TFA was
added to the CHCA matrix at a 1: 1 ratio (v/v). Biosurfactant
extracts were then mixed with the matrix solution using a 1:
1 ratio (v/v). Once the samples had been prepared, they were
spotted on a MTP AnchorChip™ MALDI target (Bruker
Daltonik, Bremen, Germany) and allowed to air-dry. A
calibration standard (Bruker Daltonik, Bremen, Germany) was
used to perform external mass calibration. Mass spectra were
obtained using an Autoflex III smartbeam MALDI-TOF-MS
system (Bruker Daltonik, Bremen, Germany) as described in a
previous study (Rincón-Fontán et al., 2017).

3 Results and discussion

3.1 Purification of lipopeptide biosurfactant
extracts prior to electrophoretic isolation

Samples of raw biosurfactant, obtained after extraction of CSL
with chloroform (BS1) or ethyl acetate (BS2), were subjected to a
second extraction with ethanol at different concentrations of
biosurfactant (20, 10, and 1 mg/mL), then centrifuged and
analysed by MALDI-TOF-MS. Surfactin was included in the
assay as control, also subjected to a purification step with ethanol
at an intermediate concentration (10 mg/mL), similarly to the
biosurfactants under evaluation. Supplementary Figure S1 shows
the spectrum obtained for Surfactin, in which one can observe peaks
concentrated between 1,000 and 1,120 m/z separated by 14 Da,
consistent with CH2 fragments.

On the other hand, Figure 2 shows the spectra obtained for
compounds extracted with ethanol from the evaluated raw
biosurfactants BS1 (Figures 2A–C) and BS2 (Figures 2D–F),
respectively.

Šebela (Šebela, 2016), in a review published about MALDI-TOF-
MS analysis, recommended adding additives to the solid matrix as
well as varying the analyte concentration, to get a more
homogeneous crystallization on the target plate, to ensure better
reproducibility and signal resolution. Based on this, in the current
work different concentrations of analyte were tested in the target
plate. Hence, the use of different ratios of biosurfactant extracts and
ethanol, prior to MALDI-TOF-MS analysis, was proposed to obtain
more refined lipopeptide biosurfactants, removing non-soluble
ethanolic compounds by centrifugation, and to detect and avoid
the noise produced by the formation of larger crystals when samples
are highly concentrated. It can be speculated that by reducing the
concentration of samples, by diluting the extract in ethanol, more
homogeneous, small, and dispersed crystals can be obtained.
Regarding BS1, Figures 2A–C include the spectra obtained for
different samples dissolved in ethanol at different concentrations.
It can be noticed that a higher concentration of BS1 (Figure 2A)
produces a spectrum with more noise and less intensive signals in
the range of 1,000 m/z. Moreover, at the lowest concentration of BS1
(1 mg/mL), more peaks around 1,000 m/z were observed with more
intensive signals (Figure 2C), although more purification steps are
needed to increase the concentration of lipopeptides to obtain more
demonstrative signals for lipopeptides during MALDI-TOF-MS
analysis. Similarly to BS1, it can be observed that ethanolic
extracts from a lower concentration of BS2 gave more intensive
signals between 800 and 1,000 m/z (Figure 2F). It can be speculated
that higher concentrations of biosurfactants can promote the
formation of concentrated crystals, reducing the ionization of
samples. Figure 3 includes the camera images obtained with the
MALDI-TOF-MS equipment, showing BS1 and BS2 biosurfactant
extracts mixed with the CHCA matrix in the target plate, prior to
MALDI-TOF-MS analysis for the different concentrations of the
biosurfactant extracts in ethanol. The choice of the best matrix,
solvents and sample preparation technique is a crucial step for
achieving the characterization of lipopeptides in CSL, more
homogeneous samples being observed in those cases working
with a lower concentration of biosurfactants (1 mg/mL). Figure 3
shows the solid matrix mixed with different concentrations of
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biosurfactants, more heterogeneous crystallization being observed at
concentrations higher than 1 mg/mL. Probably, concentrations of
biosurfactant extract over 1 mg/mL promote the formation of
micelles as the critical micellar concentration of the biosurfactant
extracts is lower than 1 mg/mL (Rodríguez-López et al., 2020). In
previous works (Rodríguez-López et al., 2016; Rodríguez-López
et al., 2020), it was demonstrated that BS1 and BS2 are
composed of antioxidants and other bioactive substances that can
be included in the biosurfactant micelles, preventing the analysis of
BS1 and BS2 at higher concentrations. Therefore, Rodrguez-López
et al. (Rodríguez-López et al., 2020) demonstrated using electrospray
ionization mass spectrometry/collision-induced dissociation (ESI-
MS/CID) that biosurfactant extracts from CSL contain bioactive

compounds corresponding with antioxidants and phospholipids
consistent with the masses observed under 800 m/z (see
Figure 2). Moreover, the signals observed at 871 and 901 m/z in
Figure 2F were also detected by López-Prieto et al. (López-Prieto et al.
2022) in a previous work dealing with the use of the biosurfactant
extract obtained from CSL as a solubilizing agent of copper oxide,
but this signal was less intense than that detected in the ethanolic
BS2 extract. In fact, in the general spectrum published by López-
Prieto et al. (2022) the signal corresponding to lipopeptides was
negligible, only observed when a zoom was applied between 850 and
1,100 m/z. Therefore, the above results (Figures 2, 3) indicate that
extraction with chloroform is more favourable than with ethyl
acetate, after that it is recommended solubilization of the

FIGURE 2
MALDI-TOF-MS spectra obtained for ethanolic BS1 and BS2 at different concentrations. (A) BS1 at 20 mg/mL, (B) BS1 at 10 mg/mL, (C) BS1 at 1 mg/L,
(D) BS2 at 20 mg/mL, (E) BS2 at 10 mg/mL, (F) BS2 at 1 mg/mL.
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biosurfactant extract in ethanol, at a concentration of 1 mg/mL,
followed by centrifugation, prior to MALDI-TOF-MS analysis.
Other authors (Geissler et al., 2017) have also detected
differences in the extraction of lipopeptides produced by B.
amyloliquefaciens and Bacillus methylotrophicus from fermented
media, observing that lipopeptides ethyl acetate extracts with a
lower molecular weight in comparison with chloroform and
methanol (2: 1 v/v) give a higher concentration of Fengycin.
Nevertheless, following the aim of obtaining purer lipopeptides,
and studying the differences regarding the extraction process,
samples of BS1 and BS2 were subjected to electrophoresis using
Tricine-SDS-PAGE to separate lipopeptide biosurfactant extracts
based on their molecular weight.

3.2 Purification of lipopeptide biosurfactants
using Tricine-SDS-PAGE electrophoresis
and subsequent MALDI-TOF-MS analysis

Biosurfactant extracts, BS1 and BS2, were subjected to
electrophoresis analysis using Tricine-SDS-PAGE that is
commonly used to separate proteins in the mass range between
1 and 100 kDa. In this method, the concentrations of acrylamide
used in the gels are lower than in other electrophoretic systems,
supposing less interference in the subsequent MS analysis.
Moreover, the use of lower concentrations of gel facilitates
electroblotting, which is particularly crucial for more
hydrophobic proteins like lipopeptides similarly to Surfactin

(Schägger, 2006). In comparison with the analysis of peptides
and proteins, lipopeptides possess the inconvenience that they
are poorly soluble in water at acidic and neutral pH, being very
soluble in ethanol or methanol. Therefore, Abdel-Mawgoud et al.
(2008) observed that the highest solubility of Surfactin, one of the
most studied lipopeptides, was obtained at pH 8.0–8.5, while the
lowest solubility observed for Surfactin was at pH 5. Moreover,
lipopeptide biosurfactants can form micelles that can obstruct the
migration of lipopeptides through the electrophoresis gel. Thus, it is
important to find an adequate carrier that allows good solubilization
of lipopeptides, promoting the migration of the biosurfactant
through the gel.

The Tricine-SDS-PAGE isolation method involves gel
preparation, sample preparation, electrophoresis, protein staining
or Western blotting and analysis of the generated banding pattern.
In this work, two different gels were used, Coomassie blue dye and
SYPRO Ruby gel stain. In a first approach, the Tricine-SDS-PAGE
banding pattern of BS1 and BS2 in comparison with Surfactin
stained with Coomassie blue dye gel was assayed. This method
involves a single, ready-to-use reagent that does not permanently
chemically modify the target of peptides/proteins; thus, peptides or
protein bands can be completely destained and recovered for
analysis by MS or sequencing. When samples of Surfactin or
BS1 and BS2 were dissolved directly in Tricine sample buffer,
following the protocol established in Figure 1, no signals were
detected. This can be related to the hydrophobicity of
lipopeptides in water at acidic and neutral pH that inhibits the
migration of the lipopeptides through the gel; whereas diffuse bands

FIGURE 3
Images of the MALDI-TOF-MS target plate for the different samples of biosurfactant assayed. (A) BS1 at 20 mg/mL, (B) BS1 at 10 mg/mL, (C) BS1 at
1 mg/mL, (D) BS2 at 20 mg/mL, (E) BS2 at 10 mg/mL, (F) BS2 at 1 mg/mL.
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were detected when BS1 and BS2 were dissolved in mixtures of
ethanol: water: Tricine sample buffer, it being observed that
BS1 gave more noticeable bands than B2 and Surfactin. Among
the concentrations assayed, 5 µL of ethanolic BS1 or BS2 (10 mg/
mL) + 5 µL of water +10 µL of Tricine sample buffer produced the
best conditions for visualizing lipopeptides obtained from CSL when
they are extracted with chloroform. Figure 4A shows the three
biosurfactants (Surfactin, BS1 and BS2) after Tricine-SDS-PAGE
stained with Coomassie under the conditions cited previously; a
significant band is observed for BS1 (lane 5), whereas BS2 gave a
negligible signal (line 7), and no signal was detected for Surfactin
with this staining gel (lane 3). Thus, it can be speculated that
Surfactin is more hydrophobic than BS1 and BS2. Fanaei et al.
(Fanaei et al., 2021) also analysed lipopeptides produced by B.
mojavensis using SDS-PAGE, where lipopeptides were produced
in a controlled fermentation using a synthetic fermentation medium
with controlled and reduced production of bioactive compounds.
These authors dissolved lipopeptides in SDS-PAGE loading buffer
and SDS-PAGE was carried out with 15% (w/v) separating and 5%

(w/v) stacking gels, similarly to the conditions established in the
current work. The voltage was adjusted to 80 V until samples
reached the running gel; afterwards, it was set at 120 V (running
time: 90 min). The gel was stained using 0.1% Coomassie Blue
R250 in 50% methanol, 40% H2O and 10% acetic acid for 30 min,
followed by exposure of the gel to a washing solution containing
water, acetic acid and methanol (8: 1: 1 v/v) to remove SDS and
Coomassie stain. The SDS-PAGE background obtained by Fanaei
et al. (2021) for lipopeptides showed various bands corresponding to
a less pure extract than those evaluated in the current work; the
presence of higher molecular weight proteins was observed.

Additionally, Figure 4B shows the MALDI-TOF-MS spectra of
Surfactin, BS1 and BS2 extracted in the current work from Tricine-
SDS-PAGE where lipopeptides were fixed with Coomassie blue dye
and extracted from the gel directly with ethanol without any
additional washing step. The biosurfactants analysed were those
extracted with ethanol from the pieces of gel signalized in Figure 4A.
Masses in the range of 900 and 1,200 m/z were observed, consistent
with the presence of lipopeptides. Surfactin is included in this figure
for comparative purposes and to corroborate the separation of
lipopeptides by electrophoresis despite the negligible signal
observed in the gel. If the spectra of BS1 and BS2 included in
Figure 4B are compared, it is observed that BS1 provides masses with
a molecular weight in the range of Surfactin, whereas BS2 gives
masses of a lower molecular weight more comparable with
Kurstakin, a lower molecular weight isoform of Surfactin
(Beltran-Gracia et al., 2017; Fanaei et al., 2021). Therefore, it can
be speculated CSL contains different lipopeptide clusters and
chloroform, the first solvent used for the extraction of BS1,
produced the extraction of those clusters with higher molecular
weight, whereas ethyl acetate, the first solvent used for the extraction
of BS2, produced the extraction mainly of lipopeptides with lower
molecular weight comparable to Kurstakin.

Following that, with the aim of obtaining a better signal of
lipopeptides for BS2 in the range of 1,000 m/z, BS2 extract eluted
with ethanol from the electrophoresis gel was concentrated. Hence
Figure 5 shows the MALDI-TOF-MS spectrum of BS2 after
extracting the sample from Tricine-SDS-PAGE and subjecting it
to a concentration process in comparison with non-concentrated
BS2 extract obtained under the same conditions. When BS2 was
concentrated, a better-quality MALDI-TOF-MS spectrum was
obtained around 1,000 m/z, the existence of masses at 1,044 and
1,058 m/z, similarly to BS1, and a small signal at 1,074 m/z also
being observed. Consequently, it has been observed that BS1 and
BS2 possess similar lipopeptide mass signals, although BS1 has a
higher concentration of lipopeptides in the range of Surfactin than
BS2, whereas BS2 possesses more lipopeptides in the range of
Kurstakin, which is consistent with the higher content of
nitrogen for BS1 in comparison with BS2 reported in previous
works (Rodríguez-López et al., 2020).

On the other hand, to obtain a better-quality image of bands and
at the same time to study the interference of dyes in the analysis of
lipopeptides by MALDI-TOF-MS, Coomassie gel was replaced by
SYPRO Ruby gel stain that allows the visualization of peptides and
proteins in the ultraviolet range by fluorescence. It was observed that
SYPRO Ruby gel stain produced more significant signals than
Coomassie blue, with more convince images being observed for
lipopeptides contained in BS1, BS2 and Surfactin extracts (see

FIGURE 4
(A) Electrophoresis of Surfactin, BS1 and BS2 using 5 µL of
ethanolic BS1 or BS2 (10 mg/mL) + 5 µL of water +10 µL of Tricine
SDS-PAGE buffer stained with Coomassie blue. (B) MALDI-TOF-MS
spectra of gel extract containing Surfactin, BS1 and BS2.
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Figure 6A). In this case, volumes of 5 µL of biosurfactants, 5 µL of
water and 10 µL of Tricine sample buffer were established. These
images corroborate the similarity, regarding mass, of the
lipopeptides contained in biosurfactant extracts from CSL,
BS1 and BS2, corresponding with lanes 5 and 7, respectively, and
Surfactin (lane 3), a more intensive band again being observed for
BS1 (lane 5), similarly to the behaviour observed when using
Coomassie gel if the intensities of bands are compared
(Figure 4A). Moreover, Figure 6A shows the sections of gels
subjected to extraction with ethanol for further MALDI-TOF-MS
analysis and Figure 6B includes the MALDI-TOF-MS analysis of
these samples as well as the MALDI-TOF-MS spectrum
corresponding to the extraction of lane 9, exempt of
biosurfactants, to notice those signals from the gel that could
interfere with the masses of Surfactin and the biosurfactants
under evaluation. Comparing all the spectra, again, the presence
of lipopeptides with signals at 1,044, 1,058 and 1,074 m/z is
corroborated, in the case of BS2 signals lower than 1,000 m/z
also being observed, similarly to the MALDI-TOF-MS analysis
corresponding with samples stained with Coomassie blue dye gel.
Additionally, MALDI-TOF-MS spectra of BS1 were obtained for
samples stained with SYPRO Ruby gel and extracted from the gel
with chloroform and ethanol, signals in the range of 1,000 and
1,160 m/z also being observed for destained and non-destained
samples, although with a higher number of signals than those
observed in samples extracted from the gel with ethanol.
Probably, the mixture of chloroform and ethanol extracts more
substances from the gel, giving less pure extracts (see Supplementary
Figures S2–S4). Regarding the stained gel, the presence of SYPRO

Ruby-stained gel did not interfere with the analysis of lipopeptides
by MALDI-TOF-MS, although the mass at 1,044 m/z was more
intense in destained samples when BS1 was extracted from the gel
with chloroform and ethanol (see Supplementary Figure S2). This
signal at 1,044 m/z was observed clearly in the spectra included in
Figure 6B where samples were extracted from the gel with ethanol
without the destaining step. This indicates that 100% ethanol is a
better extractant than the chloroform and ethanol mixture. In
addition, when BS1 was extracted from the gel with ethanol and
chloroform, a more intensive signal at 1,034 m/z was visualized
(Supplementary Figure S2); this signal was also detected in the
MALDI-TOF-MS spectrum of the matrix corresponding with the
control (Supplementary Figure S4), thus it has not been taken into
consideration. Regarding BS2, when it was extracted from the gel
with a mixture of ethanol and ethyl acetate, a smaller response was
observed for signals at 1,044 and 1,074 m/z (data not shown), a
better response being shown when the extraction of the sample from
the gel was carried out with 100% ethanol. Therefore, ethanol can be
proposed as a unique solvent to extract biosurfactants from SDS-
PAGE.

The data described above are in consonance with the spectra
obtained by Fanaei et al. (2021); these authors isolated and analysed
the production of Kurstakin, Fengycin and Surfactin lipopeptides
produced by B. mojavensis using Tricine-SDS-PAGE and MALDI-
TOF-MS, observing three clusters of lipopeptides in the band
excised from the SDS-PAGE, corresponding to Kurstakin
(600–1,000 m/z), Surfactin (1,000–2000 m/z) and Fengycin
(1,400–1,600 m/z). Therefore, in the MALDI-TOF-MS spectrum
of Surfactin, these authors also observed signals at 1,044, 1,058,

FIGURE 5
MALDI-TOF-MS spectra of non-concentrated (A) and concentrated (B) BS2.
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1,066, and 1,074 m/z, like those found in the biosurfactant extracts
obtained from CSL (BS1 and BS2). Regarding the methodology used
by these authors in comparison with the current work, Fanaei et al.
(2021) used more reagents and time to obtain the biosurfactants
from the electrophoresis gel; these lipopeptides were produced from
synthetic media using controlled fermentation.

Finally, with the aim of elucidating the aminoacidic composition
of lipopeptides contained in CSL, Figure 7 shows the MALDI-TOF-
MS/MS at 1,044, 1,058 and 1,074 m/z for BS1 extracted with
chloroform. Before describing the complete aminoacidic sequence
of these masses, it is interesting to point out that mass losses
observed at 1,044–977, 1,058–951 and 1,074–951 m/z are
consistent with the presence of glycine, proline and leucine or
isoleucine, respectively, plus an additional mass of 10 Da in all
cases (Figures 7A–C). This could be due to the chelating and

amphoteric characteristics of the biosurfactants extracted from
CSL demonstrated in previous works (Rodríguez-López et al.,
2017; López-Prieto et al., 2022). Therefore, this difference of
10 Da could be compatible with the presence of boron that it is
an element present in corn (Serbester, 2013). Consequently, the
mass loss observed in the MS/MS decomposition at 1,044 m/z is
compatible with the presence of glycine, glutamic acid, tyrosine,
methionine, and leucine or isoleucine (two molecules) (Figure 7A),
whereas the decomposition at 1,058 m/z is consistent with the
presence of proline, aspartic acid, glutamic acid, leucine, or
isoleucine (two molecules), and oxidate methionine (Figure 7B).
In Figure 7A signal at 328 also was detected but not signalized
automatically. With respect to the signal at 1,074 m/z, this produced
losses of mass compatible with the presence of leucine or isoleucine
(two molecules), tyrosine, proline, asparagine, and methionine
(Figure 7C).

On the other hand when ethyl acetate was used as extractant, for
obtaining BS2, it was observed a signal at 974 m/z, that its
decomposition matches with the existence of valine, alanine (two
molecules), threonine, valine, alanine, asparagine, and glycine,
although in this case the losses of mass could be also consistent
with other sequences containing glycine and leucine or isoleucine
instead of valine and alanine (Supplementary Figure S5). Regarding
the carboxylic aliphatic fatty acid chain, the residual masses
observed in the spectra of Supplementary Figure S5 are
compatible with the presence of fatty acids of 16–18 carbons. For
instance, Gómez-Cortés et al. (2009) reported biomarkers at 164 and
292 m/z for linoleic acid methyl ester, that are consistent with the
fragments (164 and 291 m/z) observed also in the decomposition of
974 m/z. These authors also reported that linoleic methyl esters
show precursors at 320–348 m/z that are compatible with the
biomarker observed at 333 m/z (Figures 7B,C), whereas the
biomarkers at 184 and 227 m/z (Figure 7A) are compatible with
methyl palmitate (Christie and Han, 2010). In most of these
MALDI-TOF-MS spectra of methyl fatty acid esters, a repetitive
signal is observed at 74 m/z, that is also observed in the MALDI-
TOF-MS spectra of Figure 7. In Figure 7A, the biomarker at 74 m/z
could also be attributed to the immonium ion mass of threonine
(amino acid detected in the peptide sequence); however, the
presence of the biomarkers at 184 and 227 m/z reinforces the
presence of methyl palmitate. Concerning the carboxylic aliphatic
fatty acid composition of biosurfactants, the MALDI-TOF-MS
spectra included in Figure 7 are in consonance with the data
reported by Rodríguez-López et al. (2020), who observed that the
lipopeptide biosurfactants contained in CSL are composed of
C16 and C18 methyl fatty acid esters. In the literature, it has
been reported that microorganisms can produce methylated
lipopeptides to the fermentation medium. Therefore, Xiang-Yang
et al. (Liu et al., 2009) described the production of Surfactin mono-
methyl ester by B. subtilis and Li et al. (2010) reported the
production of lipopeptide methyl esters by Bacillus licheniformis.

On the other hand, in a previous work (Rodríguez-López et al.,
2020), hydrolysis of the biosurfactant extract obtained from CSL was
carried out after liquid–liquid extraction with chloroform and the
peptide fragments were analysed by ESI-MS/MS/CID; the presence
of cysteine, glutamic acid, glutamine, aspartic acid, asparagine,
glycine, alanine, arginine, proline and leucine or isoleucine was
reported, which is consistent with the characteristics of most amino

FIGURE 6
(A) Electrophoresis of Surfactin, BS1 and BS2 stained with SYPRO
Ruby gel and visualized by fluorescence. (B) MALDI-TOF-MS spectra
of Surfactin, BS1 and BS2 ethanolic extracts after electrophoresis as
well as a control corresponding to the extract obtained from the
electrophoresis gel exempt of biosurfactants.
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acids obtained in the current work. Also, Yang et al. (Yang et al.,
2015) carried out the identification of lipopeptide clusters (Iturin,
Surfactin and Fengycin) and found major signals at 1,043 m/z for
Iturin and at 1,030, 1,044, 1,058 and 1,072 m/z for Surfactin, whereas
Fengycin produced major signals at 1,463, 1,477 and 1,505 m/z. The
major amino acid in the Surfactin cluster detected by these authors
was leucine whereas in Iturin and Fengycin the main amino acids
were asparagine and glutamic acid, respectively. Other authors
(Horn et al., 2013) have reported the presence of residues of
threonine and glutamate as well as tyrosine and isoleucine in a
Fengycin biosurfactant extract. In addition, Athukorala et al.
(Athukorala et al., 2009) evaluated 21 Bacillus species including
B. subtilis, B. amyloliquefaciens, Bacillus mycoides and Bacillus
thuringiensis, showing the presence of specific genes related to
the production of various types of biosurfactants (Bacillomycin
D, Iturin A, Surfactin, Mycosubtilin, Fengycin and Zwittermicin
A). Moreover, three species (B. subtilis, B. amyloliquefaciens and B.
mycoides) were positive for Bacillomycin D, three species (B. subtilis,
B. amyloliquefaciens and B. mycoides) were positive for Fengycin
and three species (B. mycoides, B. thuringiensis and B.
amyloliquefaciens) were positive for Zwittermicin A. These
authors grew these strains in controlled fermentations at 32°C for
16–18 h to analyse DNA, which was extracted from cells with
cetyltrimethylammonium bromide (CTAB), whereas for the

analysis of biosurfactants strains were grown on solid synthetic
medium containing glucose, L-glutamic acid, and several minerals.
Following that, cells from plates were suspended in acetonitrile with
0.1% TFA for 1–2 min and then pelleted by centrifugation and the
cell-free supernatant was subjected to MALDI-TOF-MS analysis
using a dihydroxy benzoic acid matrix solution (DHB) in 1 mL of a
solution containing 70% acetonitrile and 0.1% TFA. The mass range
of Fengycin detected by Athukorala et al. (Athukorala et al., 2009)
was 1,047–1,543 m/z depending on the protonation of masses or
formation of sodium and potassium adducts; whereas Surfactin,
Iturin and Bacillomycin were in the ranges 1,008–1,074,
1,070–1,150 and 1,030–1,111 m/z, respectively, including the
presence of specific masses at 1,044, 1,074, and 1,058 m/z,
similarly to those detected in the biosurfactant extract obtained
from CSL. As can be observed, different Bacillus species possess the
capacity to produce similar biosurfactant extracts with a similar
weight, although the aminoacidic chain can vary depending on the
fermentation media, operational conditions, and Bacillus species.

Recently, other authors (Huarachi et al., 2022) have analysed
biosurfactants from B. amyloliquefaciens and B. subtilis produced in
controlled fermentation using Luria Bertani (LB) broth for 6 days at
37°C. Regarding the downstream process, in this case, biosurfactants
from the fermentation broth were precipitated using HCl at
pH 2 and extracted with methanol that was evaporated in a

FIGURE 7
MALDI-TOF-MS/MS of lipopeptides contained in the ethanolic extract obtained fromnon-destained electrophoresis gel: (A)MS/MSof 1,044 m/z for
BS1, (B) MS/MS of 1,058 m/z for BS1, and (C) MS/MS of 1,074 m/z for BS1.
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following step; the extract obtained was dissolved in distilled water
and the pH adjusted to 8 using 0.5 M NaOH. A different group of
signals were detected using MALDI-TOF-MS. Signals compatible
with the presence of Kurstakins were observed at 901, 915, 929, 943,
957, and 971 m/z; whereas signals consistent with Bacillomycin were
detected at 1,053, 1,067, 1,068, 1,081, 1,080 and 1,097 m/z; for
Surfactin signals were observed at 988, 1,002, 1,016, 1,030, 1,036,
1,044, 1,058, 1,074, 1,088 and 1,102 m/z; whereas Fengycin gave
signals between 1,515 and 1,561 m/z depending on the adduct
formation. These data are also coherent with those obtained by
Athukorala et al. (Athukorala et al., 2009) and those obtained in the
current work, corroborating that microorganisms, even using pure
culture, do not produce a unique biosurfactant but a mixture of
biosurfactants with different molecular weights and with variations
in the sequence of amino acids, even between the same family of
biosurfactants.

4 Conclusion

Based on the results described above, it can be established that
the identification of lipopeptide biosurfactants in agri-food streams
can be better accomplished if they are extracted with chloroform
rather than ethyl acetate, followed by distillation of the organic phase
and subsequent precipitation of non-soluble ethanolic compounds
with ethanol. Following that, 5 µL of ethanolic extract should be
mixed with 5 µL of water and 10 µL of Tricine-SDS-PAGE buffer,
prior to electrophoresis. The choice of the mobile phase is a critical
step as lipopeptides are more hydrophobic than proteins and
peptides, which can reduce their migration through the gel. After
that, samples must be stained to achieve the visualization of the
lipopeptides in the gel; in this case it was observed that SYPRO Ruby
gel stain gave more relevant signals (observed by fluorescence in the
ultraviolet range) than Coomassie blue dye. Finally, lipopeptides can
be extracted from the gel directly with ethanol, without a destaining
step, and analysed by MALDI-TOF-MS/MS using a CHCA matrix.
Therefore, this work can help to purify and characterized
lipopeptides in complex matrices using SDS-PAGE
electrophoresis, providing data on which is the more correct
extractant and mobile phase.
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MALDI-TOF-MS of Surfactin extracted from electrophoresis gel with ethanol,
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with ethanol, no destained (A) and destained (B).
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MALDI-TOF-MS/MS of lipopeptide contained in BS2 at 974 m/z extracted
with ethanol from non-distained electrophoresis gel.
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Surfactin, a group of cyclic lipopeptides produced by Bacillus subtilis, possesses
surfactant properties and is a promising natural and biologically active compound.
In this study, we present a comprehensive characterization of surfactin, including
its production, chromatographic separation into pure homologues (C12, C13, C14,
C15), and investigation of their physicochemical properties. We determined
adsorption isotherms and interpreted them using the Gibbs adsorption
equation, revealing that the C15 homologue exhibited the strongest surface
tension reduction (27.5 mN/m), while surface activity decreased with
decreasing carbon chain length (32.2 mN/m for C12). Critical micelle
concentration (CMC) were also determined, showing a decrease in CMC
values from 0.35 mM for C12 to 0.08 mM for C15. We employed dynamic light
scattering (DLS), transmission electron microscopy (TEM), and density functional
theory (DFT) calculations to estimate the size of micellar aggregates, which
increased with longer carbon chains, ranging from 4.7 nm for C12 to 5.7 nm for
C15. Furthermore, aggregation numbers were determined, revealing the number
of molecules in a micelle. Contact angles and emulsification indexes (E24) were
measured to assess the functional properties of the homologues, showing that
wettability increased with chain length up to C14, which is intriguing as C14 is the
most abundant homologue. Our findings highlight the relationship between the
structure and properties of surfactin, providing valuable insights for understanding
its biological significance and potential applications in various industries.
Moreover, the methodology developed in this study can be readily applied to
other cyclic lipopeptides, facilitating a better understanding of their structure-
properties relationship.

KEYWORDS

surfactin, Bacillus subtilis, homologues, micelles, adsorption, aggregation number

1 Introduction

Microbially derived compounds which possess hydrophilic and hydrophobic moieties,
and exhibit surface active properties, are commonly referred to as biosurfactants.
Compared to chemically derived surfactants, biosurfactants are independent of mineral
oil as a feedstock. They are readily biodegradable and can be produced at lower
temperatures. Additionally, increasing environmental awareness causes research to be
undertaken to produce biosurfactants from biodegradable by-products. Surfactin (SU),
which is produced by Bacillus subtilis, is becoming one of the best-known biosurfactants. A
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great deal of previous research into SU has focused on its
antifungal, antibacterial, antiviral, and antitumor properties
(Vollenbroich et al., 1997; Wen et al., 2011; Wu et al., 2017;
Horng et al., 2019) which result from its interaction with
biological membranes caused by amphiphilic structure
(Seydlová and Svobodová, 2008). However, because of this
amphiphilic structure, SU also has interesting aggregation
properties and thus can be used as a drug carrier, as
demonstrated by our research group (Lewińska et al., 2020;
Lewińska et al., 2021; Lewińska et al. 2022). Furthermore, the
SU built into the colloidal systems shows synergism; is not only an
interfacial stabilizer but also exhibits the properties of an active
substance, e.g., antioxidant properties (Lewińska et al., 2021).
Many publications demonstrated that SU is a promising agent
in the removal of environmental pollutants, for example, in
wastewater treatment or oil spillage neutralization (Singh and
Cameotra, 2013; Mnif et al., 2015; Ndlovu et al., 2016). Its
emulsifier properties enhance the bioavailability of oil
ingredients, such as saturated hydrocarbons or polycyclic
aromatic hydrocarbons, which then can be degraded by
bacterial enzymes (Morán, 2000; Bezza and Chirwa, 2015;
Parthipan et al., 2017). Besides its biological activities, cosmetic
and pharmaceutical use, SU is also a high utility value molecule.

SU is a collective term used for a group of cyclic lipopeptides
(CLP) with a ring composed of seven amino acids that is closed
with the β-hydroxy-fatty acid moiety (Jajor et al., 2016). Like all
CLPs, SU is produced in nonribosomal peptide synthesis (NRPS)
from L-amino acids, D-amino acids and fatty acids (Bruner et al.,
2002). Because of the substrate variety, structural differences may
occur. Surfactin varies in the branching and length of the
hydrophobic fatty acid chain. Three isomers, that is n-, iso-
and anteiso-, and the lengths of 11–18 carbon atoms have
been reported, but only the C12-C17 homologues have been
isolated (Kowall et al., 1998; Bartal et al., 2018; Qin et al.,
2023). The most common sequence of the peptide loop is
ELLVDLL, in which the second, fourth and seventh residue
can be replaced with other amino acids like V, L, I or A.
Regardless of the amino acid sequence, their chirality is always
preserved (LLDLLDL) (Kowall et al., 1998). In the amino acid
ring, two carboxyl groups (E and D) are present, constituting the
hydrophilic part of the molecule, while the fatty acid chain forms
the hydrophobic tail, to which SU owes its surface activity
(surface tension from 72 to 27 mN/m) (Seydlová and
Svobodová, 2008).

This publication presents a comprehensive study on the high-
yield separation of a surfactin (SU) mixture into individual
homologues, with a focus on determining their precise
structures and aggregation properties. A wide range of
analytical techniques, including chromatography, interfacial
tensiometry, dynamic light scattering, transmission electron
microscopy, and density functional theory, were employed to
thoroughly characterize the homologues. Additionally, the
wetting properties and emulsification indexes of the homologue
solutions were investigated to gain insights into their dispersing
capabilities in water. The findings from this study provide a deeper
understanding of the structures and properties of surfactin
homologues, with potential applications in diverse fields such as
materials science and drug delivery.

2 Materials and methods

2.1 Materials

LC-MS gradient-grade methanol and acetonitrile were
purchased from VWR. Reagent grade salts [NH4NO3, MgSO4,
Na2SO4, KCl, Fe2(SO4)3, CuSO4, MnSO4], HCl, H2SO4, and
solvents (ethanol, ethyl acetate were purchased from Chempur
(Tarnowskie Góry, Poland). Fermentation medium ingredients
(yeast extract, MOPS, L-Val, L-Leu, L-Glu) of reagent grade were
purchased from BioShop. LC-MS grade HCOOH and
phenylthioisocyanate were supplied from Merck. The water used
was miliQ using the HLP104V Hydrolab reverse-osmosis system
(Wiślina, Poland).

2.2 Surfactin production and purification

In order to obtain a mixture of surfactin homologues, the lab-
scale bioreactor Labfors3 (Infors AG) was used. 1.6 L of Landy
medium (Jajor et al., 2016) (glucose 60 g/L, MOPS 21 g/L, NH4NO3

2.3 g/L, MgSO4 0.5 g/L, yeast extract 1 g/L, KCl 0.5 g/L, Fe2(SO4)3
1.2 mg/L, CuSO4 1.6 mg/L, MnSO4 5.6 mg/L and amino acids L-Glu,
L-Leu, L-Val each 1 g/L, initial pH 7.5) was inoculated with B.
subtilis 87Y strain to OD0 = 0.1. Submerged fermentation was
carried out at 37°C with 3.2 L/min airflow and 750 rpm stirring.
After 24 h the process was terminated and the fermented medium
was centrifuged (17,000 G, 10 min) in order to remove bacteria cells.
Then the pH of the supernatant was adjusted to 2 with 6 M HCl(aq)
and left overnight at 4°C. Next day the precipitated SU was
centrifuged (17,000 G, 10 min) and lyophilized. Dry solid residue
was then suspended in ethyl acetate, filtered through a short silica
plug and dried under N2 flow. The obtained SU was used for flash
chromatography separation.

2.3 Flash chromatography

The surfactin mixture was separated into pure homologues with
the use of a reversed phase flash column (Biotage® Sfär C18 Duo

TABLE 1 Gradient time program for flash separation.

Time [h:min:s] Phosphate buffer [%] Acetonitrile [%]

0:00:00 30 70

0:07:00 30 70

0:17:00 38 62

0:20:00 38 62

0:25:00 40 60

1:30:00 40 60

2:10:00 42 58

2:10:00 42 58

2:25:00 55 45
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100 Å, 30 μm—120 g) attached to Gilson PLC 2050 (pump system
equipped with auto-collector). The mobile phase flow rate was set to
50 mL/min and it was composed of 20 mM phosphate buffer (pH =
6.5) and acetonitrile. Gradient time program is given in Table 1. 3.2 g
of surfactin mixture was dissolved in 5 mL of initial mobile phase
(buffer - MeCN, 3:7, [v/v]) and injected with a syringe directly onto
the column. Fractions were collected by auto-collector in 25 mL
glass tubes with the detector’s threshold set to 200 mAU at
wavelength 210 nm. The collected fractions were analyzed with
HPLC-UV and those with the same homologues were combined
to obtain C12, C13, C14, and C15 surfactin. These combined fractions
were evaporated to dryness with a rotary evaporator. Then the solid
residue was dissolved in 50 mL of AcOEt, dried with anhydrous
Na2SO4, pushed through a small silica gel plug with ethyl acetate (in
order to remove inorganic impurities), filtered with a 0.22 µm nylon
syringe filter and dried. The colorless, transparent, glass-like solid
was dissolved in 10 mL of EtOH, diluted with the same volume of
water, frozen in −80°C and lyophilized to get a product in the form of
white powder with more than 99% purity.

2.4 HPLC-UV analysis of fractions

The fractions collected during flash separation were analyzed
with a HPLC-UV system composed of two ECOM ALPHA
10 PLUS solvent pumps and detector UV-VIS EXOM
Sapphire 600. The device was equipped with a 20 µL injection
loop, KINETEX® 5 μm EVO C18 (100 Å, 150 mm × 4.6 mm)
column and controlled by computer with Lp-Chrom® (Lipo-
pharm.pl) software. From every 4th glass tube, 200 µL of
fraction was diluted fivefold in MeOH and injected for
analysis. The mobile phase (consisting of 15% water with 0.1%
(v/v) HCOOH and 85% MeCN with 0.1% (v/v) HCOOH) was
pumped with 1 mL/min flow in isocratic mode. 8 min was enough
to elute all SU homologues from the column. The fractions
containing one pure homologue were combined while the
multicomponent fractions were rejected.

2.5 LC-MS analysis of surfactin homologues

Analyses were performed on Shimadzu LCMS-8040 system
equipped with an ESI ion source and triple quadrupole mass
detector. As the stationary phase Cortex C18 column (sizes:
4.6 mm × 50 mm, 2.7 µm) was used. During the experiment, the
column was heated to 40°C and samples were kept at 10°C. Mobile
phases were MeCN with 0.1% (v/v) HCOOH and water with 0.1%
(v/v) HCOOH. The separation method was 10 min long with
1 mL/min flow rate of mobile phase and injection volume equal
to 4 µL. The starting eluent was mixture 1:1 of MeCN and water
and during the separation, the acetonitrile content was increasing.
For the homologues’ purity assay the analyzed mass range was
990–1,100 m/z in positive ion mode. The ion source temperature
was set to 600°C, cone voltage 25 V and capillary voltage 0.8 kV.
The desolvation gas was nitrogen. For fragmentation experiments,
the collision energies (with argon as the collision gas) were
optimized for every homologue in order to obtain the best mass
spectrum.

2.6 Hydrolysis of surfactin

10 mg of each SU homologue was placed in glass ampoule with
1 mL of 6 MHCl(aq), flushed with gaseous N2 and capped by melting
the glass. The hydrolysis was conducted for 24 h in 110°C. Then the
hydrolysates were transferred to 10 mL glass tubes, diluted with
3 mL portions of distilled water and extracted thrice with 3 mL
aliquots of diethyl ether. Organic extracts were combined and
evaporated under N2 stream to give samples containing β-
hydroxy-fatty acids. Water layers were lyophilized in order to
obtain white, solid residues for amino acids analysis.

2.7 GC-MS analysis of fatty acids

Extracted β-hydroxy-fatty acids were derivatized in order to
obtain methyl esters (You et al., 2015). Each sample was combined
with 1 mL of 10% H2SO4 in MeOH, vortexed and incubated for 6 h
in 55°C. Then after cooling down esters were extracted with diethyl
ether (3 mL × 3 mL), dried and dissolved in 1 mL of methanol to be
analyzed on Shimadzu GC-MS system (Shimadzu GC-MS TQ 8040)
equipped with Zebron ZB-5MSi capillary column (30 m ×
0.32 mm × 0.25 µm) with helium as a carrier gas (flow rate set to
1 mL/min). The column temperature was initially held at 60°C for
3min, then elevated to 260°C at a rate of 8°C/min andmaintained for
10 min. The EI ion source temperature was set at 220°C with 70 eV
of ionization energy. The injection was performed at 250°C with
sample volume equal to 5 μL at split ratio 20:1. The results were
compared with the NIST11 Database.

2.8 HPLC-UV analysis of fatty acids

Amino acids were derivatized with phenylisothiocyanate (PITC)
in order to obtain UV-absorbing products separatable on C18

column (Gonzalez-Castro et al., 1997). 0.3 mg of each sample
isolated after hydrolysis was placed in glass vial and dissolved
with 50 µL of redrying mixture (methanol-water-triethylamine 2:
1:1 [v/v]). Solvents were removed under vacuum pump
(160–180 mbar) and solid residue was mixed with 30 µL of
derivatizing agent (methanol-water-triethylamine-PITC 7:1:1:1
[v/v/v/v]). After vortexing reaction was left for 20 min at room
temperature and then placed under vacuum (160–180 mbar) for 4 h
in order to remove solvents and derivatization byproducts. Dried
samples were suspended in 300 µL of injection mixture (0.1 M
phosphate buffer pH = 7.5 with 5% acetonitrile). Suspension was
vortexed, agitated in ultrasound bath and centrifuged at 9050 G for
4 min before injection (10 µL). Analyzes were performed on
ArcAcquity HPLC-UV system (Waters) equipped with Waters
Pico-Tag column (300 mm × 3.9 mm; 4 µm) held at constant
temperature 30°C. Eluent A was an aqueous 0.14 M sodium
acetate with addition of triethylamine (0.5 mL/L) and pH set to
6.2 with glacial acetic acid. Eluent B was acetonitrile-water (40:60
[v/v]). The mobile phase flow and gradient were taken from
(Gonzalez-Castro et al., 1997). Measured results were compared
to the standards: L-Glu (E), L-Asp (D), L-Val (V), L-Leu (L) and
L-Ile (I). The UV detector was set to 254 nm which is wavelength in
absorption band of PITC phenyl ring.
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2.9 Gibbs isotherms measurement

The surface tension measurements were performed at 295 ±
0.1 K using a Krüss K12 microprocessor tensiometer (Krüss,
Hamburg, Germany) equipped with a du Nouy Pt-Ir ring
(resolution ±0.01 mN/m). The surface tension data were obtained
as the arithmetic mean of the values received from two independent
runs; the data were reproducible within ±0.2 mN/m. From the data,
the values of adsorption properties were calculated.

2.10 DLS measurement

Measurements were conducted at 298 K, using a Zetaseizer
Nano Series (Malvern Instruments) equipped with
ALV5000 multi-τ autocorrelator and He-Ne laser (632.8 nm) as a
light source. The detection angle was set to 173° and samples were
placed in disposable folded capillary cells (DTS1070) produced by
Malvern Instruments. Each SU homologue was prepared as a
solution of concentration equal to 10 × CMC, filtered through a
0.22 µm nylon syringe filter, placed in the measurement cell and left
overnight to equilibrate before measurement. Analyses were
performed in three runs and one run consisted of at least
10 measurements, and the obtained data is expressed as an
average quantity with standard deviation. Due to the low
solubility of pure SU in water, all measurements were done in
0.05 M TRIS×HCl (pH = 8.5).

2.11 TEM imaging

The transmission electron microscopy (TEM) imaging was
performed using a FEI Tecnai G2 XTWIN transmission electron
microscope (FEI, Hillsboro, OR, United States. The samples were
prepared by placing a small amount of diluted suspension on a Cu-
Ni grid and stained with 2% uranyl acetate before shooting. The size
distribution plots were fitted using a Gaussian curve approximation.

2.12 DFT calculations

Computational techniques based on density functional theory
(DFT) have been an effective tool for studying various chemical,
biochemical or environmental problems (Ćwieląg-Piasecka et al.,
2017; Rodríguez-Blanco et al., 2020; Witwicki et al., 2020; Witwicki
et al., 2021; Cao et al., 2022; DeepikaVerma et al., 2022; Gorb et al.,
2022) In our work, DFT calculations were conducted with the
ORCA 5 suite of programs (Neese, 2012; Neese et al., 2020;
Neese, 2022). In all DFT calculations, the resolution of the
identity approximation (Neese, 2003; Kossmann and Neese, 2009;
Neese et al., 2009), the dispersion correction with the Becke-Johnson
damping scheme (D3BJ) (Grimme et al., 2010; Grimme et al., 2011),
the conductor-like polarizable continuum model (CPCM) (Barone
and Cossi, 1998) to cover solvent (water) effects, and the def2 basis
sets (Weigend and Ahlrichs, 2005) in combination with the
appropriate auxiliary basis set (def2/J) (Weigend, 2006) were
used. Initial structures for geometry optimizations were generated
using the genetic algorithm with the initial population of

200 conformers as implemented in OpenBabel 2.4.0 (O’Boyle
et al., 2011). The geometry optimizations were carried out using
the gradient-corrected functional BP86 (Perdew, 1986; Becke, 1988),
which provides accurate molecular structures (Neese et al., 2010;
Witwicki, 2015), the basis set def2-SVP, the tight SCF convergence
criteria (TightSCF) and the default scheme for numerical integration
(DefGrid2). Each of the stationary points was fully characterized as a
true minimum through a vibrational analysis. On these molecular
structures, single-point calculations were conducted with the hybrid
functional B3LYP (Lee et al., 1988; Becke, 1993; Stephens et al.,
1994), the basis set def2-TZVP, tightened SCF convergence criteria
(VeryTightSCF) and increased accuracy of numerical integration
(DefGrid3).

Electron density from these single-point calculations was
analyzed with the Multiwfn 3.8dev code (Lu and Chen, 2012a).
The electrostatic potential (EP) was studied on the van der Waals
(vdW) surface defined as an electron density equal to 0.001 au. Such
an approach to EP has been demonstrated to reflect accurately the
possible electrostatic interaction between a molecule and other
molecules (Bader et al., 1987; Lu and Chen, 2012b; Liu et al.,
2021). Quantitative molecular surface analysis was carried out
using the improved Marching Tetrahedra algorithm (Liu et al.,
2021). EP was evaluated by regrouping the expression in terms of
primitive Gaussian orbitals with identical angular momentum types
and nuclei centers (Zhang and Lu, 2021). Molecular polarity index
(MPI) was calculated as described in the literature (Liu et al., 2021).
Visualizations were done with a combination of Gabedit (Allouche,
2011) and POV-Ray (www.povray.org) software.

2.13 Emulsification index

Emulsification indexes were determined with a standard
method (Cooper and Goldenberg, 1987), where 6 mL
hydrophobic fraction was added to 4 mL of surfactant solution
of 150 mg/L concentration. Experiments were carried out in glass
tubes with dimensions of 15 mm (internal diameter), 100 mm
(length) and glass thickness of 1 mm. The bottoms were
rounded and tubes were screw capped. After mixing samples
were vortexed for 2 min at maximum speed and left to
equilibrate for 24 h. After 24 h, the heights of the layers were
measured (oil, emulsion, water and overall). In order to calculate
E24, the height of the emulsion layer was divided by the overall
sample’s height and expressed in percent:

E24 � hemulsion

hoverall
p 100% (1)

2.14 Contact angle assay

All samples were analyzed with the use of two different surfaces,
glass (hydrophilic) and plastic - polyethylene (hydrophobic). In the
experiments, solutions with 0.11 mg/mL concentrations of pure
homologues in 0.05 M TRIS×HCl buffer (pH = 8.5) were
prepared and placed on the surface as one droplet. Contact
angles were measured with Kruss DSA 100 in standard
conditions (273 K, 1,013 hPa) for hanging droplets.

Frontiers in Bioengineering and Biotechnology frontiersin.org04

Bochynek et al. 10.3389/fbioe.2023.1211319

22

http://www.povray.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1211319


3 Results and discussion

3.1 Flash chromatography

SU derived from microbial fermentation is a mixture of
homologues (Figure 1A) which is typically purified via preparative-
HPLC to obtain pure homologues with low yields (Peypoux et al., 1991;
Kowall et al., 1998; Kracht et al., 1999; Kim et al., 2009). The first trials
with flash chromatography involved a water-acetonitrile system as a
mobile phase and C18 resin with particles sizes 100Å and 30 µM.
However, due to the low solubility of pure SU in water dissolving even
1 g of analyte in 5 mL of initial mobile phase was impossible. For this
reason, the water was replaced with a phosphate buffer with a
concentration of 20 mM and pH stabilized at 6.5. This solution
allowed to dissolve more than 3 g of SU in the injected volume
(5 mL). First, the separations were tested in an isocratic mode with
different mobile phase composition ratios. This approach turned out to
be ineffective due to the very long separation time. Therefore, the
method was modified and a gradient was introduced in which the
concentration of acetonitrile increases with time starting from initial
30% (v/v). The gradient was optimized by multiple attempts to separate
the SU into homologues shown in the chromatogram (Figure 1B).
Using a column containing 120 g of C18 resin, it is possible to inject 3.2 g
of SU in 5 mL of initial mobile phase and, as a result, isolate pure
homologues C13, C14 and C15 in amounts exceeding 100 mg. In
addition, it is possible to isolate the C12 homologue, but in much
smaller amounts due to its low content in the injected sample. Isolated
fractions were analyzed with HPLC-UV apparatus in order to
determine their compositions. All fractions containing pure
homologues were combined and subjected to further isolation from
mobile phase (described in materials and methods). Finally,
homologues with over 99% purity were obtained. To our knowledge,
this method is the most efficient way to isolate pure SU homologues
enabling physiochemical and biological characterization (Peypoux et al.,
1991; Kowall et al., 1998; Kracht et al., 1999; Kim et al., 2009).

3.2 Structural analysis of isolated
homologues

SU compounds are a group of molecules that exhibit structural
variability. First, they can form homologous series due to differences in
the number of carbon atoms in β-hydroxy-fatty acid chains.
Additionally, particular homologues can form isomers, as fatty acid
moieties can exist in three branching patterns (n-, iso-, and anteiso-).
Finally, analogues of surfactin can be distinguished based on differences
in the amino acid substitution within the heptapeptide ring. Given the
above facts, determining the exact structure of the particular SU
homologue is not an easy challenge. Attempts similar to ours have
been made in the past by, for example, (Grangemard et al., 1997) who
characterized new variants of this compound. Their strategy was based
on use of the NMR for β-hydroxy fatty acid branching determination,
GC-MS in order to obtain information about its length and HPLC-UV
for measurement of amino acids composition (Arutchelvi et al., 2009).
have determined structures of homologues based on the HPLC-UV of
amino acids and LC-MS measurement of molar masses but their
strategy do not recognize the difference between homologue C12

with ELLLDLL and C13 ELLVDLL which have the same masses. To
fully elucidate the structures of the isolated homologues, we initially
assessed their purity using LC-MS in positive ion scanning mode,
within the mass-to-charge ratio (m/z) range of 990–1,100 (Figure 2). In
an electrospray ion source, surfactin gives adducts with protons [M +
H]+, sodium cations [M + Na]+ and potassium cations [M + K]+, so the
expected m/z values of all homologues (listed in Table 2) are covered by
the measured range (Tang et al., 2010; Bartal et al., 2018; Sun et al.,
2019). The results proved high purity of the isolated surfactin
homologues, shown by the pseudomolecular ions’ masses. In the
cases of C13 and C15, single peaks were observed, but further
analyses (GC-MS) have shown that their asymmetric shapes are
caused by the overlapping of peaks indicating two different isomers.
For C12 and C14, mixtures of two isomers were measured–pair of peaks
with the same m/z (994.5 for C12 and 1022.6 for C14).

FIGURE 1
(A) composition of surfactin’s mixture with m/z values; (B) Flash separation chromatogram with marked fraction collection.

Frontiers in Bioengineering and Biotechnology frontiersin.org05

Bochynek et al. 10.3389/fbioe.2023.1211319

23

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1211319


In most cases of surfactin production, the sequence of peptide
ring is the same for all homologues produced in one batch, but there
are some examples in literature showing that, for example, leucine
(L) from 2nd position can be replaced with isoleucine (I), valine (V)
from 4th position can be replaced with L or alanine (A), and L from
7th position can be replaced with I or V (Bartal et al., 2018; Hu et al.,
2019). Therefore, to determine the amino acid sequences, MS/MS
experiments were done. The first step was the selection of proper
collision energies to obtain the best fragmentation patterns. It turned
out that the longer the homologue, the higher the collision energy
necessary, and finally −35 V was used for C12 and C13, and -40 V for
C14 and C15 homologues. In all cases, the following m/z

fragmentation pattern was observed: 685.2 > 554.2 > 441.2 >
328.4. The m/z = 685.2 is the product of the ring opening and
cleavage of the β-hydroxy-fatty acid and the glutamic acid (E), so the
resulting ion is [LLVDLL]+. Then, after the loss of the water
molecule and N-terminal L, the [LVDLL]+ ion is formed (m/z =
554.2). Removal of the C-terminal L gives the [LLVDL]+ ion with m/
z = 441.2. The last fragmentation reaction involves cleavage of the
N-terminal L, resulting in the formation of an ion with m/z = 328.2
(Figure 3) (Ishigami et al., 1995; Tang et al., 2010). Such a
fragmentation pattern was observed for all the analyzed
homologues, indicating that the 4th position is V, and the 2nd
position is either L or I, as mass spectrometry cannot distinguish

FIGURE 2
LC-MS scan mode chromatograms of purified fractions.

TABLE 2 Surfactin homologues molecular masses and m/z values of pseudomolecular ions.

Homologue Molecular mass [Da] m/z for [M + H]+ m/z for [M + Na]+ m/z for [M + K]+

C12 993.5 994.5 1,016.5 1,032.5

C13 1,007.6 1,008.6 1,030.6 1,046.6

C14 1,021.6 1,022.6 1,044.6 1,060.6

C15 1,035.6 1,036.6 1,058.6 1,074.6
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between these two amino acids. Therefore, amino acid content
analysis using HPLC-UV was performed.

In order to exclude or prove I presence in the heptapeptide ring
of SU’s homologues, samples were hydrolyzed to amino acids and
derivatized with the PITC (Bidlingmeyer et al., 1984). HPLC-UV
results obtained for amino acid standards provided retention times:
4.20 min – aspartic acid (D), 4.88 min – glutamic acid (E), 20.42 min
- valine (V), 24.33 min - isoleucine (I) and 24.70 min - leucine (L).
These values compared with chromatograms measured for
hydrolyzed homologues have shown an absence of I in all the
homologues (chromatogram for C15 as an example shown in
Figure 4). This means that all analyzed samples have sequence
ELLVDLL, and the only structural differences between homologues
are β-hydroxy-fatty acids. Between E and V peaks there are two non-
identified peaks which are impurities (side products from
derivatization of D and E, which were also observed in the
standards’ chromatograms). Integrals for E and D peaks are
much lower than for V due to its weaker detector response
factor, which is a known observation (Gonzalez-Castro et al.,
1997). For V and L, the detector response factor is almost the

same and the ratio between their peaks’ areas is near 1:4, which is
consistent with SU’s ring sequence where there are 4 L and 1 V.

To elucidate entire homologues’ structures, β-hydroxy-fatty
acids’ branching had to be determined. According to the
literature, it can be stated that in cases of even numbers of
carbon atoms in a homologue, the pair of n- and iso- isomers is
produced. Odd numbered homologues form iso- and anteiso- pairs,
which means that C12 has n- and iso- isomers, and C15 has iso- and
anteiso- isomers (Kowall et al., 1998; Zhao et al., 2012) From the GC-
MS with EI ion source measurement of fatty acids, pairs of isomers
can be distinguished based on the value of I43/I57 index (Figure 5).
The iso- chain, as a direct product of fragmentation, forms a
secondary carbocation CH3

+CH(CH3), and in the case of the n-
chain, the direct product is a primary carbocation +CH2CH2CH3,
which then rearranges to the secondary one (CH3

+CH(CH3). Thus,
fragmentation to m/z = 43 for iso- chain is more preferable than for
n-. For this reason, iso-branched fatty acid gives higher I43/I57 than
n-. The anteiso- chain gives a direct fragmentation product
CH3CH2

+CH(CH3) with m/z = 57, so its I43/I57 ratio will be
lower than for iso-. It means that for the analyzed surfactin’s

FIGURE 3
Fragmentation pattern observed on MS spectrum.

FIGURE 4
Example HPLC-UV analysis of PITC derivatized hydrolysates (measured for C15).
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β-hydroxy-fatty acid isomers, this method can be used (Yang et al.,
2007). The most stable fragmentation products are presented in
Figure 5. GC-MS chromatograms (Figure 5) show two peaks for all

homologues, which means that two different isomers are present in
all the tested samples. I43/I57 analysis for the obtained pairs shows
that in the case of C12 and C14, the first peak is a linear chain (n-),

FIGURE 5
GC-MS analysis of β-hydroxy fatty acids in SU’s homologues and calculated I34/I57 indexes.

FIGURE 6
(A) equilibrium surface tension (γ) as a function of surfactant concentration; and (B) standard free energy of adsorption (ΔG0

ads) a critical micelle
concentration (CMC), of SU homologues as a function of the number of carbon atoms in the alkyl chain.
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and the second peak is iso-branched because the calculated index for
iso- is higher than for n-. For C13 and C15, there are iso- and anteiso-
isomers, with the first peak on the GC-MS chromatogram
corresponding to the iso-branched isomer. It was also observed
that the retention times of iso- and anteiso- isomer pairs vary less
compared to n- and iso- isomer pairs. As a result, the LC-MS
chromatograms of iso- and anteiso- isomer pairs exhibit a single
asymmetric peak, in contrast to the two separated peaks observed in
the case of n- and iso- isomer pairs.

3.3 Gibbs isotherms measurement

The equilibrium surface tension isotherms for solutions of SU
homologues in 0.05 M TRIS×HCl buffer (pH = 8.5) are shown in
Figure 6A. The interfacial behavior of the SU homologues was
studied through surface tension measurements performed at a
wide range of surfactant concentrations. The surface tension
isotherms and the adsorption parameters derived from the
surface tension data were calculated. Classic interfacial behavior
was observed as the surface tension decreases as the surfactant
concentration increases. Once the minimum is reached, further
addition of surfactant no longer changes the surface tension, so
that the critical micelle concentration can be determined
(Figure 6A).

The determined CMCs allow one to calculate the change of
standard free energies of micellization (a measure of the tendency
to form micelles), and reached 0.35, 0.24, 0.17, 0.08 mmol/L for
C12, C13, C14, and C15, respectively. In any homologous series of
surfactants, CMC regularly decreases with increasing
hydrocarbon chain length and with increasing surfactant
surface activity. This is because of Traube’s rule, which says
that in a homologous series of surfactants, each additional
methylene group reduces the molar concentration required to
reduce the surface tension of water by a factor of three. It means
that for diluted solutions of surfactants belonging to one
homologous series, in order to obtain the same reduction in
the surface tension of the solution, three times lower molar
concentration of the surfactant should be used compared to
the compound containing one less methylene group in the
hydrocarbon chain. It means that adding a methylene group
reduces the CMC by a factor -log(1/3) = 2. However,
deviations from this rule are possible, because it was
formulated for simple compounds (such as aliphatic alcohols
acids or esters) what should be noted during analysis of
macromolecular compounds. Moreover, Traube’s results were
approximate since he used not sufficiently low concentrations
to obtain linear part of the relation between concentration and
surface tension. For the aliphatic alcohols and esters that factor
was placed in the range of 2.7–3.2. It was also shown that for
longer homologues that factor ranged from 1.2 to 5.8. Further
research proved that Traube factor decreases for the compounds
of high molecular weights (Traube, 1940). The development of
that Traube’s theory with more concentrated solutions gave
factors in the wider range 2.5–4.1 (Ward, 1946). Taking into
consideration abovementioned deviations it can be stated that our
CMC values giving factors in pairs C12-C14 and C13-C15 equal to
2 and 3 agree with theory. Ignoring the differences in the shapes of

the branching patterns obtained factors are: C12-C13 (1.5) C13-C14

(1.4), C14-C15 (2.1). Figure 6B shows how the CMC value is
influenced by the structure of the surfactant tail (its length)—
the longer the alkyl chain, the lower the CMC value (Ueno et al.,
1981). Determined CMC values agrees with the results of similar
assays presented in literature (Arutchelvi et al., 2009). determined
the CMC of crude surfactin isolated from YB7 strain of B. subtilis
equal to 0.040 mmol/L in water basified with addition of NaOH.
That value for mixture of homologues is lower than our
determination for C15 but there is important difference in the
buffering system. CMC values of surfactin measured in presence
of Na+ ions are significantly lower than in their absence (Li, Ye,
et al., 2009). Also our not presented results have shown that in
0.01 PBS containing sodium salts CMC of C15 was measured to
0.020 mmol/L what is 4 times lower value than in 0.05 M
TRIS×HCl (Zou et al., 2010). have measured CMC
0.015 mmol/L for C15 homologue in 0.01 M PBS what agrees
our 0.020 mmol/L. Moreover the (Arutchelvi et al., 2009) do
not specify the purity of isolated surfactin. The homologues are
identified but their structures are not elucidated in exhaustive
way. There is no clarity if compound described as C13 homologue
is C13 with ELLDVLL peptide ring sequence of C12 with ELLDLLL.
Nevertheless, the determined quantity is of the same order of
magnitude. Similar results (CMC = 50 mmol/L) were published
for surfactin standard purchased from Sigma and measured in
PBS buffer (Shen et al., 2010). Another example is measurement of
CMC for C16 homologue without the specified β-hydroxy fatty
acid branching pattern (Li, Ye, et al., 2009). The experiment was
conducted in the same buffer as in our assay and the author’s result is
0.025 mmol/L. This is in accordance with Traube’s rule and the
tendency of the CMC to decrease with the elongation of the
homolog molecule (Liu et al., 2008). presented CMC value
0.062 mmol/L for C12 homologue with the ELLVDLL sequence
isolated with 90% purity. The measurement was conducted in
0.01M PBS so the CMC was influenced by Na+ ions. Moreover,
the chromatogram presented in article suggests presence of longer
homologues in the 10% of impurities which may have additionally
diminish the CMC. The CMC for C17 homologue measured in 0.01M
PBS by (Qin et al., 2023) was 0.004 mmol/L which also agrees with the
Traube rule and the tendency to lower the micellization concentration
with addition of following methylene groups and presence of Na+

ions. The presence of branches in the chain has an impact on ΔG0
ads,,

causing its decrease due to the steric hindrance to aggregate in bulk
(Varadaraj et al., 1992). The surface activities, measured as ΔG0

ads,
were obtained from the equation:

ΔG0
ads � −0.45 nC + 5.17 (2)

Surface activity’s increase with the length of the alkyl chain was
observed and its dependence on the number of carbon atoms in the
alkyl chain for SU appears to be linear (Figure 6A):

The obtained surface tension data were used to calculate the
characteristic adsorption parameters from the Gibbs adsorption
equation:

Γ∞ � − 1
nRT

dγ

dln c
(3)

where Γ [mol/m2] is the surfactant surface excess concentration, γ
[mN/m] is the surface tension, c [M] is the surfactant concentration,
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R [J/(mol K)] is the gas constant and T [K] is the absolute
temperature. The minimum surface area demand per molecule,
Amin, was calculated from the equation:

Amin � 1
NaΓ∞

(4)

where NA is the Avogadro number. The values of the obtained
parameters for the investigated surfactants are shown in Table 3.
Our results of Amin agrees with literature. (Shen et al., 2009) have
determined experimentally 147 Å2 with SANS and compared it to
the Gibbs equation results obtained in non specified buffer system

(132 Å2) by (Maget-Dana and Ptak, 1995). The values shown
increasing tendency with elongation of homologue chain within
C12,C14 and C15. The difference between C12 and C13 is negligible.

ΔG0
ads � −2, 303RTpC20 (5)

where pC20 is surface adsorption efficiency as the negative logarithm
of bulk surfactant concentration C20 required to reduce the surface
tension of water by 20 mN/m. The more negative the ΔG0

ads values,
the greater the tendency for the surfactant to adsorb at the air/water
interface. Thus, the values of ΔG0

ads in Table 1 show that an increased
length of hydrocarbon chain promotes greater adsorption activity.

TABLE 3 Adsorption parameters of surfactin homologues.

Homologues γmin [mN/m] 106 Γ∞ [mol/m2] 1020 Amin [Å2] pC20 [M] -ΔG0
ads [kJ/mol] CMC [mmol/L]

C12 32.2 2.57 149 2.43*10−4 20.41 0.35

C13 30.0 2.60 147 9.13*10−5 22.81 0.24

C14 28.5 2.50 153 3.11*10−5 25.43 0.17

C15 27.6 2.45 156 9.79*10−6 28.29 0.08

FIGURE 7
DLS results: (A) size distribution in terms of volume for C13 (3 replicates); (B) size distribution in terms of number for C13 (3 replicates); (C)
comparison of homologues’ hydrodynamic diameters; (D) comparison of homologues’ correlograms (overlay of 3measurements for every homologue).
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3.4 DLS measurement

Pure surfactin in form of protonated acids is insoluble in water,
so DLS measurements were conducted in 0.05 TRIS×HCl buffer
(pH = 8.5) which is typically used to observe single micelles without
aggregates (Li, Zou, et al., 2009; Jauregi et al., 2013). Homologues
were analyzed in order to determine hydrodynamic diameters of
formed micelles. Size distributions by relative intensities and relative
number were compared. In the case of all four homologues, the
relative intensity distribution shows two populations, a weak peak
for sizes 4–6 nm (single micelles) and a three times higher peak for
aggregates with over 100 nm (shown on Figures 7A, B with C13 as an
example). Recorded signal is much stronger for big aggregates than
for small ones. The light scattering strongly depends on the volume
of particles: the big ones give a strong signal even in small amounts
because the radius cubed gives the volume (Abe, 2019) So compared
to the distribution by number (where only single micelles are
observed), it can be stated that single micelles are the major
population of the sample (Han et al., 2008). The measured sizes
ranged from 4.7 nm (for C12) to 5.7 nm (for C15) (Table 4 exp. DLS).
Similar sizes were reported for SU mixture by other authors (Han
et al., 2008; Zou et al., 2010; Jauregi et al., 2013) but there is no
available data about pure homologues micellar sizes set together.
Comparison of results regarding the homologue chain length
showed a linear dependence, where the diameter of the micelles
increases with the increase of the number of carbon atoms
(Figure 7C). Such observation was expected based on other
research done on homologues of surfactants (Gracia et al., 2004;
Lewińska et al., 2014). From C12 to C15, the micelles become less
spherical and more oval, which is confirmed by measured

correlograms (three for every homologue) showing a decrease in
correlation coefficient (CC) with an increase of carbon atom number
in the homologue (Figure 7D). So far, the published data on SU
mixture micelles provides observation of cylindrical shapes in
pH 9.5 which moved to the spherical and ellipsoidal ones after
NaCl and CaCl2 addition (Knoblich et al., 1995). It shows that the
shape of SU’s aggregate is environment-dependent. The presence of
complexing cations can promote formation of higher order
aggregates. It could explain why in the PBS and NaHCO3 large
(about 100 nm) aggregates are measured instead of single micelles
(Li, Zou, et al., 2009; Liu et al., 2015). Such big aggregates were also
observed in other assays as, for example, (Arutchelvi et al., 2014)
where the sizes distribution for mixture of surfactins was
investigated. Populations of 180 nm and 800 nm sizes were
observed and explained with formation of vesicles and large
aggregates (Zou et al., 2010). also shows the presence of
aggregates different than single micelles described as large fractal
ones based on the small angle neutron scattering and freeze-fracture
transmission electron microscopy data. Their presence is explained
by the hydrogen bonds formation between peptide rings of surfactin.

In order to prove the decrease in spherical shape of single
micelles, the correlograms were compared. The value of
correlation coefficient in DLS measurement provides information
about the quality of the measured data. The lower its value in t0, the
lower the correlation of measured scattered light (Goldburg, 1999).
An ideal and practically unattainable situation is CC equal 1, but in
reality, every measurement with CC above 0.8 is adopted as high-
quality data. In homologous series, it can be observed that for C12

and C13 CC values are good, but for C14 the CC value decreases, and
for C15 it reaches the lowest level. Additionally, for C12, C13 and C14,

TABLE 4 Properties of examined micellar systems predicted at the DFT theory level: molecular polarity indexes (MPI), minimal (EPmin) and maximal (EPmax) values
of electrostatic potential, micelle diameters (dmic), molecular volumes of monomeric SU (Vmon), micelle.

MPI [kcal/mol] EPmax [kcal/mol] EPmin [kcal/mol] dmic [nm] Vmon [nm3] Vmic [nm3] Nagg

C12 anteiso- 78.2 1.85 −182.39 3.84 1.33 29.89 22

iso- 77.9 1.85 −182.35 3.86 1.34 30.26 23

n- 77.5 1.82 −182.32 4.12 1.34 36.61 27

exp from DLS — — — 4.7 — — —

C13 anteiso- 77.0 1.78 −182.29 4.12 1.36 36.45 27

iso- 76.9 1.71 −182.24 4.14 1.36 37.29 27

n- 76.6 1.82 −182.33 4.34 1.36 42.68 31

exp from DLS — — — 5.0 — — —

C14 anteiso- 76.1 1.82 −182.27 4.36 1.38 43.57 31

iso- 76.0 1.89 −182.28 4.32 1.38 42.41 31

n- 75.7 1.78 −182.31 4.60 1.39 50.87 37

exp from DLS — — — 5.2 — — —

C15 anteiso- 75.2 1.64 −182.24 4.62 1.41 51.87 37

iso- 75.0 1.67 −182.26 4.62 1.41 51.33 36

n- 74.8 1.80 −182.33 4.82 1.41 58.74 42

exp from DLS — — — 5.7 — — —
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all three replicates of correlograms are identical, while for C15 they
vary, which suggests variations in measurements resulting most
probably from the change in shape. DLS is a method dedicated for
spherical nanoparticles, so every difference in shape causes higher
variation of measurement (Pecora, 2000; Stetefeld et al., 2016).
Moreover, irregular shapes can cause overestimation of the
hydrodynamic diameters due to the stronger light scattering of
the bigger dimension. This effect can be additionally enhanced
by the hydration shell (Varga et al., 2020). The observation of
sphericity disturbance with increasing length of the homologue
was supported by TEM observations and the results of DFT
calculations.

3.5 TEM

Transmission electron microscopy was used to investigate the
morphology of the obtained micelles (Figure 8). TEM imaging
revealed quasi-spherical shapes. A subtle change of shape from
spherical to eliptic with increasing length of hydrophobic chain was
observed. The observed sizes, after considering the contrast layer,
were in reasonable agreement with the DLS measurements. Some
differences could have resulted from the different sample
preparation processes and different measurement techniques.

The change of spherical to more cylindrical shape of micelles
formed by SU homologues with growing hydrophobic tail from C12

to C15 is most probably due to a combination of three factors:
increased hydrophobic interaction between the tails, decrease in
CMC, and decreased curvature of the micelle surface (formation of
lager micelles). The spherical shape of micelles formed by
surfactants is a delicate balance between the hydrophobic and
hydrophilic properties of the surfactant molecules. As the
hydrophobic tail of a surfactant molecule grows from C12 to C15,
the hydrophobic interaction between the tails becomes stronger. In a
spherical micelle, the hydrophobic tails are arranged radially around
the center of the micelle, with the hydrophilic head groups facing
outward. This arrangement maximizes the surface area of the
hydrophobic tails that can be shielded from the aqueous
environment, while minimizing the surface area of the
hydrophilic head groups that are exposed to water. As the
hydrophobic tail grows longer, they occupy bigger volumes
leading to increased hydrophobic interaction between the tails,
which can cause the surfactant molecules to pack more tightly,

reducing overall or local curvature of the micelle surface (changing
shape and diameter, which has grown from 4.7 to 5.7 nm).
Additionally, the increase in the size of the hydrophobic tail
leads to a decrease in the critical micelle concentration CMC
(from 0.35 to 0.08 M). As the CMC decreases, the concentration
of surfactant molecules in solution increases, contributing to the
formation of larger micelles, which may have a more cylindrical
shape.

3.6 DFT computations

We performed all the DFT computations for the anionic form of
SU (deprotonated carboxyl groups of Glu and Asp) because the DLS
experiments were performed in TRIS×HCl buffer (pH = 8.5).

All the SU homologues are highly asymmetric systems and have
non-zero dipole moment. To illustrate the polarity of SU, we
calculated molecular polarity index (MPI), which is a descriptor
expressed as (Liu et al., 2021):

MPI � 1
A

∫∫
S
V r( )|dS (6)

where A and V(r) refer to the area of van der Waals (vdW) surface
and the value of EP at a point r in space, respectively. In eq. X6, the
integration is performed over the whole molecular vdW surface (S).
The calculated MPI values of the SU homologues are listed in
Table 4 and are found to be in the range 74.8–78.2 kcal/mol. The
MPI value decreases with the β-hydroxy fatty acid length and is
always slightly lower for anteiso- and iso- than for n- isomer. The
polarity of SU is high since the predictedMPI values are significantly
higher in comparison with the corresponding indexes reported
previously for model nonpolar systems, that is 2.6, 6.7, and
8.4 kcal/mol for ethane, ethene, and benzene, respectively (Liu
et al., 2021). They evince that the electrostatic interaction
between SU and other polar molecules should be fairly strong.
However, local polarity in the SU molecules should vary because
all heteroatoms are distributed only in the peptide ring. An
electrostatic potential (EP) map should be an efficient tool for
illustrating the local SU polarity.

The isosurface maps of the EP for three isomers of C12 are shown
in Figure 9. From these isosurfaces, it can be seen that most regions
of SU show negative EP, as expected for an anionic molecule, in
contrast to polar neutral molecules for which clear positive and

FIGURE 8
TEM imaging of surfactin homologues micelles and shape comparison.
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negative zones are expected (Lewińska et al., 2021). Although the EP
is generally negative, its distribution is strongly irregular, with the
minimal (EPmin) and maximal (EPmax) values of ca. −182 and
+2 kcal/mol, respectively. The EPmin and EPmax values are given
in Table 4.

In SU, the most negative regions are circular and surround
oxygen atoms in the peptide ring. As discussed by Durán-Álvarez
et al. (Durán-Álvarez et al., 2016), such a strong charge localization
reflects a hard electrostatic nature of atoms being the primary charge
carriers in SU. The flow of negative charge to the hydrophobic tails
and aliphatic side-chains of amino acid L residues is strongly limited.
The lack of significant negative charge on the fatty acid tails shows
that, even in its anionic form, SU preserves its amphiphilic structure
responsible for its surface and biological activities.

The approximate size of the SU micellar aggregates was
estimated using the DFT calculations (Table 4). The micelle
diameter (dmic) at the DFT level was approximated as the longest
distance between two carbon atoms in optimized molecular
structures of the SU homologues. The predicted dmic values
increase with the hydrophobic chain length from 3.84 nm for
a-C12 to 4.82 nm for n-C15. Hence, the SU micelle diameter can
be directly controlled by the number of carbon atoms in the β-
hydroxy fatty acid chain. A similar phenomenon was observed, for
instance, for the homologous series of fluorinated (Matsuoka et al.,
2006; Matsuoka et al., 2007) and di-N-oxide surfactants (Lewińska
et al., 2012; Lewińska et al., 2014). Although this rule seems to be
taken for granted, several exceptions have been reported. For
example, the tendency for the micelle diameter to increase with
the number of carbon atoms in the aliphatic chain was not observed
for divalent cationic surfactants composed of fluorocarbons and
double quaternary ammonium groups (Matsuoka et al., 2011).

The predicted dmic values for all isomers of each homologue are
noticeably underestimated compared to the DLS results. However, it is

important to acknowledge certain limitations when comparing the
results of quantum mechanical calculations with DLS measurements.
DLS directly measures hydrodynamic quantities, such as translational
and/or rotational diffusion coefficients, which are then related to size
and shape through theoretical relationships (Pecora, 2000; Lim et al.,
2013). As a result, DLS measurements provide hydrodynamic
diameter that can be significantly larger than the geometric particle
diameter obtained from DFT predictions, due to the inclusion of
possible solvation layers, for instance. It is worth noting that particle
diameters determined by DLS are frequently larger than those
obtained using other experimental techniques (Lim et al., 2013;
Souza et al., 2016). In the case of the SU micelles studied here,
which were measured in TRIS×HCl buffer (pH = 8.5), the difference
between the DFT and DLS diameter is expected to be further
magnified due to the incorporation of relatively large, protonated
tris(hydroxymethyl)aminomethane molecules into the layer around
the micelles to balance the negative charge of aggregating
deprotonated surfactin. Additionally, the discrepancy between
theory and experiment may also be influenced by the anisotropic
shape of the micelles, as we observed their slightly elliptical shape by
TEM imaging (Figure 8).

We attempted to estimate aggregation numbers (Nagg) at the
DFT theory level, assuming a spherical shape of the micellar
aggregates, because the divergence from a perfect sphere could
not be quantitatively determined. First, the micelle volumes
(Vmic) were calculated from the equation:

Vmic
DFT � 4

3
· π · 1

2
dmic

DFT( )
3

(7)

leading to the simple expression for Nagg:

Nagg � VDFT
mic

VDFT
mon

(8)

FIGURE 9
Isosurface maps of the EP for three isomers of C12 homologue (isovalue 0.001 au) calculated with the functional B3LYP and basis set def2-TZVP.
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Previously, the molecular volumes of the hydrated monomers
(Vmon) were computed using numerical Monte Carlo (MC)
integration with a density contour of 0.001 au (Ferreira et al.,
2010; Lewińska et al., 2012; Lewińska et al., 2014). Although the
high accuracy of this procedure has been demonstrated, in this work
we used the Marching Tetrahedra algorithm (Lu and Chen, 2012b)
for computation of Vmon instead of repeated random sampling of
MC methods.

We found that the differences between the molecular
structures of the peptide ring are insubstantial between
different SU homologues and their isomers. Thus, the
calculated dmic, Vmon and Vmic values mainly depend on the
fatty acid chain length. As a result, the Nagg number is always the
highest for the n-isomer for each isoform. The number of
surfactin molecules building a single micelle is predicted to
increase significantly when the fatty acid chain is extended,
for instance, from 23 for i-C12 to 36 for i-C15, or from 27 for
n-C12 to 42 for n-C15.

To put this result into perspective, we can compare it with
the rise in Nagg on the number of carbon atoms in the aliphatic
chain reported for two-headed single-chain di-N-oxide
surfactants of the Cn(DAPANO)2 and Cn-MEDA series
(Lewińska et al., 2012; Lewińska et al., 2014). For
Cn(DAPANO)2 Nagg increases from 33 for n = 10 to 91 for
n = 16, while for Cn-MEDA it increases from 49 for n = 10 to
99 for n = 16. The rise in aggregation number for dicephalic di-
N-oxide surfactants is significantly greater in comparison with
SU. Although these dicephalic surfactants have a relatively large
hydrophilic end, they are noticeably smaller and less
hydrophilic in comparison with SU. These inimitable
structural features of SU result in several unique properties
of their aggregate states, such as a lowered aggregate size and
aggregation number.

Our theoretical analysis demonstrates that the aggregation
numbers for SU micelles are significantly smaller compared to
those of typical surfactants, as evidenced by the comparison with
Cn(DAPANO)2 and Cn-MEDA in the preceding paragraph.
Therefore, it is crucial to compare these theoretical findings
with experimental values obtained from small angle neutron
scattering (SANS). Shen et al. investigated the SU mixture with
varying β-hydroxy fatty acid chains, produced by the strain
BBK006 bacteria, and reported an aggregation number of 20 ±
5 (Shen et al., 2009). It is important to note that in the SU mixture
used by Shen et al., the dominant homologue was C13. Zou et al.
studied the [Glu1, Asp5]-C15 isoform from B. subtilis HSO121 and
found the SU aggregation number to be “unbelievably small” (less
than 20), which they considered to be similar to the results of Shen
et al. (Zou et al., 2010). A direct comparison between theory and
the SANS experiments is difficult due to the influence of
experimental conditions such as pH or the presence of various
homologues in the SU mixture on Nagg. Nevertheless, our DFT
calculations, based on the molecular volumes derived from
electron density and the micelle diameters obtained from
molecular structures of SU molecules, consistently yield small
values for Nagg. They align well with the experimental results,
particularly our prediction of Nagg = 27 for iso-C13, which closely
resembles the Nagg = 20 ± 5 reported by Shen et al. (Shen et al.,
2009).

3.7 Contact angle assay

The wettability of the solution in relation to the surface with
which it is in contact can be determined by measurement of the
contact angles (Luner et al., 1996; Zhang et al., 2010). Contact angle
is the angle between the contact plane and the tangent line to the
droplet derived from the contact point of the three phases, solid,
liquid and gas. If the measured value is lower than 90°, it means that
the analyzed liquid prefers to develop the surface of contact with a
solid, so it has good wetting properties. In the opposite situation,
when the angle is higher than 90°, it means that the solution avoids
contact with the surface and wetting is weak (Mohammadi et al.,
2004; Lamour et al., 2010). For the contact angle assay, two types of
surfaces were used, glass (as the hydrophilic one) and
polyethylene–PE (as the hydrophobic one) and the results are
shown in Figure 10. Concentration of 0.11 mg/mL of SU’s
homologues was tested in 0.05 M TRIS×HCl (pH = 8.5), and the
buffer was measured as the control sample. For PE, the contact angle
was reduced to about 50° from 71.4° depending on homologue. This
means that SU improves wettability by 30%, which is comparable
with sodium dodecyl sulphate, whose minimum contact angle in a
water-polyethylene system is between 50° and 60° (Maſko et al.,
2016). The strongest effect was recorded for C14 resulting in 46.9°,
and C13 (50.7°), the weakest for C12 (74.8°). C15 (58.4°) was between
them. In the case of glass, the pattern was similar–the strongest effect
was measured for C14 (33.7°), while C13 and C15 were not
significantly different (39.2° and 40.0°) and C12 (51.2°) was the
weakest one. SU’s wetting ability in contact with glass can be
compared to the Triton-TX165, whose water solution gives
minimum contact angle equal to 36° (Szymczyk and Jańczuk,
2008). One would expect that the contact angle values would
decrease with increasing force of the surface tension reduction of
the homologues, and therefore in the order C12 < C13 < C14 < C15.
Indeed, the weakest wettability is observed for the C12 homologue,
but in the case of C13, C14 and C15, the recorded differences are small.
C14 shows the best wetting ability, C13 and C15 slightly lower. This is
consistent with other literature reports, where, for example, the
wettability angles for sodium dodecyl sulphate and sodium
hexadecyl sulphate (which differ in as many as four carbon
atoms) were compared and the same insignificant differences
were shown (Zdziennicka et al., 2003). An interesting fact is that
the quantitative distribution of homologues in a natural mixture of
surfactin correlates with the strength of wetting ability. It can be seen
from Figure 1A that the most abundant homologue is C14, then C15

and C13, whose quantities are similar. C12, having the weakest
wetting properties, is the least abundant. One of the natural
functions of SU is an improvement of biofilm formation, which
is important in the expansion of B. subtilis in the environment (Bais
et al., 2004; Leclère et al., 2006; López et al., 2009) High wetting
ability can be a crucial parameter for the growth of biofilm and
gliding, so the C14 homologue as the most effective agent is produced
in the highest quantities. SU is produced by bacteria species,
including some strains known to exhibit gliding motility. Gliding
motility is a form of bacterial movement that allows cells to move
smoothly and rapidly along a solid surface without the use of flagella.
The mechanism of gliding is still not completely understood. One of
the proposed mechanisms is the “slime propulsion” model, which
suggests that gliding motility is driven by the flow of a slimy
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extracellular matrix that is produced by the bacteria where contact
angle and surface tension may be a partial driving force of the flow.

The results indicate that SU can be effectively used as a wetting
agent, with its mixture showing similar efficacy to that of the pure
homologues when applied immediately after microbial production.
Moreover, the low toxicity, biodegradability, and biocompatibility of
SU (de Oliveira et al., 2017) make it a promising candidate for various
applications, such as the removal of hydrophobic environmental
pollutants (Mulligan, 2005; Wang et al., 2020; Meena et al., 2021).

3.8 Emulsification indexes (E24)

In order to compare emulsification ability of particular
homologues, emulsification indexes were determined for different

hydrophobic phases. The tested substances were kerosene, toluene,
n-hexane, cyclohexane, dichloromethane and petroleum ether.
Results obtained for the homologues (Figure 11) completely
disagreed with their measured surface tension reduction abilities,
which is consistent with previous research done on biosurfactants
(Cooper and Goldenberg, 1987; Menezes Bento et al., 2005). In
addition, the one strongest homologue was not observed. The
intensity of emulsification was different for the tested
hydrophobic phases and, for example, C14 was the most efficient
emulsifier in the case of petroleum ether (37.3%) but the worst one
in the case of n-hexane (23.6%) and cyclohexane (27.5%). C15 was
the best emulsifier for n-hexane (45.0%) and cyclohexane (65.2%),
and worst in the case of kerosene (50.8%), toluene (20.0%) and
dichloromethane (26.9%). The best overall emulsification strength
of SU was observed for kerosene (about 60%), toluene, cyclohexane

FIGURE 10
Contact angle assay results.

FIGURE 11
Emulsification indexes determined for SU homologues.
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and dichloromethane (about 70%). Emulsification indexes of
n-hexane and petroleum ether were the worst. E24 determined
for the native mixture of homologues (non-separated sample)
was not the average value of its ingredients. This means that
contributions of particular homologues to the overall effect is not
equal. However, several dependencies have been observed.
Petroleum ether is a fraction of oil distilled in the temperature
range of 40°C–60°C and forms the mixture of pentane and hexane
isomers. In relation to this substance, C15 shows a much higher
EI24 than the other homologues, while showing amuch lower ability
to homogenize toluene. This means that the length of the homologue
may be important for the homogenization of aliphatic and aromatic
compounds - shorter ones are more effective against aromatic
hydrocarbons. Kerosene, which is distilled from oil at
temperatures of 170°C–250°C, contains mainly C12-C15 alkanes
and is much more effectively emulsified by all surfactin samples
than petroleum ether. This means that surfactin has better
emulsifying properties than alkanes with long hydrocarbon
chains. Taking into account its structure, it makes sense, because
the interaction with non-polar phases is mediated by hydrophobic
chains of β-hydroxy fatty acids, the lengths of which are closer to
those of kerosene than petroleum ether. Short hydrophobic chains
are present in the amino acid ring, but a partial electrostatic charge
bearing peptide bond and D and E residues prevent them from
interacting with hydrophobic substances. There is also a noticeable
difference between the group C12-C14 and C15 in the E24 for
dichloromethane, shorter homologues show a higher efficiency
against halogen derivatives. In addition, for all homologues, a
better ability to emulsify cyclohexane than hexane is observed,
which means that, in general, surfactin is more likely to form an
emulsion from cyclic hydrocarbons. The known fact is that SU
homologue composition strongly depends on the environmental
factors (Bartal et al., 2018). Emulsification of nonpolar substances is
the way to make them more bioavailable for bacteria. It is possible
that depending on the surrounding’s properties, Bacillus produces
homologues with different compositions in order to emulsify
hydrophobic materials since they have various emulsifying
potentials.

4 Conclusion

Flash chromatography has proven to be the most effective
method for separating SU homologues. Using this technique, we
obtained C13, C14, and C15 homologues with yields of over 100 mg
from a single injection. We also isolated small amounts of C12 for
comparative analysis. LC-MS and GC-MS analyses confirmed that
the obtained compound samples were homologue pairs. Using
Gibbs isotherms, we compared the surface tension reduction
ability and CMC values, and found that C15 was the strongest
surfactant molecule, with increasing surface activity observed
with increasing homologue length. TEM, DLS, and DFT
techniques were used to describe the micellization behavior,
revealing that the less spherical the micelle, the more carbon
atoms present in the homologue, with hydrodynamic diameters
ranging from 4.7 to 5.7 nm between C12 and C15. Computational
data obtained with DFT showed that SU has a very low aggregation
number. Based on isosurface maps, we concluded that SU molecules

have a large polar surface area and a relatively small hydrophobic
moiety, suggesting that SU, when aggregating, contributes more to
the formation of the micelle surface than to its internal volume.

The usefulness of surfactants relates to micelle formation, as
these aggregates are responsible for the washing effect. A low
aggregation number means that fewer molecules are necessary to
form a micelle, and thus, a surfactant with a lower aggregation
number at the same concentration is a more powerful washing agent
compared to one with a high aggregation number. To describe the
functional properties of the homologues, we investigated contact
angles and emulsification indexes, finding that the strength of
surface reduction did not consistently correlate with wetting
ability or emulsification capability. C14 was the most abundant
homologue in the natural mixture and the best wetting agent
according to our contact angle assay results. This homologue is
likely produced in abundance due to its positive impact on Bacillus
biofilm formation. However, the contribution to gliding motility is
not the only function of SU. Bacillus can secrete SU into the
environment to emulsify hydrophobic substances and make them
more bioavailable. From the E24 analysis, we observed that there is
no consistent rule among homologues in emulsification strength.
The peptide chain enables a multitude of interactions with other
compounds, and different homologues have various emulsifying
efficiencies with tested substances, indicating that an SU mixture
containing small amounts of various homologues improves Bacillus’
ability to cope with environmental conditions due to better
emulsifying ability than a single structure.

This point of view allows us to understand the significance of SU
for the producing organism better. It appears that SU is not only one
of the strongest known biosurfactants with high utility value but also
a powerful tool for the succession of bacteria in its environment. The
published methodology, based on SU, can be applied to other similar
structures of cyclic lipopeptides, allowing for a better understanding
of their structure-properties relationship.
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Introduction: B. velezensis strains are of interest in agricultural applications due to
their beneficial interactions with plants, notable through their antimicrobial
activity. The biocontrol ability of two new lipopeptides-producing B. velezensis
strains ES1-02 and EFSO2-04, against fungal phytopathogens of Diaporthe spp.,
was evaluated and compared with reference strains QST713 and FZB42. All strains
were found to be effective against the plant pathogens, with the new strains
showing comparable antifungal activity to QST713 and slightly lower activity than
FZB42.

Methods: Lipopeptides and their isoforms were identified by high-performance
thin-layer chromatography (HPTLC) and mass spectrometric measurements. The
associated antifungal influences were determined in direct in vitro antagonistic
dual culture assays, and the inhibitory growth effects on Diaporthe spp. as
representatives of phytopathogenic fungi were determined. The effects on
bacterial physiology of selected B. velezensis strains were analyzed by mass
spectrometric proteomic analyses using nano-LC-MS/MS.

Results and Discussion: Lipopeptide production analysis revealed that all strains
produced surfactin, and one lipopeptide of the iturin family, including bacillomycin
L by ES1-02 and EFSO2-04, while QST713 and FZB42 produced iturin A and
bacillomycin D, respectively. Fengycin production was however only detected in
the reference strains. As a result of co-incubation of strain ES1-02 with the
antagonistic phytopathogen D. longicolla, an increase in surfactin production
of up to 10-fold was observed, making stress induction due to competitors an
attractive strategy for surfactin bioproduction. An associated global proteome
analysis showed a more detailed overview about the adaptation and response
mechanisms of B. velezensis, including an increased abundance of proteins
associated with the biosynthesis of antimicrobial compounds. Furthermore,
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higher abundance was determined for proteins associated with oxidative,
nitrosative, and general stress response. In contrast, proteins involved in
phosphate uptake, amino acid transport, and translation were decreased in
abundance. Altogether, this study provides new insights into the physiological
adaptation of lipopeptide-producing B. velezensis strains, which show the potential
for use as biocontrol agents with respect to phytopathogenic fungi.

KEYWORDS

antifungal, Bacillus, biocontrol, lipopeptides, surfactin, phytopathogens, proteomics

1 Introduction

Plant pathogens pose a threat to food security and agricultural
activities due to their ability to cause diseases in economically
important crops, leading to low yields and possible crop failure.
Phytopathogenic fungi are particularly problematic as they are
soilborne and have a diverse host range, making them difficult to
control (Summerell et al., 2007; Hazarika et al., 2019). In current
agricultural practice, chemical pesticides are widely used to control
plant pathogens. However, chemical control agents can have
significant impacts on the environment. In addition, the use of
chemical fungicides may have other unintended effects, such as
development of resistance by pathogens (Ongena and Jacques,
2008; González-Jaramillo et al., 2017). Alternative measures with
less environmental impact are therefore desirable for the control of
plant pathogens, making microbial agents with antagonistic activity a
promising option (Fravel, 2005). In this context, Bacillus velezensis
strains are of relevance for biocontrol due to their well-documented
positive interaction with plants through antimicrobial activities and
induction of systemic resistance (Cawoy et al., 2015). In addition, they
show plant growth-promoting activities through mechanisms of
nitrogen fixation, phosphorus solubilization (Oleńska et al., 2020;
Castaldi et al., 2021), regulation of plant hormone production and
reduction of abiotic stress through biofilm formation (Bhat et al.,
2020). Furthermore, B. velezensis produces a variety of potent
antimicrobial compounds, including cyclic lipopeptides (LPs). LPs
provide direct protection to plants through disease suppression via
antibiosis (Meena and Kanwar, 2015) and indirectly through induced
systemic resistance (ISR), which acts by stimulation of early immune
response and activation of defense mechanisms (Pršić and Ongena,
2020; Tsotetsi et al., 2022).

LPs are broadly classified into three families of surfactin, iturin
and fengycin. Structurally, surfactin and iturin are heptapeptides,
while fengycin is a decapeptide linked to a fatty acid chain (Ongena
and Jacques, 2008). The ribosomally independent biosynthesis of
LPs is based on multi-modular mega-enzymes known as non-
ribosomal peptide synthetases (NRPSs) or hybrids of polyketide
synthases and non-ribosomal peptide synthetases (PKSs-NRPSs)
(Walsh, 2014). LPs are often synthesized as a mixture of homologues
and isoforms differing in the length of the fatty acid chain and in the
composition of the amino acids of the peptide sequences (Płaza et al.,
2015; Akintayo et al., 2022). The composition of LPs, the
distribution of isoforms, as well as the length of the fatty acid
chain could affect their biological activity (Juhaniewicz-Dębin et al.,
2020). It is also assumed that an additional effect on the activity is
achieved when more than one LP family is present, and when
lipopeptides are synthesized alongside other antimicrobial

compounds (Lilge et al., 2022). Surfactin has been reported with
extensive antibacterial, antifungal and antiviral activity, while iturin
and fengycin have been associated mostly with antifungal activity
(Ongena and Jacques, 2008; Vahidinasab et al., 2022).

While considerable effort has been devoted to studying the
direct antagonistic activity of Bacillus strains, there is very little
understanding of the broader molecular mechanisms involved in the
adaptation, stress response, and offensive strategies adopted by
B. velezensis when co-localized with fungal phytopathogens.
Insight into this important aspect can be gained by investigating
the global proteomic response of B. velezensis to fungal plant
pathogens.

The current study investigates the LP production capacity and
antifungal potential of B. velezensis strains ES1-02 and EFSO2-04 in
comparison with established B. velezensis biocontrol strains
QST713 and FZB42. The B. velezensis strains were used to
antagonize Diaporthe spp. which are notorious fungal pathogens
of economically important crops such as soybeans, sunflowers,
grapes, and citrus fruits (Hosseini et al., 2020). The molecular
strategies of the promising B. velezensis strain ES1-02 to co-
localization and antagonism of the phytopathogen D. longicolla
were examined in greater details via proteomic analysis. In this
way, the proteomic adaptation of a B. velezensis biocontrol strain in
the presence of a phytopathogen provides information on the
physiology of Bacillus strains for use in agriculture.

2 Material and methods

2.1 Microorganisms used in the study and
cultivation procedures

All bacterial and fungal strains used in this work are described in
Supplementary Table S1. The bacterial strains were stored at −80°C
using 50% (v/v) glycerol. Fungi were maintained on acidified potato
dextrose agar plates (APDA) at 10°C and were sub-cultured regularly at
room temperature (24°C ± 1°C). The B. velezensis isolates ES1-02 and
EFSO2-04 are deposited in the National Collection of Industrial Food
and Marine Bacteria (NCIMB), UK, with identification numbers
NCIMB 15453 and NCIMB 15455, respectively.

2.2 Detection of LP biosynthetic genes

Genes encoding LP synthesis, including srfAA, ituB, fenA, and
fenD were screened by PCR method. The primers used for the PCR
reactions, except ituB (Dunlap et al., 2019), were designed from the
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conserved gene region of the genes with information received from
multiple sequence alignments of gene sequences obtained from
GenBank using Clustal Omega (EMBL-EBI, Hinxton, Cambridge,
UK). PCR reaction was performed using PEQSTAR Thermal Cycler
(VWR International GmbH, Darmstadt, Germany). The PCR
product was purified using a QIAGEN QIAquick PCR
Purification kit (QIAGEN AB, Kista, Sweden), and then
sequenced (Eurofins Genomics, Ebersberg, Germany). All primers
used in this work are listed in Supplementary Table S2.

2.3 Liquid chromatography–mass
spectrometry (LC–MS) for LP analysis

LC–MS analysis of LPs was performed on a 1290 UHPLC system
(Agilent, Waldbronn, Germany) coupled to a Q-Exactive Plus
Orbitrap mass spectrometer equipped with a heated electrospray
ionization (HESI) source (Thermo Fisher Scientific GmbH,
Braunschweig, Germany). LPs were separated on an Eclipse
C18 column (Agilent, Waldbronn, Germany; 2.1 mm × 50 mm,
1.8 μm particle size). The column temperature was maintained at
40°C. Samples were dissolved in methanol and 5 µL of each sample
was injected. Mobile phase A was 0.1% formic acid in water, and
mobile phase B was 0.1% formic acid in acetonitrile. A constant flow
rate of 0.3 mL/min was used, and gradient elution was performed as
follows: 10%–50% B from 1 to 5 min, 50%–95% B from 5 to 15 min,
isocratic at 95% B from 15 to 20 min, the system was returned to
initial conditions from 95% B to 10% B from 20 to 22 min.

The HESI source was operated in positive ion mode, with a
capillary voltage of 4.2 kV and an ion transfer capillary temperature
of 360°C. The sheath gas flow rate and auxiliary gas flow rate were set
to 60 and 20, respectively. The S-Lens RF level was 50%. The
Q-Exactive Plus mass spectrometer was calibrated externally in
positive ion mode using the manufacturers calibration solutions
(Pierce, Thermo Fisher Scientific GmbH, Braunschweig, Germany).
Mass spectra were acquired in MS mode within the mass range of
500–1700m/z at a resolution of 70,000 FWHM (Full Width at Half
Maximum) using an Automatic Gain Control (AGC) target of 1.0 ×
106 and 100 ms maximum ion injection time. Data dependent MS/
MS spectra in a mass range of 200–2000m/z were generated for the
five most abundant precursor ions with a resolution of
17,500 FWHM using an AGC target of 3.0 × 106 and 120 ms
maximum ion injection time and a stepped collision energy of
15, 30 and 45. Xcalibur™ software version 4.3.73 (Thermo Fisher
Scientific, San Jose, United States) was used for data acquisition and
data analysis. Commercial standards of surfactin, fengycin and
iturin A (all from Sigma-Aldrich, Seelze, Germany) were used as
reference for LP identification in B. velezensis strains.

2.4 Cultivation of B. velezensis strains in
mineral salt medium (MSM)

For preparation of pre-cultures, 100 µL of a glycerol stock was
inoculated into 10 mL of LB medium (5 g/L tryptone, 10 g/L NaCl,
10 g/L yeast extract) in 100 mL baffled shake flasks and cultivated
overnight at 37 °C and 120 rpm using a shaking incubator
(Newbrunswick™/Innova® 44, Eppendorf AG, Hamburg,

Germany). Subsequently, second precultures prepared with 25 mL
mineral salt medium (MSM) in 250 mL shake flasks were inoculated
with the first precultures to a starting optical density (OD600) of
0.1 and incubated for approx. 16 h. The main cultivation was carried
out in 50 mLMSM in 500 mL shake flasks representing a 10% filling
volume which has been demonstrated to provide sufficient oxygen
availability for an aerated bioprocess (Hoffmann et al., 2021). The
main cultivations were inoculated with the second precultures to a
starting OD600 of 0.1. MSMwas prepared according toWillenbacher
et al. (2015) with slight modification. The medium contained 8 g/L
glucose, 4.0 µM Na2EDTA× 2 H2O, 7 µM CaCl2, 4 µM FeSO4, 1 µM
MnSO4, 50 mM Urea, 30 mM KH2PO4, 40 mM Na2HPO4 and
800 µM MgSO4. All cultivations were carried out in three
biological replicates at 37°C and 0.4 g (orbit of 5.1 cm, shaking
frequency of 120 rpm) in an incubation shaker (Innova 44®R,
Eppendorf AG). Samples were taken at regular interval and the
OD600 measured using a spectrophotometer (WPA CO8000,
Biochrom Ltf., Cambridge, UK). The samples were subsequently
centrifuged at 7,164 g and 4°C for 10 min and cells were removed.
The supernatants were stored at −20°C until further processing.

2.5 Extraction of LPs and sample analysis by
high-performance thin-layer
chromatography (HPTLC)

LPs were extracted according to Geissler et al. (2019). In brief, a
threefold extraction of 2 mL of cell-free broth with 2 mL of a mixture of
chloroform/methanol (2:1; v/v) was conducted. The pooled solvent
layers were evaporated to dryness via a rotary evaporator (RVC2-
25 Cdplus, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode
am Harz, Germany) at 10 mbar and 40°C. LPs were analyzed with an
HPTLC system (CAMAG, Muttenz, Switzerland) according to a
method described by Geissler et al. (2019) with little modification.
In detail, dried samples were re-suspended in 2 mL of methanol and
applied as 6 mm bands on HPTLC silica gel 60 plates (Merck,
Darmstadt, Germany). A two-step development was performed for
the simultaneous quantification of surfactin, iturin/bacillomycin and
fengycin. The first development was performed with a mixture of
chloroform/methanol/water (65:25:4; v/v/v) as the mobile phase, and a
developing distance of 60 mm, while the second development was
carried out using the mobile phase butanol/ethanol/0.1% acetic acid (1:
4:1; v/v/v) over a migration distance of 60 mm as well. To detect and
quantify surfactin and iturin/bacillomycin, plates were scanned after the
first development, while fengycin was quantified after second
development. All LPs were scanned at UV 195 nm. Surfactin, iturin
and fengycin standards (Sigma-Aldrich, St. Louis, United States) were
used for calibration.

2.6 Physiological data analysis

Prior to data analysis, OD600/cell dry weight (CDW) conversion
factor was determined as described by (Geissler et al., 2019). CDW,
glucose concentration, and LP (surfactin, iturin or bacillomycin, and
fengycin) titers at sampling time point were plotted. The yield of
biomass per substrate YX/S (g/g), product per biomass YP/S (g/g),
growth rate (μ), and specific productivity qP/X (gproduct/gCDW h) were
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determined with the equations below. YP/S, YP/X and qP/X were
determined at the maximum LPs (surfactin, iturin, bacillomycin or
fengycin [Pmax]) concentrations, while YX/S was determined at the
maximum CDW. ΔS is the change in substrate between the time
point at which a value was calculated and the beginning of
cultivation (t0). Δt is change in time (h) between the point of
calculated value and t0. The YX/S was determined at the
maximum CDW, while YP/S and YP/X were analyzed at the
maximum product concentration. For the calculation of growth
rate, the time intervals between the start of cultivation and the time
point of highest CDW during the exponential phase were used. The
following analyses were done with equations reported by
(Klausmann et al., 2021).

YX/S �
X

ΔS (1)

YP/S �
Pmax

ΔS (2)

YP/X � Pmax

X
(3)

qP/X � Pmax

Xpmax pΔt (4)

µ � ln x2( ) − ln x1( )
Δt (5)

2.7 Direct in vitro antagonistic assay (dual
culture)

Antagonistic ability of each B. velezensis strain againstDiaporthe
spp. was evaluated using the dual culture technique. Therefore, a
B. velezensis strain was inoculated at one side of an APDA plate and
a 6 mm disc of an actively growing Diaporthe sp. was inoculated on
the opposite side of the plate and incubated at 25°C. Diaporthe
spp. inoculated on one side of the plate without co-inoculation of
B. velezensis strains were used as control. All experiments were done
in three biological replicates. Fungal growth was measured from day
5 to day 7. To determine the effects on Diaporthe spp. morphology
caused by co-incubation with B. velezensis strains, mycelial samples
taken from regions next to the inhibition zone were examined under
light microscope. The mycelia taken from the edge of the growing
fungal in the control plates were also examined.

Antifungal activity was expressed as percentage growth
inhibition and was calculated with the following equation.

Inhibition � Rc –Ri

Rc
[ ]p100% (6)

In this context, Ri is the distance (mm) from the point of
inoculation towards the edge of the colony in dual culture, and
Rc is the corresponding distance (mm) of mycelium determined in
the control.

2.8 Detection of LP concentration in APDA
plates

Agar plugs of approximately 500 mg were taken from the
inhibition zones using a cork borer. To de-structure the agar and

prepare for homogenization, agar plugs were frozen overnight
at −20°C. Subsequently, 1 mL sterile distilled water was added to
the agar and homogenized with a mechanical homogenizer
(MICCRA MiniBatch D-9, MICCRA GmbH, Heitersheim,
Germany) at 11,000 rpm for 2 min and afterwards mixed
thoroughly by vortexing. Subsequently, LPs were extracted and
quantitatively measured by HPTLC.

2.9 Sample preparation for proteome
analysis

B. velezensis strain ES1-02 was co-cultivated with D. longicolla
DPC_HOH20 on APDA plates as previously described. A control
experiment was set up with ES1-02 cultivated alone on APDA plates.
The experiments were set up in seven biological replicates. After
5 days of cultivation with a visible zone of inhibition between
bacteria and fungi, the edge of the bacterial colony next to the
inhibition zone was gently scraped with a sterile loop and
immediately put in 40 µL lysis buffer (2% SDS, 50 mM Tris-HCl
pH 6.8, 20 mM DTT). In the control experiment, samples were
collected at the edge of the growing ES1-02 colonies after 5 days of
cultivation and put into lysis buffer.

2.10 Protein extraction, on-bead digest, and
peptide purification for proteome analysis

Bacterial samples in lysis buffer were subsequently heated for 5 min
at 95°C and 700 rpm in a ThermoMixer® (Eppendorf ThermoMixer® C,
Hamburg, Germany). After centrifugation at 20,000 g for 5 min, protein
concentrations of the cleared supernatants were determined by the
Bradford assay (Bradford, 1976) and adjusted to a protein concentration
of 1 μg/μL using Tris-HCl (pH 8.5) and lysis buffer. In total, 28 µL of
cleared lysate was reduced and alkylated (10 mMTris-(2-Carboxyethyl)
phosphine (TCEP), 40 mMchloroacetamide (CAA) for 30 min at room
temperature in the dark and proteins were subsequently extracted by
single-pot solid-phase-enhanced sample preparation (SP3; 1:1 mixture
of SpeedBeads™ magnetic carboxylate modified particles 50 mg/mL;
Cytiva; CAT No: 45152105050250 and 65152105050250) (Hughes
et al., 2014). A volume of 10 µL of activated SP3 Bead-Mix and
ethanol to a final concentration of 80% was added to the sample
and incubated for 5 min at room temperature. Samples were mounted
on a magnetic rack and briefly washed three times with 80% ethanol in
50 mM Tris/HCl (pH 8.5).

Proteins were digested on the SP3 beads in 0.2% sodium-
deoxycholate (SDC), 50 mM ammonium bicarbonate using
trypsin (Roche, Penzberg, Germany) and LysC (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) in a 1:100 and 1:
200 protein to protease ratio, respectively. The protein digest was
performed for 20 h at 36°C and 800 rpm. The digest was stopped by
adding formic acid (FA) and acetonitrile (ACN) to the samples at
final concentrations of 0.5% FA and 96% ACN. Samples were
washed on a magnetic rack three times with 98% ACN and
0.05% FA. Peptides were eluted from the beads with water and
lyophilized in a vacuum concentrator (Concentrator plus,
Eppendorf, Hamburg, Germany). Peptides were solubilized in
0.1% trifluoroacetic acid (TFA) prior to LC-MS/MS analysis.
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2.11 Nano-LC-MS/MS proteome analysis

Nano-LC-ESI-MS/MS experiments were performed on an
Ultimate 3,000 nano-RSLC (Thermo Fisher Scientific, Germering,
Germany) coupled to an Exploris 480 mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany) using a Nanospray-Flex ion
source (Thermo Fisher Scientific, Bremen, Germany). Peptides were
concentrated and desalted on a trap column (5 mm × 30 μm,
Thermo Fisher Scientific, Dreieich, Germany) and separated on a
25 cm × 75 µm nanoEase MZHSS T3 reversed phase column (100 Å
pore size, 1.8 µm particle size, Waters, Milforf, MA, United States of
America) operated at constant temperature of 35°C. Peptides were
separated at a flow rate of 300 nL/min using a gradient with the
following profile: 2%–8% solvent B for 4 min, 8%–16% solvent B for
22 min, 16%–30% solvent B for 11 min, 30%–95% solvent B for
4 min, isocratic 95% solvent B for 4 min and 95%–2% solvent B for
5 min. Solvents used were 0.1% FA (solvent A) and 0.1% FA in
ACN/H2O (80/20, v/v, solvent B).

MS spectra (m/z = 300–1,500) were detected in the Orbitrap at a
resolution of 60,000 (m/z = 200). Maximum injection time (MIT) for
MS spectra was set to 50 ms, the AGC value was set to 3 × 106.
Internal calibration of the Orbitrap analyzer was performed using
lock-mass ions from ambient air as described by Olsen et al. (2005).

The MS was operating in data dependent mode selecting the top
25 highest abundant peptide precursor signals for fragmentation
(HCD, normalized collision energy of 30). For MS/MS analysis only
undetermined charge states and charge states from 2-5 of
considered; the monoisotopic precursor selection was set to
peptides and the minimum intensity threshold was set to 7.5 ×
104. MS/MS scans were performed in the Orbitrap at a resolution of
15,000, isolation width was set to 1.6 Da. The AGC target was set to
7 × 104, a maximum injection time (MIT) of 70 ms and a fixed first
mass of 120m/z. Dynamic exclusion was set to 60 s with a tolerance
of 10 ppm (parts per million).

2.12 MS data analysis and protein
quantification

Raw files were first processed with MaxQuant (Cox and Mann,
2008). Protein identification in MaxQuant was performed using the
integrated database search engine Andromeda (Cox et al., 2011). MS/
MS spectra were searched against the B. velenzensis protein sequence
database downloaded from UniProt (Bateman, 2019). Reversed
sequences as decoy database and common contaminant sequences
were added automatically by MaxQuant. Mass tolerances of 4.5 ppm
for MS spectra and 20 ppm for MS/MS spectra were used. Trypsin was
specified as enzyme and two missed cleavages were allowed.
Carbamidomethylation of cysteine was set as a fixed modification
and protein N-terminal acetylation and methionine oxidation were
allowed as variable modifications. The “match between runs” feature of
MaxQuant was enabled with a match time window of 1 minute and an
alignment time window of 20 min. Peptide false discovery rate (FDR)
and protein FDR thresholds were set to 0.01. Protein quantification in
MaxQuant was performed by label free quantification (LFQ) with a
LFQ minimum ratio count setting of one.

In a second data processing step, MaxQuant result files were fed
into the IceR R-package, for further re-quantification using default

settings (Kalxdorf et al., 2021). The pre-imputed IceR output file
containing LFQ intensities was further normalized according to the
median LFQ intensity of the sample and used subsequently for
differential expression analysis.

Welch´s t-test, principal component analysis (PCA), hierarchical
clustering and Volcano plots were performed using Perseus version
1.6.14.0 (Tyanova et al., 2016). Matches to contaminants (e.g., keratins,
trypsin) and reverse databases identified by MaxQuant were excluded
from further analysis. First, normalized LFQ values were
log2 transformed. Only protein groups with at least 40% valid values
in data set were considered for the statistical analysis. Remainingmissing
values were imputed by the “Replace missing values from normal
distribution” function (Width = 0.3, Down shift = 1.8) implemented
in Perseus drawing random numbers from a normal distribution
representing low abundance intensity values. Significant changes in
protein abundance were analyzed by a Welch’s t-test (two sided,
S0 = 1) and corrected for multiple hypothesis testing using
permutation-based FDR statistics (FDR = 0.05, 250 permutations).
For subsequent hierarchical cluster analysis of the significant
differential expressed proteins, imputed LFQ intensity values were
removed. The mass spectrometry proteomics data was deposited to
the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al.,
2022) partner repository with the dataset identifier PXD035016.

3 Results

3.1 Screening for genes encoding LP
biosynthesis

Since B. velezensis strains exhibit capability for producing a great
range of LPs, the genetic potential of B. velezensis strains ES1-02 and
EFSO2-04 was compared with reference strains QST713 and FZB42.
Specifically, srfAA genes from the srfA operon encoding the surfactin-
forming NRPS were amplified in all strains (Supplementary Table S3).
Futhermore, since B. velezensis strains are capable of producing
different variants of iturin-type LPs, the strains were screened for
specific genes encoding different LPs of the iturin class, such as
iturin A, bacillomycin L, and bacllomycin D. Therefore, a PCR
technique targeting iturin gene (ituB) was used to predict the strain-
specific nature of the iturin family of LP produced by each strain
(Dunlap et al., 2019). In brief, amino acids in positions 1 to 3 of the
peptide sequence within the LP are conserved in all iturin families, while
amino acids at positions 4 to 7 may be variable (Dunlap et al., 2019). In
the PCR approach, the binding site for a forward primer was located in
the conserved third NRPS module (third amino acid: AA#3), which
allowed integration of the D-asparagine for all three types of iturin
(iturin A, bacillomycin D and L). In contrast, the binding sites for the
reverse primers were different for each of iturin A, bacillomycin D and
bacillomycin L and were located on variable AA#4 modules (iturin
A–Gln, bacillomycin D–Pro, bacillomycin L–Ser). In this way,
predictions were made about which type of the iturin family is
encoded by each strain. In summary, ituB genes corresponding to
bacillomycin L were detected in the isolates ES1-02 and EFSO2-04,
while genes specifically encoding iturin A and bacillomycin D were
amplified in reference strains QST713 and FZB42, respectively
(Supplementary Table S3). With respect to fengycin, two genes
(fenA and fenD) were targeted for amplification in the fenABCDE

Frontiers in Bioengineering and Biotechnology frontiersin.org05

Akintayo et al. 10.3389/fbioe.2023.1228386

42

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1228386


operon. While fenA was amplified in all strains, the amplification of the
fenD gene was observed only in QST713 and FZB42.

3.2 Identification of LPs and their isoforms

While the detection of genes encoding for the production of LPs
provides information about the genetic potential of strains, the
production of these molecules needs to be determined by reliable

methods such as mass spectrometric (MS) analyses. This provides
information on the composition of the isoforms (congeners) and the
length of the fatty acid chains, which are important properties for
biological activities (Henry et al., 2011). The MS results showed that
at least two LP types were co-synthesized in each strain (Table 1).

Further details on the LP detection showed that surfactin,
composed of a mixture of C12 to C17 isoforms, was produced by
all four B. velezensis strains (Table 1) with the most abundant
isoforms being C14 for both reference strains and C15 for the

TABLE 1 Mass spectrometric identification of LPs and their isoforms.

Strain Surfactin Iturin family of LP Fengycin

ES1-02 Surfactin (C12–C17) Bacillomycin L (C13–C17) -

EFSO2-04 Surfactin (C12–C17) Bacillomycin L (C13–C17) -

QST713 Surfactin (C12–C17) Iturin A (C12–C17) Fengycin A (C14–C18)

Fengycin B (C14–C18)

Fengycin X (C15–C18)

Fengycin Y (C15)

FZB42 Surfactin (C12–C17) Bacillomycin D (C11–C17) Fengycin A (C14–C18)

Fengycin B (C15–C18)

Fengycin X (C16–C18)

Fengycin Y (C15)

FIGURE 1
Time courses of the strains ES1-02 (A), EFSO2-04 (B), QST713 (C) and FZB42 (D) were monitored for CDW (black crosses), glucose consumption
(yellow triangle) and production of surfactin (green dots), iturin/bacillomycin (red diamonds) and fengycin (blue squares).
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isolates, respectively, and C12 as the least abundant in all strains
(Supplementary Figure S1A). However, the iturin family LPs
produced by the strains differed in type and isoform
composition. In detail, strains ES1-02 and EFSO2-04 produced
bacillomycin L with fatty acid chain lengths from C13 to C17,
while QST713 synthesised iturin A with C12 to C17, and
FZB42 produced bacillomycin D isoforms from C11 to C17

(Table 1). Although the B. velezensis strains showed different
iturin production, C15 and C13 were the most and the least
abundant isoforms in all strains, respectively (Supplementary
Figure S1B). Fengycin synthesis was not detected in the isolates
ES1-02 and EFSO3-04, possibly due to shortened versions of the fen
operon as indicated by the non-detection of the fenD genes
(Supplementary Table S3). However, reference strains
QST713 and FZB42 synthesized fengycin groups A, B, X and Y
(Table 1) with varying isoform abundances (Supplementary Figure
S1C, D).

3.3 Growth behavior and quantification
of LPs

In order to get insights about both the cell growth and LP
production of the different B. velezensis strains, shake flask
cultivations were performed for 60 h at an initial glucose
concentration of 8 g/L. ES1-02 and EFSO2-04 reached
maximum CDW values of 4.6 and 4.1 g/L, respectively, after
18 h, while QST713 reached comparable maximum CDW values
of 4.6 g/L after a shorter cultivation time of 10 h. Strain FZB42,
however, achieved a lower maximum CDW of 1.5 g/L after 14 h
(Figure 1). Strains ES1-02, EFS02-04, and FZB42 showed growth
limitation before glucose was completely consumed, indicating
possible additional substrate limitation aside from glucose.
Growth limitations associated with nitrogen, phosphate or
trace element limitation have been reported in Bacillus
(Mahmood, 1972; Hu et al., 1999; Hoffmann et al., 2021), and
as such the impact on lipopeptide production should be a subject
of future investigation.

Regarding LP production, a surfactin titer of 97.4 mg/L after
18 h was measured for ES1-02, while EFSO2-04 produced an equal
amount of surfactin as FZB42 after at 79.9 mg/L after 60 h.
QST713 however produced 77.2 mg/L after 44 h. The highest
amount of bacillomycin L was detected in ES1-02 (4.2 mg/L)
after 44 h, while the highest amounts of iturin A and
bacillomycin D were achieved in QST713 (18.5 mg/L) and FZB42
(6.4 mg/L) after 60 and 34 h, respectively. Fengycin biosynthesis by
QST713 and FZB42 reached maximum of 62.8 after 44 h and
33.5 mg/L and 60 h, respectively.

To properly understand the performance of the strains, several
data analyses were performed based on cell growth and LP
production and the results summarized in Table 2.

Specifically, ES1-02 and EFSO2-04 showed comparable specific
growth rates of 0.08 h-1, while a higher specific growth rate of 0.15 h-1

was determined for QST713 and a lower rate of 0.03 h-1 for FZB42
(Table 2). Biomass yields on substrate Yx/s were similar for ES1-02,
EFSO2-04 and QST713. Similarly, ES1-02 showed a higher yield of
surfactin on substrate (0.012 g/g) compared to QST713 (0.010 g/g)
and FZB42 (0.010 g/g) but was inferior in terms of iturin/
bacillomycin yield on substrate. With regards to specific
productivities, higher surfactin values were recorded for
QST713 and FZB42, while EFSO2-O4 was superior in
bacillomycin/iturin.

3.4 Antifungal activity of B. velezensis strains
against phytopathogens Diaporthe spp.

Since the B. velezensis strains produced different LP
combinations with varying amounts and relative isoform
abundances, the applicability in terms of antifungal activity
against phytopathogens was investigated. For this purpose, the
soybean pathogens Diaporthe spp. were used as indicator strains.
Using the dual in vitro antagonistic assay, distinct zones of inhibition
were observed between the B. velezensis strains and the fungal
pathogens Diaporthe spp. after 7 days of co-incubation at room
temperature (Figure 2A).

TABLE 2 Overview of strains’ performance and lipopeptides production.

Strain LPs Pmax (mg/L) TimePmax (h) YP/X (g/g) YP/S (g/g) qP/X (g g-1 h-1) YX/S (g/g) μ (h/1) CDWmax (g/L)

ES1-02 Surfactin 97.4 18.0 0.02117 0.01218 0.00118 0.58 0.08 4.60

Bacillomycin L 4.2 44.0 0.00135 0.00053 0.00003

EFSO2-
04

Surfactin 79.9 66.0 0.03196 0.00999 0.00053 0.59 0.08 4.10

Bacillomycin L 3.1 8.0 0.00517 0.00517 0.00065

QST713 Surfactin 77.2 44.0 0.08578 0.00965 0.00195 0.58 0.15 4.60

Iturin A 18.5 60.0 0.02643 0.00231 0.00044

Fengycin 62.8 44.0 0.06978 0.00785 0.00159

FZB42 Surfactin 79.9 60.0 0.19975 0.00999 0.00333 0.25 0.03 1.50

Bacillomycin D 6.4 34.0 0.01067 0.00080 0.00031

Fengycin 33.5 60.0 0.08375 0.00419 0.00140
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In detail, B. velezensis strains ES1-02 and EFSO2-04 showed
inhibitory efficiencies comparable to the commercial biocontrol
strain QST713 with about 40% of inhibition against three of the
testDiaporthe spp. (DPC_HOH2, DPC_HOH7 and DPC_HOH15).
(Figure 2B). In contrast, higher inhibition activities were determined
for strain FZB42 against all Diaporthe spp. compared to the other
B. velezensis strains against the indicator pathogens (68.9% DPC_
HOH2, 66% DPC_HOH7, 69.6% DPC_HOH15% and 50.4% DPC_
HOH20). In more detail, strains ES1-01 and EFSO3-04 were the
most effective against DPC_HOH2, while QST713 showed the best
inhibitory effect against DPC_HOH2 and DPC_HOH15. Strain
FZB42, however, demonstrated the highest efficacy against DPC_
HOH15 (Figure 2B).

3.5 Effects on the morphology of
Diaporthe spp.

In order to evaluate the effects of the B. velezensis strains on the fungal
pathogens, microscopic examination of the fungal mycelia at the edges of
the inhibition zones was carried out. Morphological anomalies such as
enlargement of hyphae, swellings, formation of bulbs, or complete
disruption of mycelium were observed (Figure 3). In contrast, the
mycelium from the control experiments, in which the fungi were not
exposed to aB. velezensis strain, showedwell-developed hyphae (Figure 3).
In particular, swollen structures resembling vesicles were observed in
indicator pathogens DPC_HOH7 and DPC_HOH2 exposed to
B. velezensis isolates ES1-02 and EFSO2-04 as well as exposed to

FIGURE 2
Antagonistic activities of B. velezensis strains against Diaporthe spp. (A) Dual culture assay after 7 days of incubation (B) percentage inhibition of
Diaporthe spp. indicator strains (DPC_HOH2, DPC_HOH7, DPC_HOH15, and DPC_HOH20) by B. velezensis strains ES1-02, EFSO2-04, QST713, and
FZB42.
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reference strain QST713, respectively (Figure 3). The co-cultivation
approaches in this study thus show that an antifungal effect is already
present under native cultivation conditions and that no purification of the

LPs is necessary. This confirms the assumption that both reference strains
FZB42 andQST713 aswell as theB. velezensis isolates ES1-02 andEFSO2-
04 presented here can have a beneficial effect in agriculture.

FIGURE 3
Microscopic images showing the effects of co-incubation with B. velezensis strains ES1-02, EFSO2-04, QST713 and FZB42 on the mycelial
structures of the Diaporthe spp. indicator strains after 7 days of incubation.

FIGURE 4
(A) Concentrations of surfactin, iturin/bacillomycin and fengycin determined in the zone of inhibition between B. velezensis strains ES1-02, EFSO2-
04, QST713, and FZB42 co-cultured in presence or absence of D. longicolla indicator strain DPC_HOH20 (c - control). (B) HPTLC chromatogram of
surfactin in ES1-02 co-incubated with D. longicolla DPC_HOH20, and (C) ES1-02 incubated alone. All quantifications were done in three biological
replicates.
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3.6 LP induction by the presence of
D. longicolla

Since lipopeptides produced by Bacillus strains have been
described as versatile weapons for biocontrol of plant diseases
(Ongena and Jacques, 2008), further insights into LP production in
the presence of pathogens are needed. Accordingly, the amounts of
LPs in the inhibition zones were quantified. Therefore, the
influence of the interaction of D. longicolla (DPC_HOH20) with
the B. velezensis strains on the respective LP synthesis was
determined. In this context, the surfactin accumulation in the
inhibition zone of the isolates ES1-02 and EFSO2-04 showed 10-
fold and 5-fold increase, respectively, compared to the control
experiments, in which the B. velezensis strains were cultivated
alone (Figure 4). Notably, no increase in surfactin accumulation by
reference strains FZB42 and QST713 was observed when co-
cultivated with the pathogenic indicator strain DPC_HOH20.

Since the highest increase in surfactin accumulation in the
inhibition zone was observed in ES1-02, the distribution of
surfactin isoforms in the inhibition zone of ES1-02 was also
examined and it showed increases in the relative abundances of
C16 and C17 isoforms from 63% to 5% when ES1-02 was cultivated
alone to 75% and 9% respectively in the inhibition zone when co-
incubated with the D. longicolla indicator strain. A decrease in C13

isoforms from 10% to 5% was also observed, while the abundances
of the other isoforms remain relatively unchanged (Supplementary
Figure S2).

In addition, a meaningful increase in bacillomycin L was
determined in EFSO2-04, although to a lesser extent than in
surfactin, by 1.5-fold (Figure 4). In contrast, the accumulation of
bacillomycin D in the inhibition zone of FZB42 was slightly
decreased compared to the strain cultivated alone. For fengycin,
increased synthesis was detected in both QST713 and FZB42, with
the higher induction of 1.5-fold recorded in QST713.

FIGURE 5
Altered protein abundances in B. velezensis strain ES1-02 in the presence of D. longicolla DPC_HOH20. (A) Principal Component Analysis (PCA) of
the ES1-02 strain co-cultivated with D. longiclolla (red, sample) and the control experiment (blue, control). Seven biological replicates were analyzed for
each of the two conditions. (B) Volcano plot of the log10 p-values versus the log2 differences in protein abundance between ES1-02 co-cultivated with
D. longicolla DPC_HOH20 and control. Proteins whose abundance was significantly increased or decreased according to Welch’s t-test (cut-off
permutation-based FDR 0.05, S0 = 1) are shown in red and blue, respectively. (C) Unsupervised hierarchical cluster analysis of the 148 differentially
abundant proteins (log2 normalized LFQ intensities) between samples and controls.
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3.7 Analysis of the proteome adaptation of
B. velezensis ES1-02 in presence of
D. longicolla

Surfactin has been previously described as a potent biosurfactant
with various biological activities (Meena and Kanwar, 2015).
Although its antimicrobial properties seem to occur mainly in
the presence of synergistic metabolites (Lilge et al., 2022), the
amount of surfactin indicates the biocontrol potential of a
Bacillus strain. Accordingly, the B. velezensis strain ES1-02 with a
10-fold induction of extracellular surfactin accumulation during co-
cultivation with the pathogenic indicator strain DPC_HOH20
(Figure 4) makes the strain interesting for a more detailed
characterization. Accordingly, the bacterial adaptation was
analyzed in more detail at the proteome level. To gain more
insight into the molecular mechanisms involved in the response
of B. velezensis to D. logicolla, proteome analyses were performed on
strain ES1-02 cultured in the presence and absence of DPC_HOH20,
respectively. Here, 100% quantification was achieved for
1,215 proteins with IceR (Supplementary Table S4). Principal
Component Analysis (PCA) showed a clear separation between
ES1-02 co-cultivated with D. longiclolla DPC_HOH20 and control
experiments (Figure 5A).

A total of 148 (66 with higher abundance, 82 lower with
abundance) proteins were found with significantly altered
abundance between absence and presence of DPC_HOH20
(Figures 5B,C). A closer look at the protein abundances showed
that about 23% of all proteins with significantly higher abundance
associated with the production of bioactive secondary metabolites
such as bacillaenes and polyketides (PRIDE dataset identifier
PXD035016), for which extensive antimicrobial activities have
been reported (Alenezi et al., 2021). In addition, about 11% of
the proteins were found to be involved in the intracellular Bacillus
oxidative, nitrosative and general stress response, as well as DNA
repair, leading to non-specific, multiple and preventive resistance
(Hecker and Völker, 2001). Interestingly, several proteins involved
in fatty acid biosynthesis and modification (12%) were also found
with higher abundance. This is reasonable in that fatty acid
composition varies in response to environmental conditions and
is important for cellular adaptation and might be a defence strategy
regarding antagonistic co-cultivation (Diomandé et al., 2015; Joo
et al., 2016).

In contrast, several proteins associated with the provision of
phosphate (7%) and modification of the cell surface (7%), such as
peptidoglycan-binding proteins and biosynthesis of teichoic/
teichuronic acids and phospholipids, were detected at lower
abundance. Interestingly, proteins associated with Fe-S cluster or
binding these cluster were additionally determined with a lower
abundance. Since, as described above, evidence for oxidative stress
by correspondingly induced stress proteins could be detected, it can
be assumed that this stress reaction is linked to a reduced
biosynthesis of proteins with Fe-S clusters. In this way, defective
proteins mediated by oxidized Fe-S clusters are avoided and further
formation of radicals mediated by the Fenton reaction is reduced
(Roche et al., 2013). In addition, proteins involved in amino acid
import and biosynthesis (e.g., histidine, arginine and glutamate)
(10%) and translation (10%) were detected with lower abundance,
suggesting that B. velezensis cells localized close to phytopathogens

reduce their metabolism. Table 3 summarizes the proteins that were
most affected by co-cultivation with DPC_HOH20.

4 Discussion

Crop efficiency in agriculture is directly related to plant health.
In this context, plant-associated pathogens impair crop productivity,
resulting in lower yields and crop losses. Accordingly, the use of
wild-type bacterial strains with high ability to biosynthesize
products with antifungal properties is useful as biocontrol agents.
In particular, B. velezensis strains have been widely described for the
production of various LPs, which have been associated with
antibacterial and antifungal activities. Moreover, the efficacy of
LPs could be improved when different LP families are present,
leading to an additive effect (Lilge et al., 2022). In this study, two
novel B. velezensis strains, ES1-02 and EFSO2-04, were compared
with the already established biocontrol reference strains
QST713 and FZB42 in terms of their LP production and
antifungal activity. To gain a more comprehensive understanding
of the bacterial response to fungal interaction, the microbial
adaptations of B. velezensis to co-localization and antagonism to
the phytopathogen were examined at the proteome level.

Interestingly, both ES1-02 and EFSO2-04 produced
bacillomycin L, while iturin A and bacillomycin D were
identified for reference strains QST713 and FZB42, respectively
(Table 1). The main variability among iturin class of LP is in the
amino acids at positions 4 to 7 in their heptapeptide sequences.
While bacillomycin L has Ser, Glu, Ser, Thr at the positions 4 to 7,
bacillomycin D has Pro, Glu, Ser, Thr, and iturin A has Gln, Pro,
Asn, Ser (Dunlap et al., 2019). Here, the different amino acid
composition could influence the antimicrobial activity within the
iturin LP family as amino acid sequence as been reported as one of
the factors influencing LP biological activity (Oliveras et al., 2021).
In contrast, only the reference strains showed fengycin biosynthesis.
In this context, the present work is the first report on the synthesis of
fengycin X and Y by strains QST713 (Supplementary Figures
S15–S17) and FZB42 (Supplementary Figures S22–S24), which
were first identified by Ait Kaki et al. (2020) in the B.
amyloliquefaciens (ET) strain. The simultaneous production of
multiple fengycin variants by QST713 and FZB42 has important
consequences for their status as biocontrol agents, as extensive
antifungal activities have been documented for fengycin
(Anastassiadou et al., 2021). The non-production of fengycin by
ES1-02 and EFSO2-04 can be explained on the basis of incomplete
fengycin operons. Since LP-forming NRPSs are encoded by operons
consisting of several genes, the absence of one or more genes in the
operon could lead to the strain being unable to synthesize the
product. In particular, the synthesis of fengycin is encoded by the
fenABCDE operon (Tosato et al., 1997), meaning that a missing fenD
gene as observed in ES1-02 and EFSO2-04, would result in the
strains being unable to produce fengycin (Lin et al., 2005).
Occurrence of missing genes in the fengycin biosynthetic gene
cluster has been reported to be fairly common among members
of the B. velezensis clade (Steinke et al., 2021), corroborating the
non-detection of the fenD gene in ES1-02 and EFSO2-04.

A number of factors may influence the type, amount, and
variability of LP isoforms produced by Bacillus strains. These
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factors include their genetic capacity, the composition of the
cultivation medium, and the cultivation conditions (Dunlap et al.,
2019; Lilge et al., 2021). Exemplarily, since growth limitation of the
isolates ES1-02, EFS02-04, and reference strain FZB42 was
determined before glucose was depleted as the sole carbon
source, additional substrate limitations (e.g., nitrogen, phosphate,
and trace elements) may be present that affect lipopeptide
production and isoform formation. In particular, fatty acid
variation appears to have an impact on LP activity. Accordingly,

the bioactivity of LPs with longer acyl chains may be due to the
ability of these LPs to be fully incorporated into membranes, while
shorter fatty acid chains may not span the membrane, causing less
membrane disruption (Maget-Dana and Ptak, 1995). In addition,
LPs with longer fatty acid chains may form oligomers that increase
the permeability of fungal membranes, enhancing their antifungal
activity (Malina and Shai, 2005). In this way, Henry et al. (2011)
reported that surfactin isoforms with lipid chains of C14 and C15

induced a significant immune response in cells of tobacco plants,

TABLE 3 Overview of B. velezensis ES1-02 proteins showing the most altered abundance due to co-cultivation with D. longicolla DPC_HOH20.

UniProt ID Log2 difference Protein name/description Function, biological process, and biosynthetic pathway

Induced

A7Z772 3.10 Sporulation protein, YhcN/YlaJ-like
protein

sporulation-associated protein

A7Z174 2.84 Nitrite reductase (large subunit) nitrate reduction (assimilation)

A7Z1I7 2.83 Uncharacterized protein Unknown

A7Z6D3 2.46 SDR family NAD(P)-dependent
oxidoreductase

involved in bacillaene biosynthesis; catalytic activity and small molecule binding
(phosphopantetheine binding)

A7Z6E0 2.38 AMP-binding protein O-succinylbenzoate-CoA ligase; menaquinone biosynthesis

A7Z6D8 2.38 SDR family NAD(P)-dependent
oxidoreductase

involved in bacillaene biosynthesis; lipid metabolism

A7Z8P4 2.16 Cupin domain-containing protein oxalate decarboxylase

A7Z9H1 2.14 Acetolactate synthase AlsS overflow metabolism; acetoin metabolism

A7Z0Y9 2.13 Uncharacterized protein putative N-terminal signal peptide

A7Z470 2.01 [Acyl-carrier-protein]
S-malonyltransferase

putative FabD protein; fatty acid biosynthesis

A7Z6D5 2.00 SDR family NAD(P)-dependent
oxidoreductase

involved in bacillaene biosynthesis; fatty acid biosynthesis

A7Z6D6 1.99 SDR family NAD(P)-dependent
oxidoreductase

properly involved in bacillaene biosynthesis; fatty acid biosynthesis

Repressed

A7Z629 −1.99 Transcription attenuation protein MtrB regulation of tryptophan biosynthesis and translation; attenuation in the trp operon;
repression of the folate operon

A7Z465 −2.03 DNA-directed RNA polymerase subunit
epsilon

control of RNA polymerase activity

A7Z9P3 −2.05 VWA domain-containing protein Unknown

A7Z961 −2.05 Histidine biosynthesis bifunctional
protein HisIE

biosynthesis of histidine

A7ZAM2 −2.19 Uncharacterized protein VWA domain-containing protein

A7Z116 −2.29 Alkaline phosphatase putative PhoD protein; acquisition of phosphate upon phosphate starvation; degradation
of wall teichoic acid during phosphate starvation

A7Z9C5 −2.60 Uncharacterized protein putative TuaF protein; biosynthesis of teichuronic acid

A7Z9A5 −2.63 Flagellin putative Hag protein; flagellin protein; motility and chemotaxis

A7Z0Y3 −3.10 Glycerophosphodiester
phosphodiesterase

similar to GlpQ protein; glycerol-3-phosphate utilization; degradation of wall teichoic
acid during phosphate starvation

A7Z6R0 −3.57 Phosphate import ATP-binding protein
PstB

high-affinity phosphate uptake

A7Z2V5 −4.13 Alkaline phosphatase putative PhoA protein; alkaline phosphatase A; acquisition of phosphate upon phosphate
starvation
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while homologues with C12 and C13 showed no activity. The authors
suggested that C14 and C15 surfactin probably represent most of the
activity in the surfactin mixture. This indicates that the surfactin
isoform mixtures of ES1-02 and EFSO2-04 may be more active than
those of QST713 and FZB42 due to the higher abundance of
surfactin isoforms with longer fatty acid chains. In addition,
higher relative abundances of surfactin isoforms C16 and C17 in
the inhibition zone of ES1-02 compared to when the strain was not
confronting a fungal pathogen suggested that the production of
increased amount of surfactin isoforms with longer fatty acid chain
as a possible strategy for antifungal activity. Similarly (Tabbene et al.,
2011), showed that the antimicrobial activity of bacillomycin D-like
LP against Candida was increased with increasing fatty acid chain
length. Increased antifungal activity of bacillomycin L with longer
fatty acid chain has also been similarly reported (Eshita et al., 1995).
While the relative abundance of the C15 bacillomycin/iturin isoform
was highest in all strains in this study, it is noticeable that strain
FZB42 produced the C17 and C16 isoforms in higher relative
abundances than the other strains (Fig. S1). These isoforms
possibly contributed to the higher antifungal activity of the strain.

In addition to the study of microbial LP productivity and
characterization of LP isoforms, antifungal activities were also
analyzed using the soybean pathogens Diaporthe spp. as indicator
strains. Here, B. velezensis isolates ES1-02 and EFSO2-04 showed
antifungal activity comparable to that of reference strain QST713.
However, FZB42 showed about 20% higher inhibitory activity,
which may be partly due to relatively rapid colonization of the
agar (Figure 2). To understand the molecular background for this
improved swarming ability, an examination of the genome of
FZB42 from the NCBI database revealed the presence of several
genes, such as swrA, hag,motA, andmotB, which encode proteins for
both motility and chemotaxis. In contrast, the reference strain
QST713 encodes the same genes but has significantly less
colonization. Comparing these proteins required for motility
(accession numbers CP025079 and CP000560), the identity
between the reference strains is 98% for SwrA, 95% for Hag,
100% for MotA, but only 30% for MotB. Accordingly, the
relatively high difference in MotB protein sequence (flagellar
stator subunit) could be a reason for the reduced motility of
QST713. Similar reasons might also be present for the
B. velezensis isolates ES1-02 and EFSO2-04.

Nevertheless, significant changes in Diaporthe spp. morphology
were observed as a result of co-cultivation with all B. velezensis
strains, including swellings, formation of bulbs or complete
disruption of mycelium (Figure 3). Desmyttere et al. (2019)
reported similar morphological damage in the form of swollen
structures upon exposure of various fungal pathogens to crude
LP mixtures as well as isolated fengycin. Hyphal swelling was
reported in Rhizopus stolonifer when exposed to fengycin (Tang
et al., 2014). In addition, Romero et al. (2007) reported bulb
formation in mycelia of P. fusca when its conidia were treated
with purified fengycin. They also documented membrane disruption
in P. fusca conidia when exposed to purified bacillomycin or iturin.
While the exact molecular mechanism for the antimicrobial activity
of LPs is still the subject of research, several authors have described
membrane damage, which can occur through disruption or pore
formation, as the primary mode of action of LPs against fungal
pathogens (Romero et al., 2007; Kulimushi et al., 2017).

Although the B. velezensis strains showed antifungal activity, the
presence of phytopathogens associated with the biosynthesis of
extracellular molecules could be a stress factor for the cells.
Therefore, in a first step, the changes in extracellular LP
accumulation were analyzed. While surfactin and, with a lower
inducible effect, fengycin were identified with higher amounts, LP
accumulations of the bacillomycin/iturin family showed only minor
variations, suggesting that surfactin in particular is involved in the
extracellular stress and antagonistic response of B. velezensis during co-
presence with the phytopathogenic fungi (Figure 4). Accordingly, the
overall LP productivity of B. velezensismight be higher in nature due to
antagonistic interactions with other microbes. A previous report by
Kulimushi et al. (2017) on the interaction of B. velezensis strains S499,
FZB42, and QST713 with Rhizomucor variabilis, a fungal pathogen of
maize, showed 10-fold and 5.2-fold induction of fengycin synthesis by
S499 and FZB42, respectively, whereas no induction was reported for
QST713. The study additionally reported no induction of surfactin or
iturin synthesis by all three strains. Another study also documented
increased synthesis of bacillomycin and fengycin when B.
amyloliquefaciens SQR9 was challenged with F. oxysporum, but
when faced with Rhizoctonia solani and F. solani, surfactin was
induced while fengycin production decreased (Li et al., 2014). In
this context, several molecular regulatory systems are involved that
have antagonistic effects on the expression of the different LPs-forming
NRPSs (Lilge et al., 2021). Thus, overall, LP inducibility in response to
fungal phytopathogens appears to be strain-specific. In particular, since
B. velezensis strains ES1-02 and EFSO2-04 showed greater surfactin
accumulation in the presence of the phytopathogenic indicator strain
D. longicolla DPC_HOH20 (Figure 4), the lipopeptide family of
surfactins seems to be notably involved in the extracellular stress
response in the co-presence of antagonistic microbes. Here, the
bioactive properties of surfactin, which cause permeabilization of
biomembranes, could be useful as a kind of peptide antibiotic in
microbial communities (Carrillo et al., 2003). This observation is
reasonable because the general stress response of Bacillus, controlled
by the alternative sigma factor B, plays a positive role in surfactin
bioproduction (Bartolini et al., 2019). Since the other lipopeptide
families showed only relatively small changes in their abundances
during co-cultivation with the indicator strain, and strain ES1-02 in
particular showed a strong induction of surfactin amounts, the
physiological adaptation of B. velezensis ES1-02 was analyzed in
more detail (Figure 5). In order to detect changes in protein
abundance, samples were taken from cells of the ES1-02 strain
located immediately at the edge of the colony at the closest possible
distance from the DPC_HOH20 indicator strain to ensure the greatest
possible impact during co-cultivation. However, since sampling was
performed after 5 days of cultivation to ensure a growth inhibitory effect
on the indicator strain, and themethod of sampling was associated with
some variance in the amount ofmaterial, a total of 7 biological replicates
were used to ensure significance in the results regarding differences in
protein abundances between control experiments and cocultures in the
comparative MS-based proteome analyses. During co-cultivation, an
increased abundance of proteins related to the biosynthesis of bioactive
molecules, such as bacillaenes and polyketides, was measured. In
addition, higher levels of oxidative, nitrosative, and general stress
response proteins were determined, suggesting both an intracellular
defense and repair strategy and an extracellular offensive strategy.
Furthermore, B. velezensis appears to rearrange the fatty acid
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availability during co-localization with phytopathogens. Thus, in
addition to a possible impact on membrane fluidity, the putatively
increased fatty acid synthesis could have a positive effect on the
surfactin biosynthesis. As already mentioned, fatty acid biosynthesis
is critically involved in surfactin synthesis and plays important roles in
determining its activity and properties (Théatre et al., 2021). On the
other hand, several proteins associated with phosphate recruitment and
cell surface modification were reduced in abundance, suggesting cell
surface reorganization. In addition, proteins involved in the
biosynthesis and transport of amino acids, such as for arginine,
histidine, and glutamate, and in translation were reduced. In
addition, proteins having functionality mediated by Fe-S clusters
were found to be reduced. Since B. velezensis cells are assumed to
be exposed to oxidative stress based on the identification of
corresponding stress proteins, a molecular strategy to reduce Fe-S
cluster-containing proteins is reasonable. In this way, oxidative
damage leading to nonfunctional proteins and the formation of
radicals by the Fenton reaction could be minimized.

5 Conclusion

The results of this study show that the B. velezensis strains ES1-02
and EFSO2-04 are effective biocontrol strains with overall promising LP
production yields and comparable antifungal activity to the reference
strain QST713. Remarkably, co-localization of B. velezensis and the
phytopathogen D. longicolla DPC_HOH20 increased the extracellular
surfactin accumulation in ES1-02 and EFSO2-04. In addition, more
detailed proteomic analyses revealed microbial adaptation in response to
co-localization with phytopathogens, including increased abundance of
proteins related to the biosynthesis of antimicrobial compounds such as
polyketides and a decrease in proteins involved in phosphate provision,
translation and amino acid synthesis. Accordingly, stress conditions
induced by phytopathogens could help to enhance the beneficial
properties of B. velezensis that characterize it as a biocontrol strain.
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Biofilms are bacterial communities embedded in exopolymeric substances that
form on the surfaces of both man-made and natural structures. Biofilm formation
in industrial water systems such as cooling towers results in biofouling and
biocorrosion and poses a major health concern as well as an economic
burden. Traditionally, biofilms in industrial water systems are treated with
alternating doses of oxidizing and non-oxidizing biocides, but as resistance
increases, higher biocide concentrations are needed. Using chemically
synthesized surfactants in combination with biocides is also not a new idea;
however, these surfactants are often not biodegradable and lead to accumulation
in natural water reservoirs. Biosurfactants have become an essential bioeconomy
product for diverse applications; however, reports of their use in combating
biofilm-related problems in water management systems is limited to only a
few studies. Biosurfactants are powerful anti-biofilm agents and can act as
biocides as well as biodispersants. In laboratory settings, the efficacy of
biosurfactants as anti-biofilm agents can range between 26% and 99.8%. For
example, long-chain rhamnolipids isolated from Burkholderia thailandensis inhibit
biofilm formation between 50% and 90%, while a lipopeptide biosurfactant from
Bacillus amyloliquefaciens was able to inhibit biofilms up to 96% and 99%.
Additionally, biosurfactants can disperse preformed biofilms up to 95.9%. The
efficacy of antibiotics can also be increased by between 25% and 50% when
combined with biosurfactants, as seen for the V9T14 biosurfactant co-formulated
with ampicillin, cefazolin, and tobramycin. In this review, we discuss how biofilms
are formed and if biosurfactants, as anti-biofilm agents, have a future in industrial
water systems. We then summarize the reported mode of action for biosurfactant
molecules and their functionality as biofilm dispersal agents. Finally, we highlight
the application of biosurfactants in industrial water systems as anti-fouling and
anti-corrosion agents.

KEYWORDS

biocorrosion, biocides, biofilms, biofouling, dispersants, industrial wastewater
management

1 Introduction

Biofilms are sessile microbial communities embedded in a self-produced extracellular
matrix (ECM) attached to abiotic and biotic surfaces (Amirinejad et al., 2023; Ng et al., 2023).
The ECM consists of varying ratios of polysaccharides, proteins and nucleic acids depending
on microbial composition and environment of the biofilm (Figure 1) (Okuda et al., 2018).
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Biofilms are of great concern and have detrimental impacts on
healthcare, industrial manufacturing, food processing and
packaging, thermoelectric, mining, and marine industries
(Muhammad et al., 2020; Shineh et al., 2023). As an example,
biofilms can cause persistent infections when formed on medical
devices or cause nosocomial infections when formed on hospital
surfaces such as sink drains and pipes (Dongari-Bagtzoglou, 2008;
Percival et al., 2015). The impact that biofilms have on the food
industry has negative health and economic effects, as seen with the
recent Listeria monocytogenes outbreak in South Africa (Colagiorgi
et al., 2017; Zhang et al., 2021). Also, the biofilm communities
multiply and colonize the surfaces of most industrial water systems
(Pereira et al., 2017; Di Pippo et al., 2018; Wang et al., 2023). Water
cooling towers are the industrial water systems most affected by
biofilm formation, biofouling, and biocorrosion. Cooling towers are
used in many industries to dissipate heat, including steel mills,
refineries, petrochemicals, food—and power plants (Liu et al., 2011;
Di Pippo et al., 2018).

The high nutrient load, warmer than ambient temperature,
neutral pH and continuous aeration make water cooling towers
the ideal environment for many pathogenic bacteria (Wéry et al.,
2008); see Di Pippo et al. (2018) for a list of main microbial species
found in water cooling towers. Althoughmany pathogenic microbial
species are associated with water cooling towers, Legionella
pneumophila is of huge concern. This strain is the major
causative agent of legionnaires’ disease, a severe multisystem

disease involving pneumonia with a case fatality rate of 10%–

15% (Walser et al., 2014). In less severe cases, infection of
Legionella spp. manifests as Pontiac fever presenting with flu-like
symptoms (Diederen, 2008). Legionella spp. are facultative
intracellular Gram-negative bacilli that live within microbial
biofilm communities, making them notoriously difficult to
eradicate (Fields et al., 2002). Therefore, eliminating microbial
biofilm formation can drastically reduce the population of
Legionella spp. in cooling water towers.

Biofilms in cooling water towers also have a negative financial
impact. They cause accelerated metal corrosion, increased resistance
to heat transfer, and increased fluid frictional resistance, effectively
decreasing the efficacy of the cooling tower (Cloete et al., 1998).
Traditionally, a combination of continuous oxidizing biocides and
periodic doses of non-oxidizing biocide is used to treat biofilm
formation in industrial water systems (Liu et al., 2011). Biocides are
substances that can kill, destroy, inhibit, or control the growth of
microbial organisms (Makhlouf and Botello, 2018). Chemical
surfactants have become essential constituents to enhance biocide
effectivity (Simões et al., 2005). In particular, the combination of
chemical surfactants with biocides offers a significant improvement
as these surface-active compounds form micelles. These micelles act
as wetting agents by increasing the penetrating properties of the
surfactants, making them more effective at disrupting the biofilm
matrix (Percival et al., 2019). A few drawbacks are associated with
this treatment approach, including environmental contamination

FIGURE 1
A model depicting biofilm formation and composition in steel pipes used in industrial water systems. Biofilm formation takes place in three steps,
i.e., adsorption (I), maturation (II) and dispersion (III). During the adsorption step, planktonic bacteria use cellular appendages to overcome the repulsive
forces of surfaces, followed by the production of the extracellular matrix (ECM). As the bacteria produce the ECM and the population density increases
gene expression is altered by quorum sensing. Once the biofilmmatures and reaches its critical mass, the biofilm enters the dispersion phase to form
new biofilms. The ECM consist of DNA, polysaccharides and proteins with various water, nutrient and gaseous exchange channels within the matrix. (IV)
Biofilm maturation can also lead to corrosion of the industrial systems, known as biocorrosion. (V) Insert of a biofilm that formed in a cooling tower at a
South African Brewery, the image was kindly supplied by Biodx (pty) ltd. Figure adapted from Verderosa et al. (2019); Rabin et al. (2015) and Verberk et al.
(2009). Created with BioRender.com.
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when runoff water enters natural water reservoirs, increasing
concentrations needed to ensure effectivity and increased costs
related to the need for higher concentrations (Di Pippo et al., 2018).

Increasing environmental legislation puts pressure on the water
treatment industry to find alternative sources or significantly reduce
the concentration of chemical biocides (Cloete and Flemming,
2012). One proposed solution is using biosurfactants as
alternative biocides or in co-formulation with chemical biocides.
Biosurfactants are amphipathic bioactive compounds from natural
sources and are an alternative to petroleum-based surfactants (Costa
et al., 2018). Biosurfactants can be structurally classified into many
groups, and their effectiveness is determined by analyzing their
hydrophilic-lipophilic balance (Pacwa-Plociniczak et al., 2011). In
contrast to petroleum-based surfactants, biosurfactants have several
advantages, including lower toxicity, higher specificity, improved
biodegradability, superior foaming properties and improved
effectiveness and stability at extreme pH, temperatures, and
salinity (Kosaric, 2001). In addition to reducing surface tension,
some biosurfactants have inherent antimicrobial and dispersal
activity (De Giani et al., 2021). Currently, biosurfactants play a
minor role in water management, and this review aims to assess their
capacity to function as anti-biofilm agents for industrial water
systems and other water management applications concerning
biofilm control and disruption, microbial fouling, and associated
corrosion.

2 Biofilm formation

Biofilms form in response to changes in environmental
conditions, such as limited nutrients, desiccation, extreme pH,
ultraviolet radiation, extreme temperatures, antimicrobial agents,
high atmospheric pressure, and high salt concentrations (O’Toole
et al., 2000). Biofilm formation is a multi-step process characterized
by initial adsorption, maturation, and dispersion (Figure 1). The
adsorption step is further divided into reversible and irreversible
attachment (Renner and Weibel, 2011). During the initial reversible
attachment stage, cellular appendages such as flagella, fimbriae,
glycocalyx, and pili play an essential role in overcoming the
repulsive forces common to most surfaces (Rosenberg et al.,
1982; Korber et al., 1989; Donlan, 2001; Palmer et al., 2007). The
production of exopolysaccharides (EPS) signifies the irreversible
attachment of the biofilm to the surface and allows the biofilm to
mature (Rabin et al., 2015). Once the biofilm reaches a critical mass,
it will start to actively disperse to form a new biofilm elsewhere.
Dispersion caused by external sources such as biocides, antibiotics
and biosurfactants is termed passive dispersal (Kaplan, 2010). The
production of EPS, higher cell density of heterogeneous bacterial
communities and attachment to the surface also result in changes in
gene expression and growth rate of sessile bacteria (Flemming et al.,
2007). The accumulation of signalling molecules involved in
quorum sensing in the extracellular environment also plays a
significant role in gene expression, biofilm formation, and
dispersion (Solano et al., 2014).

Exopolysaccharides form the structural base and are attached to
the cell surface creating large networks that serve as scaffolds for
proteins, nucleic acids, lipids, and carbohydrates (Rabin et al., 2015).
The composition, properties and structure of the exopolysaccharides

can differ substantially between individual bacterial species as well as
microbial consortia. The monomers galactose, mannose and glucose
are the most abundant carbohydrates, followed by galacturonic acid,
arabinose, fucose, xylose, rhamnose and N-acetyl-glucosamine
(Bales et al., 2013). Many of the polysaccharides that compose
biofilms are produced at all microbial growth stages; however, a
significant increase in their production is observed in bacteria
entrapped in a biofilm such as colanic acid, alginate, Pel and Psl.
Colanic acid is found in biofilms of Enterobacteriaceae (Prigent-
Combaret et al., 1999), and it consists of repeated units of L-fucose,
D-galactose, D-glucose and D-glucuronate with O-acetyl and
pyruvate side chains (Stevenson et al., 1996). Colanic acid is
assembled and excreted by the Wzx system; WzC and WzB play
a role in polymerization, while WzA transports colanic acid across
the membrane (Reid and Whitfield, 2005). Although colanic acid
plays a significant role in biofilm formation by Enterobacteriaceae it
is not essential, as seen in Escherichia coli K-12 strains that are
defective in colanic acid production yet still able to form biofilms,
albeit at a slower rate (Danese et al., 2000). Alginate, Pel and Psl are
polysaccharides associated with Pseudomonas aeruginosa biofilm
formation. Psl is a mannose-rich exopolysaccharide produced by
mucoid-positive P. aeruginosa strains such as ZK2870 and PA01,
while Pel is a glucose-rich exopolysaccharide produced by the
mucoid-negative strain P. aeruginosa PA14, and alginate is
produced by mucoid rich strains that colonize the lungs of cystic
fibrosis patients (Colvin et al., 2012).

In addition to exopolysaccharides, extracellular proteins (Eps)
help to stabilize and form biofilms. One example is glucan-binding
proteins (Gbps) found in Streptococcus mutans biofilms. Lynch and
co-authors found that Gbps play a crucial role in maintaining the
architecture of S. mutans biofilms by linking bacteria and
exopolysaccharides (Lynch et al., 2007). Another example of Eps
is amyloids such as Fap amyloids found in the EPS of Pseudomonas
spp. and TasA amyloids found in Bacillus subtilis. Dueholm and co-
authors found that when Fap amyloids were overexpressed in
Pseudomonas spp., cell aggregation and biofilm formation
increased (Dueholm et al., 2013), while Romero and co-authors
found that TasA amyloids play an important role in the structural
integrity of B. subtilis biofilms (Romero et al., 2010). Not all Eps play
a role in biofilm formation and structural integrity, as some enzymes
are involved in biofilm degradation, detachment, and dispersal.
These enzymes are crucial in releasing nutrients during
starvation (Zhang and Bishop, 2003) and initiating a new biofilm
lifecycle such as DspB in Actinobacillus pleuropneumoniae (Kaplan
et al., 2004).

Initially, researchers assumed that extracellular DNA (eDNA) is
leftovers from lysed cells, but Whitchurch and co-authors
demonstrated that eDNA is essential to biofilm formation
(Whitchurch et al., 2002). While the negative charges of DNA
act as a repulsive force during the initial attachment, the eDNA
starts to facilitate adhesion by interacting with the receptors on
nearby bacteria once the distance decreases to a few nanometers
(Das et al., 2010). Gloag and co-authors also showed that eDNA
promotes P. aeruginosa biofilm expansion by coordinating cell
movement (Gloag et al., 2013). Numerous studies have also
shown that eDNA can increase antibiotic resistance in biofilms
by either inhibiting transport of antibiotics within the biofilm
(Doroshenko et al., 2014) or by activating the PhoPQ/PmrAB
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two-component system (Mulcahy et al., 2008; Johnson et al., 2013;
Lewenza, 2013). Numerous other examples of extracellular
saccharides, proteins and DNA also exist, as shown in a
comprehensive review by (Rabin et al., 2015).

2.1 Tolerance to antibiotics

Biofilms are notoriously difficult to treat and are up to
1000 times more resistant to antibiotics than their planktonic
counterparts (Sharma et al., 2019). Multiple factors contribute to
antibiotic resistance exhibited by bacterial biofilms. These factors
include limited antibiotic and biocide penetration, efflux pumps,
persister cells, reduced growth rate and horizontal gene transfer
(Verderosa et al., 2019). A biofilm’s first line of defense against
antibiotics is the EPS matrix, which is achieved by limiting the
penetration of antibiotics into the biofilm. As mentioned above,
eDNA can chelate numerous antibiotics, thus trapping the
antibiotics and preventing them from moving through the EPS
matrix. Numerous studies have shown that a steep gradient
difference in antibiotic concentration is observed when the
concentration of antibiotics at the base of the biofilm is
compared to the outer regions of the biofilm (Anderl et al., 2000;
Doroshenko et al., 2014; Justo and Bookstaver, 2014). Another
advantage is high cell density that facilitates horizontal gene
transfer and effectively increases the spread of plasmid-borne
antibiotic resistance genes, as demonstrated in S. aureus (Savage
et al., 2013). Most antibiotics target actively growing and dividing
cells; thus, the slowmetabolic rate of bacteria deep within the biofilm
protects them against antibiotics that do manage to penetrate the
EPS (Ashby et al., 1994). Persister cells employ the same method to
ensure survival and act as disease reservoirs once the antibiotic
pressure is removed (Keren et al., 2004; Lewis, 2007). Although
efflux pumps are present in planktonic cells, Zhang and co-authors
found that efflux pumps involved in antibiotic resistance are
upregulated in biofilms (Zhang and Mah, 2008). The Verderosa
et al. (2019) review provides a more comprehensive summary of
how biofilms evade antibiotics.

2.2 Biofilms in industrial water systems

Industrial water usage requires water management systems
which are usually prone to biofilm development (Figure 1).
Petroleum refineries, steel mills, power generation plants, and
petrochemical plants often have onsite industrial water
management facilities, and biofilm communities colonize the
surfaces of most of these as well as associated equipment such as
fill material, reservoirs, submerged sight glasses and sensors, heat
exchangers and pipelines (Liu et al., 2011; Rao, 2012; Di Pippo et al.,
2018). Furthermore, the worldwide shortage of fresh water means
that industrial water is constantly recycled, increasing the nutrient
load of industrial water systems, thus creating the ideal environment
for biofilm formation (Coetser and Cloete, 2005; Flemming et al.,
2007). In addition, bacteria can also use some antiscalants and
corrosion inhibitors as nutrient sources depending on their
composition (Kusnetsov et al., 1993). Mechanical cleaning of
cooling towers effectively removes biofilms, but structural design

can make this method impossible. Thus, alternative methods are
needed to remove biofilms and prevent biofouling in cooling towers
(Wang et al., 2023). Various oxidizing (mainly chlorine, calcium
hypochlorite, sodium hypochlorite, ozone, hydrogen peroxide,
bromine chloride) and/or non-oxidizing (principally heavy metal
compounds, amines, aldehydes, thiocyanates, isothiazolone, and
organo-bromine compounds) agents are used to prevent
microbial growth and microbially induced corrosion in many
industrial water system components (Cloete and Flemming,
2012). Microbially-induced corrosion is a significant problem as
numerous metals, such as nickel and aluminium-based alloys,
comprise the base structure of industrial water-cooling circuits
and towers. Exposure of these substances through an
electrochemical reaction between the interfaces can lead to
corrosion (Figure 1) (Beech et al., 2000).

Biocide treatment regimens are designed to treat wastewater
streams for safe discharge into receiving waterbodies (AquaTech,
2019), with chlorine and ozone being the two major biocides used
for years. Unfortunately, this process can lead to contamination of
drinking water reservoirs and is considered toxic to the environment
(Williams and McGinley, 2010). In addition, due to the high
tolerance of bacteria in biofilms to these toxic biocides, higher
than normal concentrations are needed which increases the cost
and the burden on the environment (Maaike et al., 2006). As the
biofilm thickens, higher biocide concentrations are required to
penetrate the deeper levels and if sub-inhibitory concentrations
of biocide are used, the chance of resistance developing increases.
To improve the bioactivity of chemical biocides, industries have
used surfactants, e.g., cetyltrimethylammonium bromide (CTAB),
sodium dodecyl sulfate (SDS) in combination with chemical
biocides to control and eradicate biofilm growth (Cloete et al.,
1998; Simões et al., 2006).

3 Synthetic surfactants as anti-biofilm
and anti-fouling agents

The control of biofilms using only biocides is not sufficient
(Sriyutha Murthy and Venkatesan, 2008). Therefore, surfactants are
combined with chemical biocides and complex-forming substances
to target van der Waals and electrostatic interactions within the
biofilm network (Cloete et al., 1998; Simões et al., 2006). Surfactants
are regularly used to control biofilm regrowth and persistence in
industrial water systems due to their solubilizing, surface wetting
and penetrating properties (Simões et al., 2005). The chemical
structure of surfactants can alter the surface properties of
submerged structures leading to the detachment of
microorganisms and the inability to form biofilms (Simões et al.,
2006). Many synthetic surfactants are available as commercial
formulations used to disrupt biofilms in industrial water systems
(Table 1). Chemical surfactants are classified according to the nature
of their hydrophilic component and are discussed below. Chemical
surfactants include cationic, anionic, non-ionic and zwitterionic
surfactants.

Sulphonates, CTAB and quaternary ammonium surfactants
(QASs) are the most used cationic surfactants in industrial water
systems (Cloete et al., 1998). QASs, a sub-group of quaternary
ammonium compounds are particularly effective as anti-fouling
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agents in industrial water cooling towers (Sprecher and Getsinger,
2000; Simoes et al., 2005a). The positive charge on their alkyl
chloride allows QAS’s to bind to the negatively charged microbial
cells, leading to cell wall stress, lysis, and death (McDonnell and
Russell, 1999).

Anionic surfactants are strong detergents but are not considered
effective antimicrobial compounds. When dissolved in aqueous

solvents, the hydrophilic group of anionic surfactants usually
dissociates from a counter ion, and the solution becomes
negatively charged due to free energy of the hydrophobic
interaction. This influences detergent action as the foulants
disperse and allow for easy removal in wash water (Azeredo
et al., 2003). Sodium dodecyl sulfate is the most prominent
anionic surfactant which weakens the biofilm cohesive forces and

TABLE 1 Commercial synthetic compounds formulated to combat biofilms in industrial water systems. Adapted from Sprecher and Getsinger (2000), Azeredo et al.
(2003), Simões et al. (2005), Glomski (2015).

Name Formulations Application Mode of action

BULAB® 6002/6086 Water-soluble liquid 60% polymeric quaternary
ammonium

The products are used as microbicide which
controls microorganisms in commercial and
industrial recirculating cooling water towers

The products contain positively charged
nitrogen atoms that bind and adsorb on
microbial surfaces with a negative charge
through electrostatic or charge-charge
interactions

Calgon H-130M H-130M; 50% didecyldimethylammonium
chloride; liquid

It is used in once-through and industrial cooling
water systems

Coating with Calgon H-130M, which contains
poly-QAC (polyquat), allows biocidal activity
(surfactant action). This is through adsorption
on organic matter, sediments, and negatively
charged surfaces

MEXEL® 432/0 The liquid formulation contains 1.7% active
ingredient

They are used for the protection and treatment
of water-cooling circuits

Adsorbs on exposed surfaces such as wetted
metal and glass to form a protective film on
internal components. The aliphatic nature of
the product then protects these surfaces from
corrosion by limiting microbial adherence

Clam-TrolTM The liquid formulation is provided in four classes
of Clam-Trol CT-1,2,3,4 containing different
concentrations of n-alkyl dimethylbenzyl
ammonium chloride

They are used to control microbial growth in
once-through, auxiliary/service water,
wastewater, and industrial cooling water systems

The compounds have varying carbon chain
lengths that work by quick absorption into
anionic sediments and substrates

MACROTROL
9210

The product is presented as a liquid formulation of
MACROTROL™ 9210 and NALCO®
9380 containing different concentrations of
dimethyl benzyl ammonium chloride

The products are useful in recirculating,
auxiliary, and once-through cooling water
systems

The product has corroding properties that
interfere with membrane composition and
respiration of microfoulants such as bacteria,
fungi, and algae

VeliGON The product is presented in liquid formulations
which contain varying concentrations of dimethyl
diallyl ammonium chloride

The compounds are approved for use in potable
water treatment plant systems

The compound has coagulating and
flocculating properties. This works by
producing a dense floc that prevents the settling
of zebra mussel veligers

Slimicide™ C-74 The liquid formulation contains 8% alkyl
dimethylbenzyl ammonium chloride and 5%
dodecylguanidine hydrochloride

The product is applicable in cooling water,
recirculation, industrial cooling, and wastewater
systems.

The compound destroys and loosens bacterial
slimes. The product also kills slime-producing
organisms such as slime molds, bacteria, fungi,
and algae

H-130Microbiocide The product is present in liquid formulation
containing didecyl dimethyl ammonium chloride

The product is applicable in once-through and
recirculating cooling water systems

The product destroys the membrane
composition microfoulants such as bacteria,
fungi, and algae

Decont-A This product is available in a liquid formulation
containing Quaternary ammonium

This product is used to reduce the bacterial load
in water cooling systems, effluent water, and
sewer effluent

Decont-A disrupts biofilm as the positive
charge on the ammonium ion allows it to
impact and penetrate cell walls

Decont-X This product is available in a liquid formulation
containing Quaternary ammonium

Specifically formulated as surface cleaning
disinfectants

Rapidly kills bacteria species as the positive
charge on the ammonium ion allows it to
impact and penetrate cell walls

CTAB The product is available in solid formulation
containing Quaternary ammonium

The product is applicable for treating industrial
wastewater

The cationic surfactant forms micelles in liquid
solution and could reduce Pseudomonas
fluorescens biofilms by interfering with cellular
respiratory activity. This results in the
inactivation of the bacteria within the biofilms

SDS The product is available as liquid or solid
formulation containing sulphates

The product is used for industrial cleaning
applications

The product removes all adhering bacteria by
altering the cell surface properties. This occurs
as SDS adsorbs to the cell surface through its
polar end, exposing the non-polar end which is
hydrophobic

CTAB, cetyltrimethylammonium bromide; QAC, quaternary ammonium compound; SDS, sodium dodecyl sulfate.
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disrupts hydrophobic interactions within the biofilm-matrix
(Simoes et al., 2005b). Meanwhile, non-ionic surfactants form
part of low-temperature detergents, dispersants, and emulsifiers
and their hydrophilic group does not dissociate from a counter
ion when dissolved in aqueous solution. These surfactants display
low toxicity to biofilm cells and include products of chemical origin
such as polysorbates, polyalkylene glycols, various tween’s, ortho-
phthalaldehyde, sodium hypochlorite, sodium hydroxide, and
poloxamers (Simoes et al., 2005a; Percival et al., 2019). The last
group, zwitterionic surfactant, has negative and positive charges on
their hydrophilic end. The charges can neutralize each other
depending on acidity of the solution (Hussain et al., 2020). This
is the least reported group for biofilm removal, though a report
showed that a combination of citric acid and zwitterionic surfactant
is effective for Staphylococcus aureus biofilm eradication (Valentine
et al., 2011).

Despite successful application of chemical surfactants in
industrial treatment regimens, their usage harms the
environment (Palmer and Hatley, 2018). These molecules often
scatter uniformly through Brownian motion and unfavorably attach
to surfaces of substrates, resulting in even higher concentrations and
can therefore lead to toxicity issues (Sun et al., 2018). The sequence
of surfactant toxicity initializes from its very production, discharge,
and consequent introduction to the ecosystem. Chemical surfactants
are often discharged to wastewater treatment facilities and are
subsequently exposed to other water bodies where they can
create problems if they persist for long periods, prompting the
bioaccumulation of possibly unsafe or otherwise toxic substances
(Rebello et al., 2013). Other manifestations of the presence of these
compounds are seen in soil, plants, fauna and microbes in aquatic
systems (Romanelli et al., 2004). Also, they have deleterious effects
on various beneficial microbial consortia in the environment, such
as DNA damage and cell lysis (Klebensberger et al., 2006; Rebello
et al., 2013).

To overcome some of these disadvantages, bio-based products
that have improved biodegradability and are more environmentally
compatible need to be developed. Here, we’ll review current research
on replacing chemically derived surfactants with biosurfactants as
well as the synergy between them, a trend being implemented by
many industries (Sałek and Euston, 2019), including for waste and
pollution bioremediation (Ng et al., 2022).

4 Biosurfactants

Biosurfactants are surfactants derived from natural resources
(bacteria, plants, or animals) that, like synthetic surfactants,
comprise a hydrophobic and hydrophilic end (polar or non-
polar) and display surface and interfacial properties (Gayathiri
et al., 2022). Biosurfactants offer useful properties over their
synthetic counterparts in many industrial and environmental
applications (Paraszkiewicz et al., 2021). These include de/
emulsification, gelling, spreading, foaming, lower critical micellar
concentration, detergency, wetting and penetrating activities, ability
to withstand extreme conditions, and bioactive properties
(Paraszkiewicz et al., 2021). Biosurfactants are classified
according to the chemical structure of the hydrophilic head
group into four main types: (1) glycolipids, (2) fatty acids, (3)

lipopeptides, and (4) polymers (Gayathiri et al., 2022). Generally,
biosurfactants are low molecular weight compounds that can reduce
surface and interfacial tension or high molecular weight
compounds/polymers that serve as emulsifiers. The
differentiation of biosurfactants according to their molecular
weight and structural groups, as well as characterization
techniques and discussions of the producer strains are reviewed
and summarized elsewhere (Pacwa-Plociniczak et al., 2011; Disha
and Sahasrabudhe, 2018; Baccile and Poirier, 2022; Zompra et al.,
2022).

The structure and chemical properties of biosurfactants
significantly affect their association and interactions with
biofilms, and as a result, they interfere with biofilm formation
through different mechanisms. Properties such as surface tension,
micelle formation, cell surface hydrophobicity, emulsification, and
dispersion make them suitable agents in industrial water systems.
These properties enable biosurfactants to act as anti-biofilm,
-adhesive, -fouling, and -corrosion agents (Figure 2).
Biosurfactants penetrate and adsorb to the interface in liquid-
liquid or liquid-solid interactions, decreasing the cohesion, which
either prevents the attachment of biofilm-forming organisms or
promotes their detachment entirely. Due to micelle formation and
emulsifying properties, biosurfactants can disturb the biofilm by
forming a protective layer or stable emulsion on hydrophobic
surfaces. In some cases, biosurfactants can alter surface tension
and hydrophobicity which causes interference in desorption
processes and microbial adhesion (Das et al., 2009).

4.1 Biosurfactants as anti-biofilm agents

Biosurfactants can be effectively introduced to industrial water
systems by replicating methods for the removal of biofilms using
conventional chemical surfactants (Table 2); several of these have
been assessed in this regard (Table 3). Introducing biosurfactant
molecules in solid or liquid form to biofilm-polluted sites could lead
to biofilm dissociation by disrupting the water, nutrient and gaseous
exchange channels. Biosurfactants can have intrinsic antimicrobial
properties and therefore act as biocides in their own right (Płaza and
Achal, 2020) or as dispersants of naturally derived compounds
(Figure 3). In other words, biosurfactants can either kill the
monolayers of cells after disruption or disrupt the mature biofilm
by dispersion leaving the core cells alive. Lipopeptide 6-2 is a clear
example of a biosurfactant that can act as killing agent as well as a
dispersant agent (Song et al., 2016).

Biosurfactants used as biocides generally target the bacterial
outer and cytoplasmic membranes and are usually more active
against planktonic cells. Due to their small size and chemical
properties, biosurfactants can penetrate the biofilm, directly
killing microorganisms (Fleming and Rumbaugh, 2017). Many
chemical biocides exhibit potent bactericidal activity but are
ineffective at killing bacteria within biofilms (Singh and Sharma,
2020). The ability of some biosurfactants to show both dispersing
and bactericidal activity makes them potent biocides. Although
literature on biosurfactants used as biocides in industrial water
systems is scarce, examples of biosurfactants with both
antibacterial and anti-biofilm activity exist and include
biosurfactants isolated from Lactobacillus
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spp. (Sambanthamoorthy et al., 2014), rhamnolipids (Elshikh et al.,
2017) and sophorolipids (Diaz De Rienzo et al., 2015). While all the
biosurfactants mentioned above were tested under laboratory
conditions, they all show promise for industrial use. For example,
the biosurfactants produced by L. jensenii and L. rhamnosus were
not only able to prevent planktonic and sessile growth but were also
able to disrupt preformed biofilms indicating that these
biosurfactants can be used in industrial settings
(Sambanthamoorthy et al., 2014). In another example, the
rhamnolipid produced by Burkholderia thailandensis
E264 prevents biofilm formation between 50% and 90% when
plastic surfaces were precoated with a mixture of long-chain
rhamnolipids (Elshikh et al., 2017). The long-chain biosurfactants
also disrupted preformed immature biofilms by between 50% and
80%. Additionally, the Pf495-biosurfactant produced by
Pseudomonas fluorescens inhibits pathogenic Listeria
monocytogenes LO28 from attaching to polytetrafluoroethylene
and stainless-steel surfaces (Meylheuc et al., 2001). This is
significant as both polytetrafluoroethylene and stainless steel
constitute major components in treatment plants, water-cooling
circuits/systems, and industrial pipes. As shown by Song and co-
authors (2016), B. amyloliquefaciens lipopeptide 6-2 could actively
disrupt and kill the monolayers of two biofilm-forming species,
Pseudomonas aeruginosa PAO1 and Bacillus cereus 1A06374 (Song
et al., 2016).

Biosurfactants can also be used in combination with antibiotics
to improve effectiveness or through synergistic interactions. For
example, preformed biofilms of Escherichia coli CFT073 could not
be removed by Bacillus licheniformis V9T14 lipopeptides, but when
used in combination with different antibiotics, a significant
difference was observed with more than 90% (1 log10) biofilm
reduction (Rivardo et al., 2011). In a follow-up patent report, the
same Bacillus licheniformis V9T14 lipopeptides were used with

polycide (a biocide), which further prevented the development of
biofilms on abiotic and biotic surfaces (Ceri et al., 2013). Though
both antibiotics and biocides may kill the free-living planktonic cells,
they are not fully effective in killing organisms within a biofilm (Ceri
et al., 2013). As mentioned, biosurfactants assist by penetrating the
EPS and killing the monolayer cells. Although the above authors did
not discuss usage in industrial water systems, we propose a similar
synergistic approach as an effective manner to treat and prevent
biofilm formation.

In some cases, biosurfactants bind to the cell surface or its
components and alter cell-surface hydrophobicity. This prevents
microbial strains from attaching to hydrophobic surfaces (Neu,
1996; Kuiper et al., 2004). Biosurfactants such as surfactin
(Mireles et al., 2001), rhamnolipid (Bharali et al., 2013) and a
cyclic lipopeptide isolated from Bacillus amyloliquefaciens AR2
(Satpute et al., 2016) change the cell surface hydrophobicity of
bacteria affecting the integrity of the cellular membrane and
interfering with cell adhesion (Shakerifard et al., 2009).
Rhamnolipids also act on the biofilm matrix by forming micelles
within the biofilm (Paraszkiewicz et al., 2021). Themicelles affect the
cell surface charge and hydrophobicity within the biofilm, thereby
disrupting biofilm adhesion and permeabilizing the biofilm surface
(Sotirova et al., 2008; Sotirova et al., 2009). Treatment of biofilms
with surfactin leads to disruption of the crystalline/semi-crystalline
packing of lipid bilayers in the bacterial cell membrane (Brasseur
et al., 2007). This results in dissipation of the proton motive force
while interrupting the electron transport chain (Sheppard et al.,
1991; Rautela et al., 2014).

Biofilm dispersal is achieved when surfactants alter the cell
surface tension properties of microorganisms, thus preventing
adhesion to other microbial cells as well as surfaces. Many
commercialized biodispersants highlighted in literature are often
surfactant-based (Guilhen et al., 2017). They function by breaking

FIGURE 2
The roles played by biosurfactants in areas where fouling and corrosion commonly occur. (A) Anti-biofilm: Biosurfactants can prevent biofilm
formation and further disrupt established biofilms. (B) Anti-adhesive: Biosurfactants can reduce contact or binding between bacteria and other
microorganisms to abiotic surfaces. (C) Anti-fouling: Biosurfactants can prevent the accumulation of unwanted materials created by biofilm-fouled solid
surfaces. (D) Anti-corrosion: Biosurfactants can prevent accelerated deterioration of metallic structures and other materials.
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and suspending biofilms in bulk water, and the resulting clumps are
then removed from the system (Cooper, 2021). When compared to
their synthetic counterparts, research on biosurfactant molecules
that disperse biofilms in industrial water systems is not extensive

(Fleming and Rumbaugh, 2017); however, their potential as
dispersing agents by mixing with other compounds or solvents
was highlighted by Cao (2015). Biosurfactants as dispersing
agents can prevent biofilm formation by prior coating of

TABLE 2 Biosurfactants and corresponding properties that make them good anti-biofilm agents in industrial water systems.

Biosurfactant
class

Functional characteristics Surface-active properties
that could make them
suitable for industrial
water systems

Main findings when tested/
assessed as anti-biofilm agents

References

Lipopeptide (surfactin) The structural composition has more
than three surfactin molecules joined
with C13, C14 and C15 fatty acid chain
lengths

At 500 μg/mL critical micelle
concentration, a surface tension of
26 mN/m was reached

The biosurfactant in combination with at
least one biocide (pre-conditioning),
prevents biofilm formation on abiotic and
biotic surfaces

Ceri et al. (2013)

Lipopeptide (Fengycin
A and B)

The structural composition includes
molecules of C14 to C18 fatty acids
chain lengths

The biosurfactant has stability at
wide pH range and salt
concentration (up to 10%;
halotolerant)

The biosurfactant in combination with at
least one biocide (pre-conditioning),
prevents biofilm formation on abiotic and
biotic surfaces

Ceri et al. (2013)

Glycolipid
(Rhamnolipid)

Two structural compositions were
characterized as a mixture of two
congeners termed R1 (C26H4809) and R2
(C32H58013)

The biosurfactants formed
emulsion

The biosurfactants were formulated and
coated with paints as a dispersant,
emulsifier, or biocidal replacement

Sadasivan (2015)

Glycolipid
(Sophorolipid)

The sophorolipid was characterized as
lactone or diacetyl lactone form
consisting of fatty acid (saturated or
unsaturated) and a sugar head

Glycolipid The study revealed a glycolipid-like
biosurfactant with about 89.5% C-18
octadecanoic acid characterized as the
major fatty acid

Good emulsification and surface
activity

A formulation matrix containing a mixture
of biosurfactants was applied on metal
panels. This allows for the protection of
immersed surfaces

Soares da Silva et al.
(2017), Silva et al.
(2019)

Critical micelle concentration was
achieved at 600 mg/L

The biosurfactant was stable
against high pH, temperature, and
salinity

Lipopeptide
(Surfactin)

The biosurfactant was characterized as
C14 to C17 surfactin homologues

Good surface tension reduction. The biosurfactant was effective as a
disinfectant as it disrupted biofilms on
different surfaces

Singh and Sharma
(2020)

Critical micelle concentration was
achieved at 40 mg/L

The biosurfactant was stable
against extreme pH, temperature,
and hard water conditions

Not mentioned Not mentioned Not mentioned The methods described are (1), application
of biosurfactant alone or in solution on
equipment surface, (2) While in operation,
biosurfactant is concentrated into liquid
steam within the electroporating system,
and (3) circulation of biosurfactant through
an electrocoat process before a biocide is
added. This enhances the breakdown and
cleaning of biofilms

Contos et al. (2008)

Not mentioned Not mentioned The biosurfactant possesses good
surface and emulsifying activity

The biosurfactant was used as an additive
for paint formulations for submergible
surfaces

Tapia et al. (2017)

Not mentioned An anionic biosurfactant was classified The lowest surface tension and
critical micelle concentration
achieved were 27.4 mN/m, and
1.1% (v/v), respectively

The electrode surfaces of stainless steel were
immersed in biosurfactant solution. Due to
absorption, the biosurfactant was able to
delay the corrosion of metallic surfaces

Meylheuc et al.
(2001), Dagbert
et al. (2006)

Not mentioned An anionic biosurfactant was classified The lowest surface tension and
critical micelle concentration
achieved were 27.4 mN/m, and
1.1% (v/v) respectively

Surface conditioning of AISI 304 stainless
steel and polytetrafluoroethylene was
achieved through immersion in
biosurfactant solutions. The prior
adsorption contributes to a significant
reduction in microbial adhesion

Meylheuc et al.
(2001)
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TABLE 3 Biosurfactants as anti-biofilm agents.

Producer strain Biosurfactant
class

Dosage Biofilm-producing strains Main findings Reference

Bacillus
licheniformis VS.16,
Bacillus subtilis
VSG4

Lipopeptide 5 mg/mL Bacillus cereus ATCC 11778, Salmonella
typhimurium ATCC 19430,
Staphylococcus aureus ATCC 29523

There was 63.9%–80.03% dispersal
effect for VSG4 biosurfactant and
61.1%–68.4% for VS.16 biosurfactant
against the tested strains

Giri et al. (2019)

Pandorea
pnomenusa MS5

Exopolysaccharides 0.25 mg/mL Burkholderia cepacia Burkholderia cepacia biofilm was
inhibited

Sacco et al. (2019)

Bacillus subtilis #309 Surfactin-C15 960 μg/mL Candida albicans Inhibition of about 85% of the
biofilms formed

Janek et al. (2020)

Nocardia sp. Biosurfactant 50–200 μg/mL Pseudomonas aeruginosa ATCC 27853 There was 85% biofilm removal,
indicating a dose-dependent
relationship

Javadi et al. (2021)

Candida sphaerica
UCP 0995

Lunasan 0.625–10 mg/mL Pseudomonas aeruginosa, Streptococcus
agalactiae, Streptococcus sanguis 12

There was 80%–92% anti-adhesive
activity against the tested strains

Luna et al. (2011)

Burkholderia
thailandensis E264

Rhamnolipids 0.39–12.5 mg/mL Neisseria mucosa, Actinomyces
naeslundii, Streptococcus sanguinis,
Streptococcus oralis,

50%–90% inhibition of biofilms
formed

Elshikh et al. (2017)

Halomonas
sp. (BOB-3)

Rhamnolipid 125 μg/mL Vibrio cholerae, Salmonella typhi) There was 99.8% and 99.5% anti-
biofilm activity on Salmonella typhi
and Vibrio cholerae, respectively

Kayanadath et al.
(2019)

Candida bombicola
ATCC22214

Sophorolipids 5% (v/v) S. aureus ATCC 9144, Bacillus subtilis
BBK006

Disrupt biofilms at concentrations
more than 5% (v/v) by inducing the
death of planktonic cells

Diaz De Rienzo et al.
(2015)

Bacillus circulans Lipopeptide 10 g/L Serratia marcescens, Salmonella
typhimurium, Proteus vulgaris,
Citrobacter freundii, Micrococcus flavus
Klebsiella aerogenes, Escherichia coli,
Alcaligenes faecalis

Biofilm dislodging of 59%–94% was
achieved for the tested trains

Das et al. (2009)

Bacillus subtilis Surfactin 0.1% and 0.5% (w/
v) concentration

Listeria monocytogenes, Staphylococcus
aureus, Salmonella enteritidi

The finding showed 95.9% disruption
of preformed biofilms after 2 h
contact at 0.1% surfactin

Zezzi do Valle
Gomes and Nitschke
(2012)

Pseudomonas
aeruginosa

Rhamnolipids 0.25% and 1.0%
(w/v)
concentration

Rhamnolipid at 0.25% concentration
was able to disrupt 58.5% of
preformed biofilms after 2 h contact

Serratia marcescens
GQ214001

Glycolipid 0.0125–25 mg/mL Candida albicans, Pseudomonas
aeruginosa and Bacillus pumilus

The glycolipid biosurfactant
mediated the disruption of the
preformed biofilms of the microbial
strains tested. The compound also
showed 95%–99% anti-adhesive
activity

Dusane et al. (2011)

Lactobacillus
pentosus,
Lactobacillus
paracasei

Glycolipopeptide 0.02–25 mg/mL Streptococcus pyogenes, Escherichia coli,
Streptococcus agalactiae, Candida
albicans, Staphylococcus aureus,
Pseudomonas aeruginosa

Anti-adhesion against all the
microbial strains was observed except
for E. coli and C. albicans

Vecino et al. (2018)

Acinetobacter
indicus M6

Glycolipoprotein 500 μg/mL MRSA There was 82.5% biofilm removal
from the surface

Peele Karlapudi et al.
(2018)

Bacillus safensis F4 Surfactin 6.25 mg/mL Staphylococcus epidermidis There was 80% anti-adhesive activity
against the tested strain

Abdelli et al. (2019)

Candida lipolytica
UCP 0988

Rufisan 0.75–12 mg/L Streptococcus mutans HG, Streptococcus
agalactiae, Streptococcus
mutans, Streptococcus
sanguis 12, Streptococcus oralis J22,
Streptococcus agalactiae, Streptococcus
mutans NS

Rufisan biosurfactant displayed anti-
adhesive activity on most microbial
strains tested

Rufino et al. (2011)

(Continued on following page)
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equipment and attachment surfaces, thus altering the surface
hydrophobicity or by dispersing the biofilm through the
formation of channels within the biofilm matrix (Friedlander
et al., 2019).

Some biosurfactants, such as rhamnolipids cause dispersal by
disrupting the biofilm matrix and solubilizing components of the
matrix (Pamp and Tolken-Nielsen, 2007). The surfactin from
Bacillus tequilensis SDS21 showed promising activity in hard
water and was able to remove biofilms grown on glass, stainless
steel and polystyrene, indicating that this biosurfactant might be able
to disperse biofilms that form in water pipes (Singh and Sharma,
2020). Additionally, the surfactin was still viable when exposed to
boiling temperatures (100°C) for 3 h and an extreme pH range
(pH 5–12) (Singh and Sharma, 2020), indicating that it will still be
viable when used in harsher conditions such as those found in
industrial wastewater treatment centres. Another biosurfactant
produced by the Bacillus strain AR2 was also able to maintain its
anti-biofilm activity under extreme conditions. The biomolecule
inhibited biofilm formation at a 46%–100% efficiency rate while also
dispersing 25%–100% of Candida matured biofilms (Rautela et al.,
2014). Di Pippo et al. (2017) analyzed the biodispersant properties of
polyglucoside (a biobased surfactant) to detach mature biofilms
(grown over 28 days) using lab-scale systems and artificial industrial
cooling tower water. The study provided the first insights into the

ability of biodispersants to eradicate unwanted biofilms in industrial
cooling tower systems. Although the biocide hypochlorite showed a
higher biofilm removal rate than polyglucoside (at 0.50 and 0.25 g/
L), polyglucoside still removed biofilms better than the non-green
formulations such as Tween® 80 and Chimec 7464. Also, they found
that green bio-dispersants could perform better at higher
concentrations when applied to biofilms grown in batch
conditions. This is in comparison to semicontinuous experiments
that favoured lower concentrations, with 58%–69% biofilm dispersal
values achieved (Di Pippo et al., 2017).

Quorum sensing plays an essential role in the expression of
virulent genes associated with biofilm formation and is yet another
target for disruption. Biosurfactants isolated from Cobetia
sp. MM1IDA2H-1 can interfere with quorum sensing signals
related to biofilm formation in the fish pathogen Aeromonas
salmonicida (Ibacache-Quiroga et al., 2013). The proposed
mechanism here is ‘signal hijacking’ as production of the purple
pigment, violacein, by the test organism used in these studies
(Chromobacterium violaceum) is under quorum sensing control.
The loss of the purple phenotype is associated with the biosurfactant
out-competing the native C. violaceum quorum sensing signalling
molecules (acyl-homoserine lactone-like compounds; 3-hydroxy
fatty acids (Ibacache-Quiroga et al., 2013). The binding of the
mimic, as opposed to the true signal, does not lead to induction

TABLE 3 (Continued) Biosurfactants as anti-biofilm agents.

Producer strain Biosurfactant
class

Dosage Biofilm-producing strains Main findings Reference

Lactobacillus agilis
CCUG 31450

Glycoprotein 960 mg/L Staphylococcus aureus There was anti-adhesive activity
against Staphylococcus aureus

Gudiña et al. (2015)

Pseudomonas
fluorescens BD5

Pseudofactin II 0.035–0.5 mg/mL Proteus mirabilis, Escherichia coli,
Staphylococcus epidermidis, Enterococcus
hirae, Candida albicans, Enterococcus
faecalis, Proteus mirabilis

Pre-treatment of the surface inhibited
microbial adhesion by 36%–90%.
Furthermore, a biofilm dispersal rate
of 26%–70% was achieved on the
tested strains

Janek et al. (2012)

Datura stramonium Glycopeptide 64–1.0 μg/mL Candida albicans Eradicate biofilms formed by C.
albicans

Mandal (2012)

Candida sphaerica
UCP 0995

Lunasan 0.625–10 mg/mL Pseudomonas aeruginosa, Streptococcus
agalactiae, Streptococcus sanguis 12

There was 80%–92% anti-adhesive
activity on the tested microbial
strains

Luna et al. (2011)

Lactobacillus
sp. CV8LAC

Biosurfactant 2,500–78 μg/mL Candida albicans (CA-2894 and DSMZ
11225)

The biosurfactant compound has
anti-biofilm potential against the
tested biofilms-producing strains

Fracchia et al. (2010)

Coral Acropora
digitifera

Biosurfactant 100 μg/mL P. aeruginosa ATCC10145 Anti-biofilm activity of the
biosurfactant against the tested strain

Padmavathi and
Pandian (2014)

Lactobacillus
rhamnosus

Biosurfactant
components

500–0.24 mg/mL Acinetobacter baumannii There was significant inhibitory
effect on cells and biofilm of A.
baumannii

Al-Shamiri et al.
(2023)

Bacillus niabensis Biosurfactant 30, 50, and
100 μg/mL

Pseudomonas stutzeri B. niabesis reduced biofilm formation
by disrupting the biofilm
exopolysaccharide matrix

Sanchez-Lozano
et al. (2023)

Cyperus papyrus
endophyte

Biosurfactant 0.78–1.56 mg/mL A. baumannii The biosurfactant showed significant
anti-biofilm activity against A.
baumannii

Amer et al. (2023)

Rhodococcus
sp. SP1d

Trehalolipid 25–200 mg/mL Pseudomonas protegens MP12 There was no increase in biofilm
growth at 200 mg/mL biosurfactant
concentration

Andreolli et al.
(2023)
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of the quorum sensing pathway and consequently the absence of the
pigment.

Anti-biofilm peptides including glycopeptides, lipopeptides, and
cyclic peptides possess broad-spectrum activities that target the
“biofilm lifestyle” (Pletzer et al., 2016; Pletzer and Hancock,
2016) which include bacterial membranes, adhesion organelles
and molecules, biofilm structural composition, and the matrix
components (Pletzer and Hancock, 2016). These peptides have
successfully been used to disrupt biofilms produced by ESKAPE
and non-ESKAPE pathogens on surfaces (known nosocomial
pathogens exhibiting multidrug resistance and virulence) (Rajput
and Kumar, 2018). Peptide-based surfactants can also induce
changes in gene expression leading to inhibition of biofilm
formation and ultimately cell death (de la Fuente-Nunez et al.,
2012). This is demonstrated by cationic peptide 1037 against Listeria
monocytogenes, Pseudomonas aeruginosa, and Burkholderia
cenocepacia. The peptide targets and suppresses the multiple
genes responsible for biofilm formation (de la Fuente-Nunez
et al., 2012). Later, de la Fuente-Nunez et al. (2014) described a
potent anti-biofilm peptide 1018 that induces a cellular response by
binding, blocking, and degrading (p)ppGpp [guanosine 3′,5′-
bis(pyrophosphate)], also known as the magic spot, which serves
as an important signal and secondary messenger molecule in biofilm
development. Interfering with the (p)ppGpp ultimately leads to the
dispersal of biofilms (de la Fuente-Nunez et al., 2014). When
developing biosurfactant formulations for use in industrial water

systems, the focus should be complete disruption or prevention of
biofilm formation to increase plant efficiency and eliminate or
decrease the need for biocide use in industrial systems.

4.2 Application of biosurfactants in industrial
water systems as anti-fouling and anti-
corrosion agents

The accumulation of unwanted organic materials on any surface
is called biofouling (Coetser and Cloete, 2005). Biofouling in
industrial water systems involves microorganisms (e.g., bacteria,
fungi, yeasts, moulds, diatoms, or algae) and macroorganisms such
as mussels, protozoans, and barnacles (Melo and Bott, 1997).
Biosurfactants used in anti-fouling strategies target biofilms that
create dead biomass. Industrial biofouling in water systems results in
several problems that include decreased membrane flux, shutdown,
damage, reduced heat-exchanger efficiency, blockages, and energy
loss (Coetser and Cloete, 2005). Many extreme conditions occur in
industrial systems, thus the applied biosurfactants must have
properties such as hard water resistance, stability, and ability to
withstand harsh conditions such as high -acidic/alkaline conditions,
temperature, and salinity. Other properties such as solubilizing
properties, good wetting, interfacial action, and the ability to
disrupt hydrophobicity between bacteria and surfaces are
important for the successful removal of biofilms in industrial

FIGURE 3
Biosurfactants’ mechanisms of action for the interference and disruption of biofilm formation. Adapted from Satpute et al. (2016). Created with
BioRender.com.

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Jimoh et al. 10.3389/fbioe.2023.1244595

64

http://BioRender.com
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1244595


water systems (Sulaimon and Adeyemi, 2018). As discussed earlier,
microbial fouling of industrial water systems can have severe health
and economic consequences. Although most biosurfactant research
focuses on treating biofilms in healthcare setups, we propose that
biosurfactants can also play a big role in treating industrial
wastewater since numerous biosurfactants can remove mature
biofilms and prevent biofilm formation.

One approach to combat fouling problems is to mix paints with
biosurfactants before applying them on surfaces. This improves
resistance to fouling by modifying surface properties such as
hydrophobicity, surface tension and charge. However, this
strategy is challenging to implement as the dispersal and leach
rate of the compound must be controlled and a coating mechanism
that enables the gradual release of the compound needs development
(Yebra et al., 2004). Aleman-Vega et al. (2020) reported a 70%
biofouling decrease by degreasing and covering acrylic plates with
paint formulated with biosurfactants isolated from Bacillus niabensis
(My-30), B. niabensis (S-69) or Ralstonia sp. (S-74). The Bacillus
amyloliquefaciens anti-CA lipopeptide also showed anti-fouling
potential as the biosurfactant killed the Balanus amphitrite larvae
and inhibited the growth of protozoans (Song et al., 2016), which are
two organisms that contribute to fouling in cooling towers
(Critchley and Bentham, 2007; Mizhir, 2012).

In addition to anti-fouling activities, biosurfactants can act as
anti-corrosion agents (Table 4). For example, the biosurfactant
alkylpolyglucoside inhibits corrosion of 907 steel and the efficacy
could be altered by changing the alkyl chain lengths (Du et al., 2004).
Another anti-biocorrosion strategy is the combination of
biosurfactants and polymeric substances such as epoxy resins,
polyester, polyaspartate, alginate, and polyglutamate. In a study

by Zin et al. (2018), a biosurfactant complex containing
rhamnolipids and an alginate-based biopolymer produced
extracellularly by Pseudomonas sp. PS-17 inhibited the corrosion
of aluminium alloy D16T successfully. A two-to four-fold increase in
the repassivation kinetics was observed for the treated surfaces, and
the effects were attributed to the rhamnolipids in the complex (Zin
et al., 2018). Since microbially induced corrosion is a consequence of
biofilm formation, efforts should be tailored towards preventing
microbial contamination of metallic components of industrial water
systems (Grasland et al., 2003; Silva et al., 2018). Metal is prone to
biocorrosion and constitutes major components of industrial water
systems such as water-cooling circuits, towers, vacuum pumps,
treatment plants, pipes, and sensors. Bacillus species are well
known for producing biosurfactants capable of combating
biofilm-induced corrosion (Purwasena et al., 2019). Certain
Bacillus spp. produce various surfactants that inhibit the growth
of bacteria that induce metal surface corrosion (Jayaraman et al.,
1999; Santos et al., 2016). Finally, the Pseudomonas stutzeri
F01 biosurfactant is an eco-friendly biocide tested in the oil and
gas industry, where 30%–40% of the corrosion problems are
attributed to microbial corrosion (Parthipan et al., 2018). The
authors report these biosurfactant compounds as efficient
microbial inhibitors because they possess anti-biofilm properties
against corrosive bacterial strains even at low concentrations.

5 Conclusion

Biosurfactants are well-known antimicrobial and anti-biofilm
agents with activity recorded against numerous microbial

TABLE 4 Examples of biosurfactants used against biocorrosion.

Producer strain Class Activity Mode of action References

Pseudomonas
fluorescens

Biosurfactant Inhibiting the corrosion of AISI 304 stainless steel. The biosurfactant adsorption was able to facilitate
the inactivation of the oxide layer and act as barrier
to the diffusion of chlorides and dissolved oxygen

Dagbert et al.
(2006)

Pseudomonas sp. PS-17 Rhamnolipid Inhibiting the corrosion of alloy Adsorption of the rhamnolipid biosurfactant on the
alloy surface allows the modification of the oxide
film layer, thereby increasing corrosion resistance

Zin et al. (2018)

Pseudomonas
mosselii F01

Biosurfactant Significant inhibition activity against corroding
carbon steel (API 5LX) corrosive bacterial strains

The mode of action is attributed to the adsorption of
the biosurfactant functional groups over the metal
surface through interfacial action of the
hydrophobic and hydrophilic moiety

Parthipan et al.
(2018)

Pseudoxanthomonas
sp. F3

Rhamnolipid Eliminate biofilms associated with biocorrosion The rhamnolipid biosurfactant enabled
hydrophobic interactions within the surface by
reducing the interfacial tension. This results in
surface films that prevent biocorrosion issues

Astuti et al. (2018)

Bacillus sp Biosurfactant Microbial-influenced corrosion on carbon steel
ST37 was inhibited

The biosurfactant was able to penetrate the matrix
and disrupt the water channels. This accelerates
biofilm disruption off the steel surface

Purwasena et al.
(2019)

Bacillus sp. H2O-1 Surfactin Control of sulfate-reducing bacteria on examined
surfaces such as carbon steel, stainless steel AISI
304; 430, polystyrene, and galvanized steel

The addition of AMS lipopeptide extract (mixture of
four surfactin homologues) influenced the
hydrophobicity and energy level of the examined
surfaces

Korenblum et al.
(2012)

Pseudomonas sp. PS-17 Rhamnolipids
biocomplex

The surface-active products were able to inhibit
the corrosion of D16T aluminium alloy in distilled
water

The mechanism includes adsorption of
biosurfactant molecules and formation of micelles (a
multilayer organic protective film), which insulate
efficiently on the metal surface

Pokhmurs’kyi
et al. (2014)
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organisms, including yeast, Gram-positive and Gram-negative
bacteria. While numerous biosurfactants have been investigated
for anti-biofilm properties, the most studied are rhamnolipids
and lipopeptides. This is due to their prevalence and well-
characterized structures. Unfortunately, reports of the use of
biosurfactants in industrial water systems are lacking, specifically
in areas combating biofouling and biocorrosion. Industries for
whom these issues are problematic are starting to implement
management practices that employ more eco-friendly products,
suggesting a bright future for biosurfactants. There remains a vast
number of uncharacterized amphiphilic compounds of biological
origin that represent a huge untapped resource, each of which
brings its own nuanced mixture of properties that could be
suitable or represent a substantial improvement over the well-
characterized compounds for use in applications described
throughout this review. Even from the limited number of
reports available, biosurfactants have proven to be effective in
industrial water systems and can be used simultaneously to
protect surfaces as well as reduce the effect of microbially
induced corrosion or fouling. By co-formulating biocides and
biosurfactants one can also significantly increase the bioactivity
of the biocide, ultimately decreasing the high concentrations of
biocide needed. Thus, co-formulation with biosurfactants
represents a more ecological, cost-effective, and renewable
solution with diminished impact when water is released into
the environment. In their management programs, industrial
water users could even involve biosurfactants combined with
other molecules, such as polymers and bio-based surfactants, to
proffer novel and safe alternatives. Given the number of novel
compounds yet to be described, research activities are expected to
introduce new compounds and methodologies to enable this.
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Biosurfactants are microbial products that have applications as cleaning agents,
emulsifiers, and dispersants. Detection and quantification of biosurfactants can be
done by various methods, including colorimetric tests, high performance liquid
chromatography (HPLC) coupled to several types of detectors, and tests that take
advantage of biosurfactants reducing surface tension of aqueous liquids, allowing
for spreading and droplet formation of oils. We present a new and simple method
for quantifying biosurfactants by their ability, on paper, to reduce surface tension
of aqueous solutions, causing droplet dispersion on an oiled surface in correlation
with biosurfactant content. We validated this method with rhamnolipids, surfactin,
sophorolipids, and ananatoside B; all are anionic microbial surfactants. Linear
ranges for quantification in aqueous solutions for all tested biosurfactants were
between 10 and 500 µM. Our method showed time-dependent biosurfactant
accumulation in cultures of Pseudomonas aeruginosa strains PA14 and PAO1, and
Burkholderia thailandensis E264. Mutants in genes responsible for surfactant
production showed negligible activity on oiled paper. In summary, our simple
assay provides the opportunity to quantify biosurfactant contents of aqueous
solutions, for a diversity of surfactants, bymeans readily available in any laboratory.

KEYWORDS

biosurfactant, quantification, assay, rhamnolipids, Pseudomonas, Burkholderia

Introduction

Surfactants are surface-active compounds of a low molecular weight that can reduce
surface tension of liquids, and can be used as emulsifiers, cleaning agents, and dispersants
(Eras-Muñoz et al., 2022). In contrast to synthetic surfactants, biosurfactants are regarded to
be more environmentally friendly, as they are biodegradable, and can be derived from
renewable sources (Eras-Muñoz et al., 2022).

A variety of microorganisms produce surface-active agents to solubilize and use
hydrophobic substances, such as oils or hydrocarbons, as carbon sources (Saeed et al.,
2022; Sah et al., 2022), to promote group surface behaviour (Nielsen et al., 2002; Tremblay
et al., 2007; Kearns, 2010; Nickzad et al., 2015; Morin et al., 2022) and act as antagonistic
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(Zulianello et al., 2006; Sidrim et al., 2020; Sass et al., 2021; Sass et al.,
2022) and virulence factors (Zulianello et al., 2006; Köhler et al.,
2010).

Classical methods of quantifying biosurfactants encompass oil
displacement test, emulsion stability testing, droplet size analysis,
critical micelle concentration (CMC) determination, high
performance liquid chromatography (HPLC), and colorimetric
tests, such as the methylene blue test, or the Congo Red test
(Heyd et al., 2008; Jiang et al., 2020). Critical reviews of
biosurfactant research and methodology have been published
(Heyd et al., 2008; Twigg et al., 2021). A compressed overview of
methods to evaluate the biosurfactant content in liquids is shown in
Supplementary Table S1.

We took advantage of surface tension reduction by
biosurfactants and applied aqueous solutions to a stationary layer
of oil, here oiled paper on a glass surface, to create a very simple
method for measurement. Quantification of biosurfactants by this
method can be done very easily by determination of areas of dried
droplets, and use of standard curves. Concentration of
biosurfactants in aqueous solutions is equivalent to their droplet
size over a wide range of concentrations.

Materials and methods

Materials

Natural P. aeruginosa rhamnolipids mixture (Rhl), Bacillus
sp. surfactin (SF), methanol (MeOH), dimethylsulfoxide (DMSO),
and RPMI 1640 medium were purchased from Sigma-Aldrich (St.
Louis, MO). A S. bombicola sophorolipid mixture (SPL) was
provided by Dispersa (Laval, Québec, Canada). Ananatoside B
(AnaB) was synthetized by the group of Charles Gauthier (INRS,
Laval, Québec, Canada) (Cloutier et al., 2021). The main
rhamnolipid congener RhaRhaC14C14 of B. thailandensis was
purified from cultures as described previously for B. glumae
(Costa et al., 2011).

Preparation of biosurfactant solutions

Rhl and SPL were dissolved and diluted in sterile water. SF and
RhaRhaC14C14 were dissolved in sterile water, containing MeOH at
25% or 20%, respectively. Stock solutions were further diluted in
water, so that all test concentrations contained 10%MeOH. AnaB was
dissolved in DMSO. Test concentrations contained 10% DMSO.
MeOH up to 12.5% and DMSO up to 25% to water did not affect
area sizes of biosurfactant droplets in oiled paper assays. For standard
curves, test concentrations of 1–500 µMwere used except for surfactin
for which concentrations of 1.2–300 µM were used.

Biosurfactant quantification on oiled paper

Standard printer paper (20-pound type) was placed on a glass
plate, which had been cleaned with 70% alcohol to achieve fat-free
conditions. The paper sheet was evenly covered with at least 5 ml of
fluid mineral oil (sterile mineral baby oil; CVS, Woonsocket, RI).
Light mineral oil was best suitable for the assay. We did not compare
brands. The amount of oil used will depend on the size and quality of
the paper sheet used. Excess oil and air bubbles underneath the oiled
paper were brushed off, using lint-free tissue paper (Kimtech,
Kimberley-Clark Worldwide, Inc., Roswell, GA). Equal
distribution of oil and removing excess oil until the paper surface
no longer is shiny are measures to ensure comparability of
measurements on different sheets, as is the use of background
medium controls on each sheet. Fifty µl droplets of test samples
were placed on oiled paper and allowed to spread and dry at room
temperature. As controls, 50 µl droplets of sterile diluent,
corresponding to the analyte, were placed on the same paper
sheet. Diameters of dried droplets were measured vertically and
horizontally, as drop shapes tended to be slightly irregular at higher
biosurfactant concentrations. Diameters were used to calculate
droplet areas, using the formula: a (area) = r(radius)2π. Mean
areas of sterile diluent were subtracted from areas produced by
biosurfactant suspensions. Areas are displayed in mm2.

TABLE 1 Dyes tested as possible additives to water for this study.

Dye name Abbreviation Color Molecular weight Charge

Brilliant Blue BB Blue 792.9 Anionic

Giemsa G Violet 291.8 Neutral

Congo Red CR Red 696.7 Anionic

Evans Blue EB Blue 960.8 Anionic

Phenol Red PR Red 354.4 Anionic

Orange G OG Orange 452.4 Anionic

Clayton Yellow CY Yellow 695.7 Anionic

Eosin Y EY Red 691.9 Anionic

Crystal Violet CV Violet 408.0 Cationic

Acridine Orange AO Orange 265.35 Cationic
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Facilitation of biosurfactant determination in
water on oiled paper by addition of dye

When biosurfactants were examined in water, areas of droplets
after drying were barely visible. To circumvent this problem, we tested
a variety of dyes to add to our test samples (Table 1). Dyes shown in
Table 1 were added to water, containing 0.5 mM Rhl, at
concentrations of 0.1%, and a biosurfactant assay was performed
on oiled paper. After determination of dried droplet areas, we found
that three of the dyes, Phenol Red (PR), Orange G (OG), and Eosin
Yellow (EY) did not interfere with Rhl measurement in water,
compared to water alone (Figure 1). Of these dyes we used PR,
subsequently at 0.01%, to facilitate measurement of anionic
biosurfactant content in water, or water, containingMeOH or DMSO.

Microorganisms

Bacterial strains used in this study are shown in Table 2. The use
of all microbes in our laboratory is approved by the CIMR Biological
Use Committee (approval no. 001-03Yr.17).

Culture production

Bacteria (5 × 107 cells/ml) or yeast (5 × 105 cells/ml) were
incubated at 35°C and 100 rpm for 24–96 h. Pseudomonas and
Burkholderia strains were cultured in RPMI 1640 medium. RPMI
was selected because it is completely defined, and, with additives, can
be used in future experiments that require co-culture with
mammalian cells, since RPMI can sustain mammalian cell growth.

Preparation of bacterial filtrates

P. aeruginosa filtrates were prepared as detailed previously
(Ferreira et al., 2015). Cultures were centrifuged at 200 g for
30 min at room temperature to produce supernatants, which
were filtered for sterility (0.22 μm) using mixed cellulose ester
(MCE), or cellulose acetate (CA) filters (Celltreat Scientific
Products, Pepperell, MA).

Statistical analysis

Results were analyzed using one way ANOVA or Student’s
t-test. All data in this study are expressed as a mean ± SD. Each
assay was performed with at least 3 biological and 8 technical
replicates. Representative experiments are shown.

Results

Correlation between area size on oiled
paper and biosurfactant concentration in
aqueous liquid

To prepare standard curves for Rhl, RhaRhaC14C14, SF, SPL, and
AnaB, aqueous dilutions of these anionic biosurfactants, containing
0.01% PR, were spotted on oiled paper, and allowed to dry at room
temperature. Some of our biosurfactant stocks were prepared in
MeOH or DMSO (see Materials and Methods). We found that in
water, including MeOH up to 12.5% or DMSO up to 25% did not
affect area sizes of biosurfactant droplets in oiled paper assays.
Figure 2 illustrates our assay, showing areas of four aqueous
dilution rows for Rhl (A-D), containing 0.01% PR, in comparison
to the diluent (here: water) background controls, also containing
0.01% PR (0 µM Rhl). Means of background control areas were
subtracted from areas generated by biosurfactant-containing

FIGURE 1
Effects of dyes on rhamnolipids measurement on oiled paper.
Areas, produced by rhamnolipids (500 µM) in water, were determined
by oiled paper assay with (0.1%) or without addition of dyes.
Comparison: areas without added dye vs. areas containing dyes.
Statistical analysis by t-test: Three asterisks = p ≤ 0.001. n= 8 technical
replicates. Abbreviations: Rhl, rhamnolipids; BB, Brilliant Blue; G,
Giemsa; CR, Congo Red; EB, Evans Blue; PR, Phenol Red; OG, Orange
G; CY, Clayton Yellow; EY, Eosin Y; CV, Crystal Violet; AO, Acridine
Orange.

TABLE 2 Bacterial strains and mutants used in this study.

Bacteria Strain Description Ref

Pseudomonas aeruginosa PA14 UCBPP-PA14; wild-type strain; common laboratory strain O’Toole and Kolter (1998), Lee et al. (2006), Fischer et al. (2016)

P. aeruginosa PA14rhlA rhlA::MrT7, GmR O’Toole and Kolter (1998), Lee et al. (2006), Fischer et al. (2016)

P. aeruginosa PAO1 Wildtype, common laboratory strain O’Toole and Kolter (1998), Lee et al. (2006), Fischer et al. (2016)

Burkholderia thailandensis E264 Wildtype strain Brett et al. (1998), Dubeau et al. (2009)

B. thailandensis E264rhlA- rhlA1::pKnock-Tc, rhlA2::dhfrII, TcR, tpR Brett et al. (1998), Dubeau et al. (2009)

Gm, gentamicin; Tc, tetracycline; Tp, trimethoprim.
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solutions. In all assays, droplet diameters critically were measured in
horizontally in two perpendicular axes, as concentrations of
biosurfactants ≥125 µM tended to produce irregular droplet shapes
(Figure 2).

We used one oiled paper sheet per biosurfactant and repetition
experiment, with each sheet containing its own background control.
All experiments were repeated at least twice, and Figure 3 shows
representative results for each biosurfactant. The lowest Rhl
(Figure 3A), or RhaRhaC14C14 concentration (Figure 3B) with
significantly larger area on oiled paper than 1 µM was 31 µM
(p ≤ 0.01). For AnaB (Figure 3C) and SPL (Figure 3D) this
concentration was at 63 μM, and for SF this concentration was at
37.5 µM (Figure 3E). Comparison of neighboring concentrations
revealed significant differences starting between 4 and 16 µM and
lasting up to at least 250 µM (Figure 3). SPL (Figure 3D) and AnaB
(Figure 3E) still showed no flattening of the curve even between
250 and 500 µM.

Biosurfactant production in cultures of P.
aeruginosa and B. thailandensis is detected
using our method

P. aeruginosa is the best-known producer of Rhl (Soberón-Chávez
et al., 2005). As a proof of principle for our method we used bacterial
cultures of P. aeruginosa wildtype strain PA14 (O’Toole and Kolter,
1998; Lee et al., 2006; Fischer et al., 2016), its rhlA-mutant, unable to
produce Rhl (Ochsner et al., 1994), and a second P. aeruginosa
wildtype strain, PAO1 (Stover et al., 2000). We also studied B.
thailandensis, the producer of the higher molecular weight
rhamnolipid RhaRhaC14C14 (Brett et al., 1998; Dubeau et al.,
2009), as well as its rhlA-mutant (Brett et al., 1998; Dubeau et al.,
2009). Planktonic cultures were grown from an equal number of cells
in RPMI medium over a period of 72 h. Biosurfactant content in

planktonic cultures was determined at 24, 48, and 72 h.We found that
wildtype PA14 and PAO1 culture biosurfactant content significantly
increased up to 48 h (Figure 4A). PAO1 cultures contained
significantly less biosurfactants than PA14 cultures (Figure 4A).
The assay detected small amounts of amphiphilic molecules in
cultures of the PA14 rhlA-mutant (Figure 4A), confirming that the
vast majority of surface-active molecules present in cultures of
PA14 are Rhl. Using the standard curve shown in Figure 3A we
determined that PA14 cultures in RPMI contained a mean of 131 µM
Rhl at 24 h, 202 μM at 48 h, and 228 μM at 72 h. PAO1 cultures
contained a mean of 60 µM Rhl at 24 h, 85 μM at 48 h, and 95 μM
at 72 h.

B. thailandensis E264 culture biosurfactant content increased up
to at least 72 h, whereas its rhlA-mutant produced only very small
amounts of amphiphilic molecules, indicating that the major
biosurfactants produced by B. thailandensis were Rhl (Figure 4B).
Using the standard curve in Figure 3B we determined that
E264 cultures in RPMI contained a mean of 68 µM Rhl at 24 h,
219 μM at 48 h, and 486 μM at 72 h.

Filtration impacts biosurfactant content

Finally, we investigated effects of centrifugation and filtration on
biosurfactant measurement in our assay. Areas for RPMI after MCE
filtration were significantly larger than areas following CA filtration,
or when RPMI was not filtered throughMCE or CA filters, suggesting
that MCE filters released a surfactant into the filtrate (Figure 5A).
When 0.5 mMRhl was added to RPMI, we found that MCE-filtration
removed almost all biosurfactant, whereas CA-filtration did not
(Figure 5B). While cultures and their centrifuged supernatants
after 48 h of incubation did not differ significantly in biosurfactant
content, filtration of 5 ml supernatant through MCE removed 80% of
biosurfactant content from cultures of PA14 (Figure 5C). Filtration of

FIGURE 2
Visualization of the assay. Four 1:2 dilution rows (A–D) for rhamnolipids (500–15.6 µM; Rhl) in aqueous solution, containing PR (0.01%), were spotted
on oiled paper, along with a background control (diluent with 0.01% PR). After droplets dried, a picture was taken.
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5 ml supernatant through CA also had a significant, but much less
pronounced effect on biosurfactant content (Figure 5C). Filter effects
were even more pronounced when lower volumes were filtered, or
supernatants tested that contained less biosurfactants, e.g., harvested
after 24 h of culture. We therefore recommend avoiding filtration
before using our biosurfactant assay when low concentrations of
biosurfactants are present in cultures. If filtration is needed, filtration
through CA filters is preferable to MCE filtration.

Discussion

Many methods are available for measurement of amphiphilic
glycolipids such as Rhl. These include, roughly from simplest to

more sophisticated and precise: assay of hemolysis, the drop
collapsing test, measurement of surface tension of a spreading
drop on agar, anthrone or orcinol colorimetry, use of fluorescein-
encapsulating vesicles, thin layer chromatography, high
performance liquid chromatography (HPLC), and HPLC coupled
with mass spectroscopy (LC/MS) (Abdel-Mawgoud et al., 2014;
Kubicki et al., 2020; Twigg et al., 2021). In a previous study we
compared the LC/MS method, after extraction from agar to an assay
measuring rhamnolipid production by bacterial colonies on agar by
oil displacement (Abdel-Mawgoud et al., 2014; Kubicki et al., 2020;
Twigg et al., 2021). We found similar results between LC/MS and oil
displacement assay on agar (Sass et al., 2021), indicating that oil
displacement is a simple alternative to LC/MS for studying events on
agar that quantifies, but not specifies, molecules. In contrast to LC/

FIGURE 3
Standard curves on oiled paper for biosurfactants in water. Standard curves for rhamnolipids [(A); 1–500 μM; Rhl], RhaRhaC14C14 [(B); 1–500 µM],
ananatoside B [(C); 1–500 μM; AnaB], sophorolipids [(D); 1–500 μM; SPL], and surfactin [(E); 1.2–300 μM; SF] in aqueous solution, containing PR (0.01%)
were established by spotting 1:2 dilutions, or background control (sterile water with 0.01% PR) on oiled paper. After droplets dried, diameters were
determined, areas calculated, and background areas were subtracted from areas produced by biosurfactant dilutions. Resulting areas were plotted
against biosurfactant concentrations. Comparisons without brackets by one way ANOVA: 1 µM vs. all other concentrations. Other comparisons by t-test,
as indicated by the ends of the brackets. Statistical analysis: One, two, or three asterisks = p ≤ 0.05, p ≤ 0.01, or p ≤ 0.001, respectively. n = 10 technical
replicates.
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MS, measuring oil displacement on agar is a non-specific method
only allowing semi-quantitative comparison of production of
surface-active molecules between bacterial strains. Using the oil
displacement method, we found that a double siderophore mutant
produced more Rhl than its PA14 wildtype (Abdel-Mawgoud et al.,
2014; Kubicki et al., 2020; Twigg et al., 2021).

Here we aimed at quantification of various biosurfactants in
aqueous solutions, by use of a very simple method, potentially
broadly available, in combination with a standard curve. We took
advantage of the fact that surface tension of a water droplet declines
with its surfactant content, and that this allows further spreading on
a hydrophobic surface. The hydrophobic surface we used was a sheet
of ordinary printer paper, on a glass surface, with the paper covered
in a thin layer of light mineral oil. We found that on oiled paper,
50 µl droplets of aqueous solutions not containing surfactants
spread widely enough to be easily measurable by a caliper. On
non-oiled paper such droplets simply are absorbed over time, not
leaving a measurable perimeter. When solutions contained

biosurfactants we were able to produce a standard curve, suitable
for measurement between about 10 and at least 250 µM. Higher
concentrations of biosurfactants need to be diluted for accurate

FIGURE 4
Determination of biosurfactant amounts in planktonic cultures.
Cultures of P. aeruginosawildtype (PA14, PAO1), or a PA14 rhlAmutant
(A), or B. thailandensis wildtype (E264), or an E264 rhlA mutant (B)
were prepared in RPMI medium, starting from 5 × 107 bacteria/
ml. Cultures were incubated at 37°C. At 24, 48, and 72 h, cultures were
analyzed for biosurfactant production on oiled paper. Diameters of
dispersed 50 µl droplets from culture suspensions were determined
and used for the calculation of areas. Areas produced by sterile
medium were subtracted from areas produced by culture
suspensions. Areas were used to calculate biosurfactant content using
the respective standard curves in Figure 3. Comparisons without
brackets: Wildtype vs. all other strains at the same timepoint. Other
comparisons as indicated by the ends of the brackets. Statistical
analysis by t-test: One, two, or three asterisks or pound signs = p ≤
0.05, p ≤ 0.01, or p ≤ 0.001, respectively. Pound signs indicate
significant increases, asterisks indicate significant decreases. (A): n =
12 technical replicates; (B): n = 8 technical replicates.

FIGURE 5
Determination of biosurfactants after filtration. (A): Portions of
sterile RPMI medium were filtered through 0.2 µm MCE or CA filters.
Diameters of dispersed 50 µl dropletswere determined and used for the
calculation of areas. Comparisons as indicated by the ends of the
brackets. (B): 0.5 mM Rhl were added to sterile RPMI medium, and
portions filtered through 0.2 µm MCE or CA filters. Diameters of
dispersed 50 µl droplets from unfiltered RPMI or filtrates were
determined and used for the calculation of areas. Comparisons as
indicated by the ends of the brackets. (C): Cultures of P. aeruginosa
wildtype (PA14), were prepared in RPMI medium, starting from 5 × 107

bacteria/ml. Cultureswere incubated at 37°C for 48 h. Part of the culture
was centrifuged to obtain supernatants, and two five ml portions of the
supernatant were filtered through 0.2 µm MCE or CA filters. Diameters
of dispersed 50 µl droplets from culture suspension, supernatant or
filtrates were determined and used for the calculation of areas. Areas
produced by sterile medium (unfiltered for culture or supernatant, or
filtered through CA or MCE, respectively) were subtracted from areas
produced by culture suspensions. Comparisons without brackets:
Culture vs. all other bars. Other comparisons as indicated by the ends of
the brackets. Statistical analysis by t-test: Two or three asterisks = p ≤
0.01 or p ≤ 0.001, respectively. n = 8 technical replicates.
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measurement. Uniformity of results for five biosurfactants by
measurement on oiled paper also suggests that our method is
universally applicable to biosurfactants, no matter the source.
Both glycolipids and a lipopeptide were measurable.

When measuring biosurfactants in aqueous solutions, we found
that adding color greatly facilitated the determination of dried drop
diameters. All biosurfactants tested here were anionic, so we
expected any anionic dye to be suitable. Anionic dyes are not
expected to interact with anionic biosurfactants, but this proved
to be not so simple. Of all anionic dyes tested here, only Phenol Red
(PR), Orange G (OG) and Eosin Yellow (EY) were found to not
interfere with biosurfactant measurements. We added PR to all
further studies in water, as it already is part of RPMI medium, which
we subsequently used for preparing bacterial cultures. PR
concentrations in water of 0.01% were sufficient to produce easily
measurable spots on oiled paper. RPMI, which contains 0.005% PR
was used as supplied, without adding dye.

In all studies shown we used ordinary printer paper of 20-
pound size. We compared that to higher quality paper and found
that the resolution of our standard curves for high concentrations
improved with paper quality, whereas the resolution for low
concentrations declined. In principle, it depends on the
biosurfactant content expected in cultures which paper quality
is best suited for the individual assay, but it is essential that the
same quality of paper is used for comparison of standard curve and
test samples, and that a background control always is part of the
assay.

Measurements of biosurfactant levels were performed from
planktonic bacterial cultures using our new assay. P. aeruginosa
PA14 cultures increased in biosurfactant content over 72 h, to a
mean content of over 300 µM. These are biologically relevant
concentrations, as the IC50 for Rhl on forming A. fumigatus
10AF biofilm is about 160 µM (Sass et al., 2021). PAO1, another
wildtype laboratory strain of P. aeruginosa, produced less Rhl than
PA14 under our conditions.

The rhlA-mutants of P. aeruginosa and B. thailandensis are
unable to produce Rhl, but still produced small areas in our assay. As
we used bacterial cultures, containing cells, it is likely that
amphiphilic molecules, fatty acids or various membrane lipids,
such as LPS, are detected by our method, creating a minimal
background.

Overall, the choice of medium affected the output of
biosurfactants. The media used here were chosen, because they
are used in our laboratory, and others, in various projects, and are
fully defined. Other media might allow production of different yields
of biosurfactants. For example, we have studied trypticase soy broth
medium as a growth medium and found biosurfactant yield
quantitatively different from the media studied here (data not
shown). Culture conditions can also affect biosurfactant yield: we
have studied cultures in hypoxic conditions, and found, provided
normalization to bacterial growth is done, there was equivalence in
biosurfactant yield (data not shown). It is important to be cognizant
of the course of biosurfactant production, when determining the
time for reading results.

We observed that filtration of RPMI through CA filters did not
remove added Rhl, or washed unrelated surfactants from filters into
filtrates, as observed for MCE filters. MCE filtration almost
completely removed biosurfactants from cultures, whereas CA

filtration removed 10%–50%, depending on the volume filtered,
and the concentration of biosurfactants in supernatants. We
recommend determining biosurfactants in supernatants without
prior filtration. Cells and debris should be removed by
centrifugation, and supernatants studied. However, in some of
the assays we report here, use of un-sedimented culture did not
give different results than the use of supernatants. Adding certain
dyes, e.g., PR, to test liquids facilitates biosurfactant measurement
without affecting quantification, and is recommended.

In summary, although we only tested a limited number of
biosurfactants (but including the best known), we predict that
our simple method of biosurfactant quantification can be applied
to a wide variety of either purified biosurfactants, or biosurfactants
from cultures, or culture supernatants, and is qualitative or
semiquantitative. Supplementary Table S2 compares the
established but sophisticated method of HPLC to our simple
method. The main advantage of our method is that it does not
require expensive equipment and highly skilled personnel, does not
require extraction, but still can compare biosurfactant production
between related strains, or the same strain in different media. The
method also will be very useful in screening for new biosurfactant
producers, and with high throughput. In cultures producing only
one biosurfactant, and in combination with a standard curve, our
method can provide quantitative data.
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Mannosylerythritol lipids (MELs) are extracellular glycolipids produced by the
basidiomycetous yeast strains. MELs consist of the disaccharide
mannosylerythritol, which is acylated with fatty acids and acetylated at the
mannose moiety. In the MEL biosynthesis pathway, an acyltransferase from
Pseudozyma tsukubaensis, PtMAC2p, a known excellent MEL producer, has
been identified to catalyze the acyl-transfer of fatty acid to the C3′-hydroxyl
group of mono-acylated MEL; however, its structure remains unclear. Here, we
performed X-ray crystallography of recombinant PtMAC2p produced in
Escherichia coli and homogeneously purified it with catalytic activity in vitro.
The crystal structure of PtMAC2p was determined by single-wavelength
anomalous dispersion using iodide ions. The crystal structure shows that
PtMAC2p possesses a large putative catalytic tunnel at the center of the
molecule. The structural comparison demonstrated that PtMAC2p is
homologous to BAHD acyltransferases, although its amino acid-sequence
identity was low (<15%). Interestingly, the HXXXD motif, which is a conserved
catalytic motif in the BAHD acyltransferase superfamily, is partially conserved as
His158-Thr159-Leu160-Asn161-Gly162 in PtMAC2p, i.e., D in the HXXXD motif is
replaced by G in PtMAC2p. Site-directed mutagenesis of His158 to Ala resulted in
more than 1,000-fold decrease in the catalytic activity of PtMAC2p. These findings
suggested that His158 in PtMAC2p is the catalytic residue. Moreover, in the
putative catalytic tunnel, hydrophobic amino acid residues are concentrated
near His158, suggesting that this region is a binding site for the fatty acid side
chain of MEL (acyl acceptor) and/or acyl-coenzyme A (acyl donor). To our
knowledge, this is the first study to provide structural insight into the catalytic
activity of an enzyme involved in MEL biosynthesis.

KEYWORDS

crystal structure, mannosylerythritol lipids, acyltransferase, Pseudozyma tsukubaensis,
PtMAC2p

OPEN ACCESS

EDITED BY

Gloria Soberón-Chávez,
National Autonomous University of
Mexico, Mexico

REVIEWED BY

Bekir Engin Eser,
Aarhus University, Denmark
Haiyang Cui,
University of Illinois at Urbana-
Champaign, United States

*CORRESPONDENCE

Tomotake Morita,
morita-tomotake@aist.go.jp

RECEIVED 21 June 2023
ACCEPTED 09 October 2023
PUBLISHED 18 October 2023

CITATION

Nakamichi Y, Saika A, Watanabe M, Fujii T
and Morita T (2023), Structural
identification of catalytic His158 of
PtMAC2p from Pseudozyma
tsukubaensis, an acyltransferase involved
in mannosylerythritol lipids formation.
Front. Bioeng. Biotechnol. 11:1243595.
doi: 10.3389/fbioe.2023.1243595

COPYRIGHT

© 2023 Nakamichi, Saika, Watanabe, Fujii
and Morita. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology frontiersin.org01

TYPE Original Research
PUBLISHED 18 October 2023
DOI 10.3389/fbioe.2023.1243595

79

https://www.frontiersin.org/articles/10.3389/fbioe.2023.1243595/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1243595/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1243595/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1243595/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1243595/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1243595/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2023.1243595&domain=pdf&date_stamp=2023-10-18
mailto:morita-tomotake@aist.go.jp
mailto:morita-tomotake@aist.go.jp
https://doi.org/10.3389/fbioe.2023.1243595
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2023.1243595


1 Introduction

Mannosylerythritol lipids (MELs) are biosurfactants produced
by basidiomycetous yeast strains, which have unique properties such
as damaged skin restoration, increased DNA transfection efficiency
in liposome systems, and antibacterial, anticancer, and antioxidative
activities (Kitamoto et al., 1993; Shu et al., 2019; Coelho et al., 2020;
Bakur et al., 2022; Kondo et al., 2022). MELs are composed of two
parts: a hydrophilic 4-O-β-D-mannopyranosyl-D-erythritol moiety
and a hydrophobic moiety containing fatty acyl chains (C4–C18) at
the C2′ and C3′ positions of the mannose moiety. MELs also possess
one or two acetyl groups at C4′ and/or C6′ of the mannose moiety.
MELs are categorized as MEL-A (acetylated at C4′ and C6′
position), -B (acetylated at C6′ position), -C (acetylated at C4’
position), and -D (deacetylated) based on their acetylated
positions (Figure 1A) (Kitamoto et al., 1990; Hewald et al., 2006).

Pseudozyma tsukubaensis is known as an excellent producer of
diastereomeric MEL-B which contain 4-O-β-D-mannopyranosyl-
(2R,3S)-erythritol (R-form) (Fukuoka et al., 2008; Morita et al., 2010),
while conventional types of MELs contain 4-O-β-D-mannopyranosyl-
(2S,3R)-erythritol (S-form) (Figure 1A). MEL-B biosynthesis in P.
tsukubaensis is carried out mainly by four enzymes: the
glycosyltransferase PtEMT1p, two acyltransferases, PtMAC1p and
PtMAC2p and acetyltransferase PtMAT1p (Figure 1B) (Saika et al.,
2016). Initially, mannosylerythritol is produced from GDP-mannose
and erythritol using PtEMT1p; then, PtMAC1p and PtMAC2p attach
the fatty acid side chain at position C2′ and C3′of mannosylerythritol,
resulting in a di-acylated MEL (MEL-D) (Saika et al., 2016).
Subsequently, PtMAT1p catalyzes acetylation at C6′ positions of a
MEL-D, resulting in mature MEL-B (Figure 1B). Thus, the catalytic
properties of enzymes involved in MEL biosynthesis are key factors in
determining the structures of MEL products. A deletion mutant of the
gene encoding PtMAC2p in P. tsukubaensis, which is strain ΔPtMAC2,
leads to the accumulation of MEL acylated at the C2′ position of the

mannose moiety (mono-acylated MEL-D in Figure 1B), indicating that
PtMAC2p catalyzes acylation at the C3′ position of MEL (Saika et al.,
2018). However, the structures of these enzymes have not been
investigated.

Therefore, in the present study, we expressed and purified
recombinant PtMAC2p. Subsequently, X-ray crystallography of
PtMAC2p was performed to elucidate the catalytic mechanism.
Structural comparison of PtMAC2p with structurally homologous
proteins, sequence analysis, and site-directed mutagenesis provided
insights into the catalytic reaction, including the putative binding
states of the substrates.

2 Materials and methods

2.1 Construction of plasmids

The PtMAC2 fragment (NCBI accession No., LC768982; 1.7 kb)
was amplified via PCR using the cDNA of P. tsukubaensis
NBRC1940 as a template and the following set of oligonucleotide
primers: 5′-CGCGCGGCAGCCATATGCTAGGAGATCAAGTTT
GGAAGGAG-3′ (forward) and 5′-GTTAGCAGCCGGATCCTC
GAGCTAAAGCTTGGCCTCAGGAG-3′ (reverse). We inserted
the 1.7-kb PtMAC2 fragment into NdeI- and XhoI-digested
pET15b using an In-Fusion Cloning Kit (TaKaRa Bio, Shiga,
Japan) according to the manufacturer’s instructions, which
yielded pET-NBRCMAC2. The ligated gene fragments were
verified by DNA sequencing. The plasmid pET-NBRCMAC2_
H158A for mutant PtMAC2p (H158A) expression was
constructed by PCR using pET-NBRCMAC2 as a template, KOD
one (Toyobo, Osaka, Japan) as polymerase, and the following set of
oligonucleotide primers:5′-GGTCATGAATGCTTCTGCTACGCT
AAATGGTCACCGCATG-3’ (forward) and 5′-CATGCGGTGACC
ATTTAGCGTAGCAGAAGCATTCATGACC-3’ (reverse),

FIGURE 1
(A) Molecular structure of conventional MELs. (B) Biosynthetic pathway of MELs in P. tsukubaensis.
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TABLE 1 Statistics for X-ray crystallography.

KI-derivative Type A Type B

Diffraction source BL44XU, SPring-8 BL44XU, SPring-8 BL44XU, SPring-8

Wavelength (Å) 1.6 0.9 0.9

Temperature (K) 100 100 100

Detector Eiger X 16M Eiger X 16M Eiger X 16M

Crystal-detector distance (mm) 160 200 250

Rotation range per image (°) 0.1 0.1 0.1

Total rotation range (°) 360 200 200

Exposure time per image (s) 0.1 0.1 0.1

Space group P212121 P212121 P212121

a, b, c (Å) 53.84, 82.89, 132.43 53.04, 83.07, 131.04 53.91, 71.91, 128.65

Resolution range (Å) 45.15–2.90 (3.00–2.90)a 44.73–1.45 (1.50–1.45) 47.96–3.42 (1.64–1.59)

Total No. of reflections 169,444 (17,527) 764,963 (76,535) 505,781 (49,594)

No. of unique reflections 13,487 (1,347) 103,745 (10,118) 68,145 (6,607)

Completeness (%) 98.4 (100) 99.8 (98.9) 99.8 (98.5)

Redundancy 12.6 (13.0) 7.4 (7.6) 7.4 (7.5)

〈I/σ(I)〉 13.3 (1.6) 15.7 (2.0) 18.7 (1.2)

CC1/2 0.996 (0.768) 0.999 (0.666) 1.000 (0.612)

Rp.i.m 0.052 (0.626) 0.030 (0.513) 0.020 (0.581)

Overall B factor from Wilson plot (Å2) 79.0 17.5 27.1

Resolution range (Å) — 35.08–1.45 47.94–1.59

Completeness (%) — 99.8 99.8

σ cut-off — 0 0

No. of reflections, working set — 103,733 68,133

No. of reflections, test set — 5,187 3,407

Final Rcryst — 17.1 18.8

Final Rfree — 19.4 21.3

No. of non-H atoms — — —

Protein — 4,498 4,344

Ligand — 16 20

chloride ion — – 1

Water — 702 223

Total — 5,216 4,588

R.m.s deviations — — —

Bonds (Å) — 0.006 0.007

Angles (°) — 0.897 0.969

Average B factors (Å2) —

Protein — 20.3 33.5

Ligand — 39.0 50.1

(Continued on following page)
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including a mutation site (under lines). PCR conditions were as
follows: 98°C for 10 s, 54°C for 5 s, and 68°C for 30 s with a total 30
cycles. The PCR mixture was then treated by DpnI at 37°C for 1 h.
Subsequently, the PCR product was transformed into DH5α
competent cells (Toyobo). The plasmid pET-NBRCMAC2_
G162D for mutant PtMAC2p (G162D) expression was also
constructed by PCR using pET-NBRCMAC2 as a template, KOD

one (Toyobo, Osaka, Japan) as polymerase, and the following set of
oligonucleotide primers:5′-CTAAATGATCACCGCATGCTCTTC
CAAGGTTC-3’ (forward) and 5′-GCGGTGATCATTTAGCGT
ATGAGAAGCATTCATGACCA-3’ (reverse), including a
mutation site (under lines). PCR conditions were as follows: 98°C
for 10 s, 54°C for 5 s, and 68°C for 30 s with a total 30 cycles. The
PCR mixture was then ligated using an In-Fusion Cloning Kit

TABLE 1 (Continued) Statistics for X-ray crystallography.

KI-derivative Type A Type B

chloride ion — — 35.2

Water — 30.9 35.6

Ramachandran plot —

Most favoured (%) — 98.2 97.4

Allowed (%) — 1.8 2.6

aValues for the outer shell are provided in parentheses.

FIGURE 2
Overall structure of PtMAC2p. (A) A ribbonmodel of PtMAC2p structure in type B crystal. Blue, orange, and green indicate helices, strands, and loops,
respectively. The yellow region (residues 540–549) at the C-terminal is disordered in the type A crystal. Red spheres indicate His158. “N” and “C” indicate
N- and C-terminus, respectively. (B) A topology diagram of the PtMAC2p structure.
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(TaKaRa Bio) according to the manufacturer’s instructions. The
resultant plasmids pET-NBRCMAC2_H158A and pET-
NBRCMAC2_G162D were amplified in DH5α cells and extracted

using QIAprep Miniprep kit (QIAGEN, Venlo, Netherlands)
according to the manufacturer’s instructions. The mutation was
verified by DNA sequencing.

FIGURE 3
The amino acid sequence and secondary structures of PtMAC2p. Strands and helices are indicated by orange arrows and blue boxes.

TABLE 2 Closest structural matches to PtMAC2p calculated using the Dali server. The top 10 matches based upon Dali Z-score (excluding duplicates) are shown.

Proteins Organisms Identity
(%)

Z-score RMSD (# of
residues)

PDB
codes

Trichothecene 15-O-acetyltransferase (TRI3) Fusarium sporotrichioides 15 29.4 2.8 Å (448) 3fp0

Polyketide synthase associated protein 5 (nonribosomal peptide
synthetase)

Mycobacterium tuberculosis 12 22.7 3.3 Å (354) 1q9j

Nonribosomal peptide synthetase PchE Pseudomonas aeruginosa
PAO1

13 21.4 3.4 Å (375) 7en2

Nonribosomal peptide synthetase SgcC5 Streptomyces globisporus 13 20.5 3.7 Å (379) 4znm

Nonribosomal peptide synthetase ObiF1 Burkholderia diffusa 10 20.1 3.6 Å (382) 6n8e

Nonribosomal peptide synthetase AmbE Pseudomonas aeruginosa
PAO1

10 19.9 3.9 Å (372) 7r9x

Nonribosomal peptide synthetase IgrA Brevibacillus parabrevis 11 17.9 3.9 Å (383) 6mfz

Nonribosomal peptide synthetase TlmII Streptoalloteichus
hindustanus

12 17.8 3.8 Å (354) 4hvm

Diacylglycerol O-acyltransferase Marinobacter nauticus VT8 8 17.7 4.3 Å (331) 6chj

Coumarin synthase Arabidopsis thaliana 10 16.9 3.7 Å (344) 8dqo
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2.2 Protein expression and purification

Escherichia coli BL21(DE3) cells harboring pET-NBRCMAC2,
pET-NBRCMAC2_H158A, and pET-NBRCMAC2_G162D were
cultured respectively at 37°C in 1 L of LB medium (Nacalai
Tesque, Kyoto, Japan) supplemented with 100 μg mL−1 sodium
ampicillin in 3-L Erlenmeyer Flasks with baffles. When the
turbidity (O.D. value) at 600 nm reached 0.4–0.6, the cells were
cooled with ice water for 10 min and isopropyl
D-thiogalactopyranoside (IPTG) was added to the culture to a
final concentration of 0.1 mM. The cells were then cultured at
18 °C for 20 h. Subsequently, the cells were collected by
centrifugation at 6,000 × g for 10 min at 4°C and washed with
phosphate-buffered saline (PBS), which is composed of 137 mM
NaCl, 8.1 mM Na2HPO4, 2.68 mM KCl, and 14.7 mM KH2PO4, at
pH 7.2. The cells were then resuspended in buffer A (PBS
supplemented with 150 mM NaCl). The cells were ultrasonically
disrupted in ice water using an ultrasonic disruptor UD-211 (Tomy,
Tokyo, Japan). The supernatant was obtained by centrifugation at
30,000 × g for 30 min at 4°C.

PtMAC2p purification from the supernatants was achieved
through a 0.22-μm polyethersulfone membrane. The filtered
samples were applied to a HisTrap HP column (5 mL; Cytiva,
Tokyo, Japan) that had been equilibrated with Buffer A. The
HisTrap HP column was washed with 40 mL of buffer A
supplemented with 10 mM imidazole and 40 mL of buffer A with
40 mM imidazole. PtMAC2p was eluted with 20 mL of buffer A
containing 300 mM imidazole. The sample was desalted and
equilibrated with a buffer containing 20 mM potassium
phosphate (KPi) at pH 7.2 by ultrafiltration using Vivaspin 20-
5K (Sartorius, Göttingen, Germany). Subsequently, the sample was
applied to a HiTrap Q HP anion exchange column (5 mL; Cytiva)
that had been equilibrated with the same buffer. The HiTrap Q HP
column was washed with 20 mL of 20 mM KPi (pH 7.2)
supplemented with 100 mM NaCl and PtMAC2p was eluted with
15 mL of 20 mM KPi (pH 7.2) with 200 mM NaCl. PtMAC2p
H158A was purified in the same manner as the wild-type
enzyme. The concentration of the purified PtMAC2p was
determined by measuring the absorbance at 280 nm. The
extinction coefficient at 280 nm was calculated based on the

FIGURE 4
Structural comparison of PtMAC2p with TRI3 and TRI101. (A) PtMAC2p (green) with deoxynivalenol (orange) and CoA (yellow). Models of
deoxynivalenol and CoA are from the crystal structure of TRI101 (PDB ID: 3b2s). Red spheres indicate His158. Solid and dashed arrows indicate putative
binding sites of an acyl donor and acceptor, respectively. (B) TRI3 (light blue) complexed with 15-decalonectrin (magenta) (PDB ID: 3fp0). (C) TRI01 (pink)
complexed with deoxynivalenol (orange) and CoA (yellow) (PDB ID: 3b2s). Deoxynivalenol and 15-decalonectrin are acyl-acceptors, and CoA is an
analogue of an acyl donor.
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FIGURE 5
The catalytic tunnel of PtMAC2p. PtMAC2p is shown as surface model. PEG was found in the type 2 crystal of PtMAC2p. Stick models of
deoxynivalenol and CoA were derived from the crystal structure of TRI101 (PDB ID:3b2s).

FIGURE 6
The putative active site of PtMAC2p. (A, C) PtMAC2p (green) with deoxynivalenol (orange) and CoA (yellow). Models of deoxynivalenol and CoA are
from the crystal structure of TRI101 (PDB ID: 3b2s). (B, D) TRI01 (pink) complexed with deoxynivalenol (orange) and CoA (yellow) (PDB ID: 3b2s). Dashed
lines indicate hydrogen-bonding interaction.
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amino acid sequence 58,330 M–1 cm–1 (A280 was 0.964 when
1 mg mL–1 of PtMAC2p was in solution).

2.3 Enzyme assay

PtMAC2p activity was assayed using the 5,5-dithio-bis-(2-
nitrobenzoic acid) reagent (Ellman’s reagent). The assay mixture
containing 50 mM sodium phosphate buffer (pH 7.2), 0.1 mM
lauroyl-CoA, 1 mM mono-acylated MEL-D produced from P.
tsukubaensis strain ΔPtMAC2 (Saika et al., 2018), 1 mM DTNB,
and PtMAC2p (0.2 µg of wild-type enzyme, 2 µg of H158A, or 7 µg
of G162D) was incubated at 25°C. The increase in the reaction
product was measured by the increase of absorbance at 412 nm of 2-
nitro-5-thiobenzoic acid, the reduced form of DTNB. The product
concentration was calculated using a molar absorption coefficient at
412 nm as 13,600 M–1 cm–1. All assays were performed in triplicate.

2.4 X-ray crystallography

For crystallization, PtMAC2p was concentrated to 5 mg mL–1 by
ultrafiltration using a Vivaspin 20-5K. PtMAC2p crystals were

grown at 15°C using hanging drop vapor diffusion. The purified
PtMAC2p solution was mixed with equal volume of reservoir
solution 1, containing 19% polyethylene glycol (PEG) 3350 and
200 mM lithium acetate. Also, a PtMAC2p solution supplemented
with 5% glycerol was mixed with equal volume of reservoir solution
2 containing 21% PEG 3350 and 300 mM lithium chloride. Crystals
were grown at 15°C for a week. The crystals prepared from reservoir
solutions 1 and 2 were designated as types A and B, respectively.
Native crystals types A and B were soaked in the reservoir solutions
supplemented with 25% and 20% glycerol as cryoprotectants,
respectively, and then flash cooled in liquid nitrogen. For
phasing, type A crystals were soaked in reservoir solution
1 supplemented with 1 M potassium iodide (KI) for a few
seconds and then flash-cooled in liquid nitrogen.

All diffraction data were collected at the BL44XU station at
SPring-8 (Hyogo, Japan). Native datasets were collected at λ = 0.9 Å,
while an anomalous dataset of KI-derivative crystal was collected at
λ = 1.6 Å. All the datasets were processed and scaled using XDS
version 10 Jan 2022 (Kabsch, 2010). The initial phase was solved by
single anomalous dispersion (SAD) using the KI-derivative dataset
with Autosol from Phenix 1.20.1 (Terwilliger et al., 2009; Liebschner
et al., 2019). Subsequently, the model was manually completed
using Coot (Emsley et al., 2010) and refined using Phenix.refine

FIGURE 7
Multiple sequence alignment of PtMAC2p and its homologs. Amino acid sequences of Mac2p homologs with more than 30% identity were obtained
from the protein BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) using the amino acid sequence of PtMAC2p. The amino acid sequences of the Mac2p
homologs from the following strains were used for alignment: Ustilago loliicola (NCBI accession no. KAJ1026989.1), Ustilago shanxiensis (GIZ99647.1),
Ustilago spp. UG-2017b (SPC65788.1) and UG-2017a (SOV08631.1), U. hordei (KAJ1581470.1 and XP_041410023.1), Ustilago bromivora (SAM82151.
1),Ustilago nuda (KAJ1018514.1),Ustilago tritici (KAJ1026684.1),Melanopsichiumpennsylvanicum 4 (CDI53945.1), Sporisorium scitamineum (CDU26158.
1), Sporisorium graminicola (Pseudozyma graminicola) (XP_029740444.1 and XP_029741345.1), Ustilago trichophora (SPO29777.1 and SPO29098.1),
Sporisorium reilianum f. sp. reilianum (SJX63360.1 and SJX61520.1),U.maydis 521 (XP_011389530.1 and XP_011387307.1), Pseudozyma hubeiensis SY62
(XP_012190144.1),M. aphidis (ETS61960.1),Moesziomyces antarcticus (XP_014653799.1),M. antarcticus T-34 (M9MF51.1), S. reilianum SRZ2 (CBQ70845.
1), S. scitamineum (CDR88152.1), Exobasidium rhododendri (UZJ55944.1), Penicillium decumbens (OQD75289.1), Talaromyces proteolyticus (XP_
046066528.1), Lecanicillium saksenae (KAJ3495839.1), and Penicillium salamii (CAG8359511.1 and CAG7939675.1).
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FIGURE 8
The structure of the putative binding site of acyl groups. (A)Hydrophobic residues and Arg240 in the cleft are shown by sticks. Deoxynivalenolmodel
is from the crystal structure of TRI101 (PDB ID: 3b2s). (B) The extent of the surface hydrophobicity of PtMAC2p was calculated and represented by using
the color_h script of the PyMOL software. The color is based on the hydrophobicity, with a gradient from white to red (the darker the red, the more
hydrophobic the surface).

FIGURE 9
Putative association and dissociation model of substrates and products in PtMAC2p. ME, mannosylerythritol moiety; CoA, CoA residue; and zig-zag
lines, alkyl chains of acyl-groups.
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(Afonine et al., 2012). The obtained model was used as a search
model for the native datasets. The phases of the native crystals
were solved by molecular replacement using the structure of KI-
derivative crystal as a search model with Phaser (McCoy et al.,
2007). The coordinates were refined using Phenix.refine. After
each refinement cycle, the models were manually adjusted using
Coot software. Structural models were generated using Pymol
2.5.0 (Schrödinger, LLC). The quality of the refined model was
verified using MolProbity 4.5.2 (Williams et al., 2017). The root
mean square deviations (RMSD) value of Cα-atoms between
structures in crystals types A and B was calculated using
LSQKAB (Kabsch, 1976). The volume of the protein cavity
was calculated by CASTp (Tian et al., 2018). The atomic
coordinates and structure factors were deposited in the
Protein Data Bank (PDB) under accession codes 8JOR (type
A crystal) and 8JOS (type B crystal).

3 Results

3.1 Overall structure

Recombinant PtMAC2p with a polyhistidine tag at the
N-terminus was expressed in E. coli and was homogeneously
purified (Supplementary Figure S1). Purified PtMAC2p catalyzes
the transfer of a fatty acid of lauroyl-CoA (C12) to mono-acylated
MEL-D in vitro. Two types of PtMAC2p crystals (A and B) were
obtained using the purified enzyme (Supplementary Figure S2).
Both crystals belong to the orthorhombic space group P212121, while
their b axes differ by about 10 Å (Table 1).

The initial structure of PtMAC2p was determined by the
SAD-phase method using a type A KI-derivative crystal (Table 1;
Supplementary Figure S3). Native crystals in types A and B were
diffracted to 1.45 and 1.59 Å resolutions, respectively (Table 1).
PtMAC2p is a monomer and forms α/β-folds which are
composed of 18 α-helices (α1–α18) and 24 β-strands (β1–β24)
(Figures 2, 3). In the type A crystal, residues Met1 to Ser539 and
residues numbered −7 to 0 (GLVPRGSH), which are from the
DNA sequence included in the pET15b vector, were modeled
using a 2Fo-Fc map at 1.0 σ (Figure 3). In contrast, Met1 to
Leu549, Leu549 is the C-terminal residue of PtMAC2p, were
modeled in crystal type B (Figure 2A; Figure 3). Residues
540–549 can be modeled in crystal type B because these
residues interacted with a symmetric molecule in the crystal
owing to crystal packing, although these residues in type A were
disordered, suggesting that the C-terminus of PtMAC2p is a
flexible region (the yellow region in Figure 2A). The RMSD value
of 539 Cα atoms (residues 1–539) between the two PtMAC2p
models was 0.643 Å, indicating that the overall structures were
almost identical. PtMAC2p possesses a cleft at the center of the
molecule (indicated by the arrow in Figure 2A), suggesting that
this cleft is a putative active site.

Proteins structurally homologous to PtMAC2p were searched
using the DALI server (Holm, 2020). This search revealed that
trichothecene 15-O-acetyltransferase (TRI3), which belongs to the
BAHD acyltransferase superfamily, showed the highest similarity to
PtMAC2p with a Z-score of 29.4, despite the amino acid-sequence
identity between PtMAC2p and TRI3 being low (<15%) (Table 2)

(Garvey et al., 2009). Other homologous proteins had relatively low
Z-scores (<22.7).

3.2 Putative active site

To investigate the active site of PtMAC2p, we tried to obtain the
PtMAC2 crystal with substrates, but could not. Thus, we compared
its structure with a BAHD acyltransferases, TRI3, which has the
highest structural similarity to PtMAC2p. The PtMAC2p model was
also compared with trichothecene 3-O-acetyltransferase (TRI101)
because the crystal structure of TRI101 in complex with an acyl
donor (deoxynivalenol) and an acyl-acceptor analog (CoA) has been
determined (Garvey et al., 2008) (Figure 4; Supplementary
Figure S4).

Structural comparison of the three enzymes indicated that the
large cleft found in PtMAC2p is the binding site for an acyl acceptor
(the width of the cleft entrance, 12–18 Å; the volume of the cavity,
1533 Å3; solid arrows in Figure 2A; Figure 4A). The acyl acceptor
binding site is closed in TRI3 (the volume of the cavity, 372 Å3; solid
arrows in Figure 4B) or remarkably narrow in TRI101 (the width of
the cleft entrance, 5.6–7.2 Å; the volume of the cavity, 549 Å3; solid
arrows in Figure 4C), suggesting that PtMAC2p has a uniquely large
and open cleft that allows the binding of large substrates and
products with fatty acids (e.g., a substrate mono-acylated MEL
and a product di-acylated MEL). In contrast, a structural
comparison of PtMAC2p and TRI101 showed that the CoA
residue of acyl CoA (acyl donor) binds to a site different from
the cleft (dashed arrows in Figure 4A). This acyl donor binding site
and the cleft (acyl acceptor binding site) are connected, resulting in a
catalytic tunnel structure (Figure 5).

3.3 Identification of a catalytic residue

TRI3 and TRI101 contain the HXXXD motif, which is essential
for the catalytic activity of enzymes in the BAHD acyltransferase
superfamily (Molina and Kosma, 2014). The His residue in the motif
is a critical catalytic residue responsible for the deprotonation of the
acyl acceptor substrate, creating a nucleophile that attacks the
carbonyl carbon of the acyl CoA substrate, and resulting in the
release of CoASH and the formation of ester products (Suzuki et al.,
2003; Lallemand et al., 2012; Walker et al., 2013). Notably,
PtMAC2p possesses His158 at the same location as His in the
HXXXD motifs of TRI3 and TRI101 (Figures 6A, B). We then
evaluated the sequence conservation of the motif in Mac2p
homologs, which were obtained from the protein BLAST, using
the amino acid sequence of PtMAC2p. Among the Mac2p
homologs, His was completely conserved in the motif, but Asp
was not (Figure 7). Therefore, HXXXD is incompletely conserved in
PtMAC2p as His158-Thr159-Leu160-Asn161-Gly162. This strongly
suggests that His158 is the catalytic residue of PtMAC2p, although
the Asp residue in the motif is replaced by Gly162.

To further investigate the role of His158 in the catalytic activity,
site-directed mutagenesis was performed. Substitution of His158 in
PtMAC2p with Ala (H158A) resulted in more than 1000-fold decrease
in catalytic activity of PtMAC2p (from 152 ± 3 μmol min–1 mg–1 in
wild-type to 0.0864 ± 0.0091 μmol min–1 mg–1 in H158Amutant). This
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result reveals that His158 is an important catalytic residue in PtMAC2p
and corresponds to the catalytic His in BAHD acyltransferases, such as
TRI3 and TRI101.

3.4 Substrate binding site

We further explored structural features related to substrate
recognition. In the type A crystal, electron density map of a PEG
molecule in the reservoir solution for crystallization is observed. The
PEG is bound near His158 in the cleft of PtMAC2p (Figure 5;
Figure 8A). Hydrophobic amino acid residues, mainly from α2
(Val22, Met25, Ile26, and Ala29) and α11 (Phe234, Leu237, and
Ile241) helices, are concentrated around PEG, although a
hydrophilic residue, Arg240, is also located near PEG. These
residues form a hydrophobic surface in the cleft (Figure 8B).
These findings suggest that the PEG mimics the binding position
of the acyl group of mono-acylated MEL and/or acyl CoA and that
this hydrophobic cleft may accommodate one or two acyl groups.

In contrast, a CoA residue is likely recognized on the other side of
PtMAC2p (dashed arrows in Figure 4A). The putative CoA-binding
site was compared to that of TRI101 (Figures 6C, D). Although the
structure and amino acid residues of the CoA-binding site of
TRI101 are not well conserved in PtMAC2p, the residues involved
in the recognition of the CoA phosphate groups appear to be partly
common. The phosphate groups of CoA interact with basic residues
in TRI101, such as Lys245, Arg335, and Lys382 (Figure 6D). In
PtMAC2p, His291, Lys295, Arg340, and Lys391 are candidates for
electrostatic interactions with phosphate groups. In contrast, there is
no residue in PtMAC2p corresponding to Phe258 in TRI101, which
interacts with an adeninemoiety via stacking. Therefore, this region in
PtMAC2p is likely the CoA binding site; however, further studies are
needed to identify the correct binding site for CoA.

4 Discussion

This is the first study providing structural insights into the
catalytic reaction of an acyltransferase involved in MEL
biosynthesis, PtMAC2p. The crystal structure of PtMAC2p reveals
that the enzyme possesses a catalytic tunnel structure at the center of
the molecule. Structural comparison of PtMAC2p and BAHD
acyltransferases and site-directed mutagenesis showed that
His158 is a critical catalytic residue, although the conserved
catalytic motif of the BAHD acyltransferase superfamily HXXXD
is incompletely conserved in PtMAC2p as His158-Thr159-Leu160-
Asn161-Gly162. Structural comparison also suggested the presence of
binding sites of the acyl donors and acceptors in PtMAC2p.

DALI identified a variety of enzymes with structures homologous
to PtMAC2p (Table 2). In the top 10 matches, many non-ribosomal
peptide synthases, which are involved in the synthesis of various
bioactive natural products, ranging from therapeutic drugs
(antibiotics, antitumor agents, and immunosuppressants) to
virulence factors, were included (Buglino et al., 2004; Tao et al.,
2007; Kreitler et al., 2019; Reimer et al., 2019; Patteson et al., 2022;
Wang et al., 2022). Unexpectedly, there are only four CoA-dependent
acyltransferases and acetyltransferases: TRI3, polyketide synthase-
associated protein 5, diacylglycerol O-acyltransferase, and coumarin

synthase (Petronikolou and Nair, 2018; Kim et al., 2023). These CoA-
dependent enzymes share the HXXXD motif, while non-ribosomal
peptide synthases preserve theHHXXXDX14Ymotif. In PtMAC2p, the
HXXXD motif is incompletely conserved, as H158VLNG162, and the
first His and last Tyr residues in HHXXXDX14Y are not conserved in
PtMAC2p, indicating that PtMAC2p is categorized as another enzyme
group. In addition, the sequence HVL(N/S)G (H158VLNG162 in
PtMAC2p) appears to be conserved in the Mac2p homologs of
basidiomycetes, whereas the sequence is incompletely conserved in
those of ascomycetes (Figure 7). In contrast, in MAC1p, such as in
enzymes from Moesziomyces antarcticus T-34 (UniProtKB accession
ID, M9LYJ5.1), U. hordei (CCF52716), U. maydis, and M. aphidis
(ETS61961), the HXXXD motif is conserved, suggesting that MAC1p
functions as a typical BAHD acyltransferase. The catalytic motif
HVL(N/S)G is likely to be conserved in basidiomycetous Mac2p,
but not in Mac1p or ascomycetous Mac2p.

Site-directed Asp mutagenesis in the HXXXD motif of the
BAHD acyltransferase superfamily to Ala in the BAHD
acyltransferases is reported to cause serious decrease in the
activity (<0.3% relative to wild-types) (Suzuki et al., 2003; Bayer
et al., 2004). In Ss5MaT1, malonyl-CoA:anthocyanin 5-O-glucoside-
6‴-O-malonyltransferase of Salvia splendens flowers, the Asp
residue seems to be involved in recognition of the acyl-acceptors
rather than the acyl donor (Suzuki et al., 2003). Structural analysis of
Dm3MaT3, a BAHD acyltransferase, also suggested that this Asp
residue interacts with Arg residues and likely plays a structural,
rather than a catalytic, role in enzyme function (Unno et al., 2007;
Molina and Kosma, 2014). In PtMAC2p, Gly162 is probably
involved in the enzyme reaction by a different mechanism from
His158, since the crystal structure indicates that the Gly162 does not
interact directly with both substrates and the catalytic residue,
His158. In fact, substitution of Gly162 for Asp decreased
enzymatic activity to 3% of wild-type enzyme (from 152 ±
3 μmol min–1 mg–1 in wild-type to 4.63 ± 0.06 μmol min–1 mg–1

in G162D mutant). The orientation of the side chain of His163,
the residue next to Gly162, is markedly different from that of
Met161 in TRI101 (Figures 6A, B), resulting in the side chain of
His163 constituting the CoA binding site (Figure 6C). Thus,
Gly162 in the motif HXXXG is likely involved in the formation
of the active site in PtMAC2p. Further site-directed mutagenesis and
elucidation of the complex structure of PtMAC2p with substrates
will help to clarify the mechanism of substrate recognition in
PtMAC2p, including the function of Gly162, in future.

The association and dissociation mechanisms of the substrates
and products in PtMAC2p were deduced based on the crystal
structure. As shown in Figures 4, 5, a structural comparison of
PtMAC2p with TRI101 indicates that the binding sites of the mono-
acylated MEL and CoA residues are different. Thus, mono-acylated
MEL and acyl CoA are considered to approach the catalytic center in
opposite directions (Figure 9, left). After the enzymatic reaction, the
products, di-acylated MEL and CoA, likely dissociate in different
directions (Figure 9, right). Thus, two possible states of substrate-
binding can be estimated. The acyl groups of both mono-acylated
MEL and acyl CoA are located in the same direction in a cleft
(Figure 9, binding state 1) because the cleft is large enough to
accommodate the two acyl groups (Figure 5, left). Alternatively, both
acyl groups could be positioned in opposite directions (Figure 9,
binding state 2) because there is a cavity that can accommodate acyl
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groups in a location other than the large cleft (Supplementary
Figure S5).

The length of the acyl group of the MEL produced by
microorganisms is species-specific and depends on the substrate
specificity of the enzymes (Beck et al., 2019; Becker et al., 2021).
For example, MELs from P. tsukubaensis have mainly C10–14 acyl-
groups at C3′ position (Morita et al., 2007). Also, while theMELs from
U. maydis and U. hordei mainly have C12–16 acyl-groups at C3′
position (Deinzer et al., 2019), those from M. aphidis are on C8–C10
(Beck et al., 2019; Becker et al., 2021). Therefore, the substrate
specificity and structure of the substrate-binding sites should differ.
If binding state 1 in Figure 9 is applied to the substrate association in
Mac2p, the fatty acid of the acyl donor (acyl CoA) binds to the large
cleft, and the structure of the cleft may be responsible for the lengths of
the C3′ acyl group in the produced MELs. When the hydrophobic
residues in the cleft of Mac2p were compared, most residues were
conserved among the Mac2p homologs (Supplementary Figure S5).
Thus, it is possible that the structural determinant of the chain length
of C3’ acyl-group of MEL is not located on the hydrophobic region.
Further structural studies are required to elucidate the determinants
Mac2p substrate specificity.

5 Conclusion

First, we determined the structure of PtMAC2p. The enzyme
possesses a putative catalytic tunnel at the center of the molecule.
Structural comparison with structurally homologous proteins
revealed that the HXXXD motif, which is essential for the
catalytic activity of enzymes in the BAHD acyltransferase
superfamily, is incompletely conserved in PtMAC2p as His158-
Thr159-Leu160-Asn161-Gly162, that is, D in the HXXXD motif is
replaced by G in PtMAC2p. Notably, the alanine replacement of
His158 resulted in a remarkable decrease in activity, revealing that
His158 is a critical catalytic residue. The concentrated hydrophobic
residues appear to be recognition sites for the acyl groups. This study
is expected to improve our understanding of the mechanisms
underlying MEL biosynthesis.
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Harnessing dual applications of a
novel ascomycetes yeast,
Starmerella cerana sp. nov., as a
biocatalyst for stereoselective
ketone reduction and
biosurfactant production
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Introduction: New bioresources for catalytic application and fine chemical
synthesis are the need of the hour. In an effort to find out new biocatalyst for
oxidation-reduction reaction, leading to the synthesis of chiral intermediates,
novel yeast were isolated from unique niche and employed for the synthesis of
value added compounds.

Methods: To determine the genetic relatedness of the isolated strain, HSB-15T,
sequence analysis of the internal transcribed spacer (ITS) and D1/D2 domains of
the 26S rRNA gene sequence was carried out. The distinctive features of the
strain HSB-15T were also identified by phenotypic characterization. The isolated
strain HSB-15T was employed for the reduction of selected naphthyl ketones to
their corresponding alcohols and a biosurfactant was isolated from its culture
broth.

Results: The analysis of the ITS and D1/D2 domains of the 26S rRNA gene revealed
that strain HSB-15T is closely related to the type strain of Starmerella vitae (CBS
15147T) with 96.3% and 97.7% sequence similarity, respectively. However,
concatenated sequences of the ITS gene and D1/D2 domain showed 94.6%
sequence similarity. Phenotypic characterization indicated significant
differences between strain HSB-15T and its closely related species and
consequently, it was identified as a novel species, leading to the proposal of
the name Starmerella cerana sp. nov. The strain was able to reduce selected
naphthyl ketones to their corresponding alcohols with remarkable efficiency,
within a 12-hours. The strain HSB-15T also produced a surfactant in its culture
broth, identified as sophorolipid upon analysis.

Discussion: The study explored the potential of the novel strain, HSB-15T, as a
whole-cell biocatalyst for the reduction of naphthyl ketones to their
corresponding alcohols and also reports its capability to produce sophorolipid,
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a biosurfactant, in its culture broth. This dual functionality of HSB-15T both as
biocatalyst and biosurfactant producer enhances its applicability in biotechnology
and environmental science.

KEYWORDS

phylogeny, Starmerella cerana, honey bee surface, novel taxa, bumblebee, biocatalysis,
asymmetric reduction, sophorolipid

1 Introduction

Process innovation and recent developments in the
pharmaceutical industry have increased the production capacity
of drugs and pharmaceuticals, making them accessible to the general
public. However, these industries are often criticized for creating
environmental pollution (Naidu et al., 2021). Thus, environmental
concerns, the need for better process yield and ease, and the
generation of a lower quantity of waste have pushed the scientific
community toward the development of greener, environmentally
benign processes for the pharmaceutical industry (Woodley, 2008).
Biocatalytic synthesis of pharma-chemicals and intermediates is one
of the ways toward achieving environmentally benign technologies.
Yeasts are known for their capability to carry out biocatalytic
conversions relevant to the pharmaceutical and fine chemical
industries. However, finding novel yeast carrying out such
conversions opens up a new window for creating new
biocatalysts with better substrate scope.

Flowers are amajor source of yeast biodiversity. Flower-associated
yeast communities utilize a wide variety of sugar-enriched substrates
(found in the nectar) that serve as a highly enriched medium for the
survival of yeast communities (Brysch-Herzberg, 2004; Morais,
Pagnocca, and Rosa, 2006; Belisle et al., 2014; Sipiczki, 2015a). The
yeast genera commonly found in nectar and floral surfaces include
Metschnikowia, Cryptococcus, Rhodotorula, Clavispora, Kodamaea,
Debaryomyces, Sporobolomyces, Hanseniaspora, Candida,
Papiliotrema, Wickerhamiella, and Starmerella (Klaps, Lievens, and
Álvarez-Pérez, 2020). On the other hand, the yeast communities
found in bees and their habitats are largely members of a clade
centered around the genus Starmerella (Rosa et al., 2003; Teixeira
et al., 2003). Species of the genus Starmerella isolated from bees and
other sources are mentioned in Table 1. Members of the genera
Rhodotorula, Debaryomyces, and Candida are known to have oxido-
reductive biocatalytic potential; however, members of the genera
Metschnikowia, Wickerhamiella, and Starmerella are known to
have the capacity of producing biosurfactants. In fact, yeasts from
the genus Starmerella have been explored as an industrially relevant
microorganism, typically for the production of a versatile
biosurfactant, sophorolipid (SL), which is known to have a wide
range of applications in the healthcare and cosmetic industries
(Kurtzman et al., 2010; Morya et al., 2013). Therefore, our
objective was to find honey bee-associated yeasts that can carry
out biocatalytic functions and produce biosurfactants.

This study presents a novel yeast species, the strain HSB-15T,
isolated from the insect Apis cerena. The strain was found in bees
frequenting flowers at the Institute of Microbial Technology,
Chandigarh, India. Through morphological analysis, sugar
fermentation, carbon and nitrogen source assimilation, growth
profiling, and sequencing of the ITS region and D1/D2 domain

of the rRNA gene, the isolate was identified as belonging to the genus
Starmerella. It exhibited a close relationship with the Starmerella
vitae strain, CBS 15147T. This discovery led to the proposal of a new
taxon, Starmerella cerana sp. nov., for the HSB-15T strain.

We also investigated the biocatalytic potential of the newly
isolated yeast strain HSB-15T to convert naphthyl ketones into
chiral sec-naphthylethanols, key intermediates for the synthesis of
chiral pharmaceuticals and industrial compounds. HSB-15T was also
explored for the production of biosurfactants. Starmerella sp. is well
known as a producer of sophorolipid biosurfactants (Deshpande
and Daniels, 1995). The produced biosurfactant was characterized
and evaluated for antimicrobial activity. Our findings introduced the
strain HSB-15 as a versatile microorganism serving both as a
biocatalyst for naphthyl ketone reduction and a producer of the
biosurfactant, sophorolipid.

2 Materials and methods

2.1 Chemicals

The chemicals and solvents used in this study were of the highest
purity grade. Media components for microbial growth and culture,
such as yeast carbon base (YCB) and yeast nitrogen base (YNB),
were purchased from Difco (Detroit, MI). Other chemicals, such as
6′-methoxy-2′-acetonaphthone (6-MAN), 1-acetonaphthone, and
2′-hydroxy-1′-acetonaphthone, were purchased from Sigma-
Aldrich. Sodium borohydride, ethyl acetate, and solvents for
HPLC-grade acetonitrile, 2-propanol, and n-heptane were
purchased from Rankem (India). Other media components, such
as peptone, yeast extract, ultrapure agar, vitamin-free base solution,
and malt extract, were obtained from Himedia (Mumbai, India).

2.2 Isolation of yeast species

The yeast strain used in this study was isolated from the flower-
associated honey bee surface (Apis cerana) obtained from the IMTECH
garden in Chandigarh, India, in 2014. The samples collected from the
honey bee surface have been abbreviated asHSB. These samples (honey
bees) were kept in sterile polyethylene bags with the associated flowers.
The yeast species were aseptically isolated from the honey bee (A.
cerena) surface by washing the insect with 0.8% sterile saline solution.
The washed saline solution (100 µL) was plated on yeast malt agar
(YMA), potato dextrose agar (PDA), and yeast peptone dextrose agar
(YPDA) supplemented with 100 mg/L of chloramphenicol to reduce
the bacterial growth. The pure culture of yeasts was maintained on YM
agar, YEPD agar, and PDA. Furthermore, these cultures were preserved
in 15% glycerol at −80 °C (Rosa et al., 2003).
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TABLE 1 Yeast strains used for the construction of the phylogenetic tree in this study.

Organism
name

ITS
ACCESSION

no.

D1/D2
ACCESSION no.

CBS
no.

Source of
isolation

Country ITS
size
(bp)

D1/D2
size
(bp)

Sequence
depositor

Starmerella sp.
MOM_864

HG421428 Floral nectar Spain 895 Mittelbach et al., (2015)

Starmerella sp MG564473 Flower Brazil 441 Santos,A.R.

Starmerella aceti KF271437 13,086 Fungus garden Brazil 434 Melo et al., (2014)

Starmerella aceti KF247224 13,086 Fungus garden Brazil 480 Melo et al., (2014)

Starmerella sp. KC776265 12811T Melipona
quinquefasciata

Brazil 927 Daniel et al., (2013)

Starmerella apicola EU926482 2868T Floricolous insects 459 Lachance et al., (2010)

Starmerella apicola U45703 2868T NA NA 480 Kurtzman and Robnett
(1998)

Starmerella sp. KU128719 14173T NA NA 404 Hui,F.L.

Starmerella sp. KU128728 14173T NA NA 483 Hui,F.L.

Starmerella sp. KU128715 14178T NA NA 411 Hui,F.L.

Starmerella sp. KU128732 14178T NA NA 482 Hui,F.L.

Starmerella sp. KU128716 14172T NA NA 415 Hui,F.L.

Starmerella sp. KU128730 14172T NA NA 483 Hui,F.L.

Starmerella sp. KU128718 14174T NA NA 424 Hui,F.L.

Starmerella sp. KU128729 14174T NA NA 480 Hui,F.L.

Candida sp. HQ658862 11864T Plant China 417 Li,S.L.

Starmerella
jinningensis

HM856601 11864T Plant China 473 Li et al., (2013)

Starmerella
ilheusensis

KR232375 14131T Morning glory
flowers

Brazil 409 Santos,AR.O.

Starmerella
ilheusensis

KR232374 14131T Morning glory
flowers

Brazil 479 Santos,AR.O.

Candida powellii KY102339 8795T Insect Costa Rica 625 Vu et al. (2016)

Starmerella sp.
powellii

AF251554 8795T Insect Costa Rica 522 Lachance et al., (2001b)

Starmerella
floricola

KY102086 7,289 Plant Japan 464 Vu et al. (2016)

Starmerella
floricola

U45710 7,289 Plant Japan 484 Kurtzman and Robnett
(1998)

Starmerella sp. KM269181 14142T 426 Alimadadi,N

Starmerella sp. KM269180 14142T 482 Alimadadi,N

Candida batistae KY101955 8550T Insect Brazil 571 Vu et al. (2016)

Starmerella batistae AF072843 8550T Nesting bees Brazil 482 Rosa,C.A.

Starmerella
caucasica

JX112044 12650T Flower Azerbaijan 445 Sipiczki (2015a)

Starmerella
caucasica

JX112043 12650T Flower Azerbaijan 484 Sipiczki (2015b)

Starmerella kuoi HQ111058 7267T NA NA 953 Lachance et al., (2011)

Starmerella
bombicola

NR121483 6009T NA NA 504 Lachance et al., (2011);
Schoch et al., (2014)

(Continued on following page)
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TABLE 1 (Continued) Yeast strains used for the construction of the phylogenetic tree in this study.

Organism
name

ITS
ACCESSION

no.

D1/D2
ACCESSION no.

CBS
no.

Source of
isolation

Country ITS
size
(bp)

D1/D2
size
(bp)

Sequence
depositor

Starmerella
bombicola

U45705 6009T NA NA 482 Kurtzman and Robnett
(1998)

Starmerella
riodocensis

NR137870 10087T NA NA 614 Groenewald,M

Starmerella
riodocensis

AY861674 10087T NA NA 524 Kurtzman and Robnett
(1998)

Starmerella lactis-
condensi

KY102179 52T Food United States 658 Vu et al. (2016)

Starmerella lactis-
condensi

U45724 52T Food United States 485 Kurtzman and Robnett
(1998)

Starmerella
camargoi

KU710345 14130T Tropical flower Brazil 434 Santos,AR.O.

Starmerella
camargoi

KR232373 14130T Tropical flower Brazil 427 Santos,AR.O.

Starmerella
ratchasimensis

KY102359 10611T Plant Thailand 505 Vu et al. (2016)

Starmerella floris KY102087 10593T Flower Costa Rica 485 Vu et al. (2016)

Starmerella floris AF313353 10593T Flower Costa Rica 500 Lachance et al., (2001c)

Starmerella cellae AY861673 10086T Nests of the
solitary bee

Brazil 940 Pimentel et al. (2005)

Starmerella
etchellsii

AB196214 1750T 433 Suezawa et al., (2006)

Starmerella
meliponinorum

KY105547 9117T Insect Brazil 702 Vu et al. (2016)

Starmerella
meliponinorum

AF313354 9117T Insect Brazil 498 Lachance et al., (2001c);
Teixeira et al. (2003)

Starmerella
roubikii

MF668211 15148T Meliponine bee Belize 921 Ana Raquel,S.O.

Starmerella cf.
etchellsii

AY257050 Bee Costa Rica 493 Rosa et al. (2003)

Starmerella
khaoyaiensis

KY102169 10839T Plant Thailand 457 Vu et al. (2016)

Candida kazuoi sp. AB306509 Insect frass Thailand 552 Nakase et al., (2007)

Starmerella stellata AY160766 157T 432 Sipiczki (2015a)

Starmerella stellata U45730 157T 481 Kurtzman and Robnett
(1998)

Starmerella
davenportii

KY102042 9069T Insect United
Kingdom

545 Vu et al. (2016)

Starmerella
davenportii

AJ310447 9069T Wasp Netherlands 488 Stratford et al., (2002)

Starmerella
bacillaris

KY102524 9494T Wine Hungary 556 Vu et al. (2016)

Starmerella
bacillaris

AY160761 9494T Wine Hungary 482 Sipiczki (2015b)

Starmerella
sirachaensis

NR137646 12094T Phylloplane of the
copper pod tree

Thailand 434 Limtong et al., (2012)

(Continued on following page)
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2.3 Morphological and physiological
characterization of the strain HSB-15T

The novel isolates were characterized using standard methods
explained by Kurtzman and Fell (1998). For the biochemical
characterization of yeasts, carbon source fermentation and sugar
assimilation tests were performed using the Biolog YT MicroPlate
(Biolog, Inc., Hayward, CA) following the manufacturer’s
instructions. In order to examine the metabolic activity of the
yeast strain, the Biolog YT MicroPlate was incubated for 24 h,
48 h, and 72 h. Type strains from CBS1 and MTCC2 were used
for the comparison with this novel species. A sporulation test was
performed on different culture media such as YMA, V8 vegetable
juice agar, PDA, potato carrot agar, YCB with 0.01% ammonium
sulfate, and corn meal agar at 25 °C. The assimilation of nitrogen
tests were performed in test tubes. The vegetative cellular
morphology and hyphae formation were observed under the
scanning electron microscope.

2.4 Growth characteristics of the strain HSB-
15T at various pH values, temperatures, and
media

The growth characteristics of the strain HSB-15T at various
pH values were measured in the autoclaved YEPDmedium. Primary
culture 2% (V/V) was inoculated into the secondary medium
(YEPD) and incubated at 28 C for 72 h with the 200 rpm shaking
condition. Cell growth was measured after a 12 h interval by
measuring the optical density at 595 nm using a spectrophotometer.

To examine the growth characteristics of the strain HSB-15T at
different temperatures, cells were grown in a 100-mL flask
containing 20 mL YEPD medium and incubated at different
temperature ranges, including 4 C, 10 C, 15 C, 20 C, 25 C, 30 C,
35 C, and 40°C, for 72 h at 200 rpm, and the growth of the cells was
measured as mentioned previously. Furthermore, in order to study
the influence of different media on the growth of the strain HSB-15T,
various liquid media were used including yeast malt broth (YM),

yeast extract peptone dextrose (YEPD), potato dextrose broth
(PDB), Luria broth (LB), nutrient broth (NB), tryptic soy broth
(TYB), and Sabouraud dextrose broth (SDB). The cells were allowed
to grow at 200 rpm for 72 h at 28 °C with the measurement of optical
density at an interval of 12 h for 72 h.

2.5 DNA extraction and quantification

The yeast strains were grown on a YM agar plate at 25 °C
(HiMedia, Mumbai, India) and harvested after 48 h of growth. The
genomic DNA isolation was carried out using the ZR Fungal/Bacterial
DNAMiniprep Kit (Zymo Research, United States). To determine the
quality of the genomic DNA, electrophoresis was performed on a 0.8%
agarose gel. Furthermore, the quantity and purity of DNA were
determined using a NanoDrop 1000 Spectrophotometer at 260/280
(NanoDrop Technologies, Wilmington, DE, United States).

2.6 Amplification PCR and identification of
the strain HSB-15T based on D1/D2 and ITS
region sequencing

Each PCR reaction was performed with a final reaction volume
of 50 µL comprising 100–200 ng/μL of genomic DNA, 10 pmol of
each primer, 200 µM dCTP, dGTP, dTTP, and dATP (Promega,
United States), 4 mM MgCl2, 5 U/µL of Taq polymerase (Promega,
United States), and 10 µL of 5X GO Taq Flexi buffer (Promega,
United States). The primer sets NL1–NL4 were used for the PCR
amplification of the D1/D2 region of the 26S rRNA gene, and the
sequences of ITS (including the 5.8S rRNA gene) were amplified
using the ITS1–ITS4 primer sets (Kurtzman and Robnett, 1998).
The primers were obtained from Sigma-Aldrich, Bangalore, India.
The amplification reaction was performed in the Proflex PCR system
(Thermo Fischer Scientific, Singapore) with the following
parameters: initial denaturation for 5 min at 95 °C, followed by
30 cycles of 30 s at 95 °C, 30 s at 55 °C, and 90 s at 72 °C with a final
extension for 10 min at 72 °C. The amplified regions of D1/D2 and
ITS were purified using the RBC HiYield Gel/PCR DNA Mini Kit
(Real Biotech Corporation, India). The purified PCR product was
used for the sequencing with an ABI 313 genetic analyzer (Applied
Biosystems, California, United States). The complete sequences of
ITS and D1/D2 regions were obtained with the primers ITS1, ITS2,

TABLE 1 (Continued) Yeast strains used for the construction of the phylogenetic tree in this study.

Organism
name

ITS
ACCESSION

no.

D1/D2
ACCESSION no.

CBS
no.

Source of
isolation

Country ITS
size
(bp)

D1/D2
size
(bp)

Sequence
depositor

Starmerella sp.
‘sirachaensis

AB617909 12094T Phylloplane of the
copper pod tree

Thailand 483 Limtong et al., (2012)

Zygoascus
hellenicus

AY447023 5839T 603 Smith et al., (2005)

Zygoascus
hellenicus

AY447007 5839T 584 Smith et al., (2005)

The bold values under the subheading bp are base pair, and the nuclear ribosomal internal transcribed spacer (ITS) region is the formal fungal barcode and the most commonly sequenced

genetic marker in mycology. Whereas, The D1/D2 domain is a 600 nucleotide domain at the 5’ end of a large subunit of (26S) rDNA and most yeast species can be identified from sequence

divergence of the D1/D2 domain.

1 CBS-https://wi.knaw.nl

2 MTCC-https://mtccindia.res.in/catalog
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ITS4, NL1, NL2A, NL3A, and NL4 (Kurtzman and Robnett, 1998).
The sequences obtained were submitted in the GenBank database
with the accession numbers OR470602, OR475317, and
KR233472 for the ITS region and D1/D2 domain and
concatenated sequences of the ITS and D1/D2 domain, respectively.

2.7 Classification and identification of the
strain HSB-15T

The sequences were compared with the GenBank sequences
using nBLAST and with the CBS database using pair-wise sequence
alignment. The sequences were retrieved from the GenBank and
aligned using CLUSTALW (Thanh, Van Dyk, andWingfield, 2002).
The phylogenetic tree was constructed in MEGA Version 7.0 by
using the neighbor-joining method and Kimura two-parameter
correction with 1,000 bootstrap values (Thanh, Van Dyk, and
Wingfield, 2002; Vega et al., 2012).

2.8 Typical experimental procedure for
asymmetric ketone reduction

In order to perform biocatalytic reduction experiments, strain
HSB-15T cells were grown at 30°C for 48 h in shaking conditions
(200°rpm); cells were further harvested by centrifugation (9,000× g
for 10 min). The pellets were then washed twice with 0.2 M sodium
phosphate buffer (pH 7.0) and re-suspended in the same buffer
(100 mg/mL wet cell mass). Furthermore, 2 mM of different ketone
substrates (6′-methoxy-2′-acetonaphthone, 1-acetonaphthone, and
2′-hydroxy-1′-acetonaphthone) were dissolved in 500 µL of acetone:
ethanol (2:1 ratio) separately and added to a different set of reaction
mixtures along with 2% glucose. All reaction mixtures were
incubated at 30°C (200 rpm) in the shaker. Samples were
collected (1 mL) at different time intervals (3–12 h) and
centrifuged at 9,000× g for 10 min. The cell-free supernatants
were then extracted with ethyl acetate, and the organic layer was
concentrated using a rotary evaporator. The obtained dry powder
was dissolved in 1 mL of methanol and subjected to reverse-phase
high-performance liquid chromatography (HPLC) for monitoring
the progress of the reaction.

2.9 Screening of the antimicrobial
biosurfactant from the HSB-15 T strain

After the growth of the HSB-15 T strain, the cells were utilized
for the biocatalytic reaction. However, the unused cell-free
supernatant was examined for the presence of potential
antimicrobial compound/s. To perform the experiment, first,
ethyl acetate extraction was carried out, in which the broth
medium was mixed well with an equal volume of ethyl acetate in
a separating funnel and the organic layer was evaporated using a
rotary evaporator (Buchi R-300). Furthermore, the dry content was
dissolved in 1 mL of methanol for screening the antimicrobial
properties of the ethyl acetate extract against an indicator
bacterial strain, Staphylococcus aureus (MTCC 1430), using an
agar well.

Diffusion method: Initially, S. aureus cells (107 CFU/mL) were
spread on an LB agar plate, in which a 6-mm-diameter well was
created using a well borer. Thereafter, 100 µL (500 μg/mL) of the
extract was added to the well, and the plate was incubated at 37°C
overnight to examine the zone of inhibition.

2.10 Screening of the biosurfactant using oil
displacement assay

The qualitative assay for the presence of the biosurfactant was
carried out according to the previously reported method (Ganji
et al., 2020). In brief, a Petri dish was filled with sterile distilled water,
and 100 µL of edible oil was placed on top of the water. Furthermore,
10 µL of the 12 extract was added on top of the oil in the Petri dish,
and the zone of oil displacement was observed visually.

2.11 Production of the biosurfactant from
the strain HSB-15T

The production of the biosurfactant on a preparative scale was
carried out as described previously by Haque et al. (2016). In brief, in
100 mL of Erlenmeyer flask containing 20 mL of YEPDmedium, the
yeast strain HSB-15T was grown for 18 h and used as seed culture.
Thereafter, 8 mL of the grown culture was taken and inoculated into
a 2 L Erlenmeyer flask containing 400 mL of biosurfactant
production media consisting of cotton seed oil (100 g/L), glucose
(100 g/L), malt extract (10 g/L), and urea (1 g/L). Finally, the flask
was incubated at 30 °C and 200 rpm in an orbital shaker incubator
for 144 h.

2.12 Extraction, purification, and
characterization of the biosurfactant

After 1 week of incubation of HSB-15T cells in biosurfactant
production media, cells were separated from the broth by
centrifugation at 8,000 rpm for 20 min. Furthermore, the
biosurfactant produced in the broth was extracted by the ethyl
acetate extraction method. In brief, the broth of culture and ethyl
acetate were mixed in a ratio of 1:1 in a separating funnel of 1L
capacity and were mixed by shaking. The solvent broth mixture was
left to settle down for 15 min, and two different liquid phases were
created. The lower phase containing water was discarded, and the
top-layer ethyl acetate part was collected separately. The solvent
ethyl acetate containing biosurfactant was evaporated at 40°C by
vacuum evaporation (Buchi R-300). To remove the residual
hydrophobic components, the concentrated extract was washed
with n-hexane (Wadekar et al., 2012). The obtained brownish
oily biosurfactant was examined by thin-layer chromatography
(TLC) (Sen et al., 2017). Furthermore, column chromatography
was carried out to isolate the bioactive biosurfactant from the crude
extract using silica gel (Haque et al., 2016). Initially, a 50 cm × 5 cm
glass column was packed with 50 g of silica of 60–120 mesh size in
hexane. Thereafter, an eluent containing 200 mL of chloroform/
methanol was passed through the column before loading the crude
biosurfactant. In a round-bottom flask, approximately 200–300 mg
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of crude biosurfactant was dissolved in a small volume of methanol
and mixed with 3.5 gm of silica. After vigorous mixing, the solvent
was evaporated at 40°C under reduced pressure. When silica was
fully dried into a powder form, it was loaded into the packed
column. The desired antimicrobial biosurfactant was eluted using
chloroform and methanol as a mobile phase in the ratio of 98:2. The
collected fractions were dried using a rotary evaporator at 40°C. The
dried sample was subjected to further analysis and characterization
of the biosurfactant.

2.13 Thin-layer chromatography of the
biosurfactant

To analyze the sample in thin-layer chromatography,
approximately 1 mg of the purified fraction of the biosurfactant
from silica gel chromatography was dissolved in methanol and
spotted on a Merck Silica Gel 60 F254 10 × 5 cm TLC plate along
with a commercially available sophorolipid biosurfactant {1,4-
sophorolactone 6′,6′-diacetate (Sigma-Aldrich, United States)} as a
reference standard. The solvents containing chloroform/methanol/
water (65:15:2) were used for the stationary phase. The separated
individual compounds were visualized on the TLC plate by spraying a
methanol/sulphuric acid (50:50) reagent, followed by heating at 110°C
for 5 min (Dubey, Selvaraj, and Prabhune, 2014).

2.14 High-performance liquid
chromatography of the biosurfactant

A column-purified fraction of the biosurfactant was subjected to
RP-HPLC (Shimadzu, Japan) fitted with a UV detector (207 nm)
and an RP-C18 column (Merck, 5 μm, 4.5 × 250 mm). The injection
volume was set to 20 µL, and the solvent system, acetonitrile:water
(80:20), was used as the mobile phase with a flow rate of 1 mL/min.
The commercially available sophorolipid biosurfactant 1,4-
sophorolactone 6′,6′-diacetate (Sigma-Aldrich, United States) was
used as a reference standard. The generated chromatogram was
compared with standard sophorolipid.

2.15 Fourier-transform infrared
spectroscopy analysis

Different functional groups present in the biosurfactant were
determined by Fourier-transform infrared (FT-IR) spectroscopy
(Bruker optics, vortex 70). The dried biosurfactant sample was
analyzed using the potassium bromide (KBr) pellet method, and
spectra were collected as an average of 64 scans at a resolution of
4 cm-1 within the range of 3,500–500 cm-1.

2.16 Liquid chromatography–mass
spectrometry of the biosurfactant

The HPLC-purified sample was used for mass and structural
homologous analysis by liquid chromatography–mass spectrometry
(LC–MS) (Agilent 1,290 Infinity Binary LC coupled with a

6550 iFunnel Q-TOF LC/MS system). Electrospray
ionization–mass spectrometry (ESI–MS) measurements were
performed in the positive ion mode for the analysis of the sample.

2.17 Analytical procedures

HPLC (Shimadzu) equipped with a Purospher® STAR RP-18
column (Merck, 5 µm, 4.5 × 250 mm) was performed using
acetonitrile: water (50:50) as the mobile phase, with a flow rate
of 1 mL/min. Peaks for 6′-methoxy-2′-acetonaphthone and its
corresponding alcohols were detected at 233 nm by a UV
detector. In order to analyze the chirality of reduced alcohols, a
Chira Select OM chiral column (Merck, 5µ, 4.5 × 250 mm) was used
with heptane:2-propanol (85:15) as the mobile phase with a flow rate
of 0.5 mL/min. Moreover, the synthesized alcohols by biocatalysis
were further characterized by 1H and 13C NMR spectra using the
multinuclear FT-NMR spectrometer model ECX-300 (JEOL,
United States) with a frequency of 300 MHz for 1H and 100 MHz
for 13C (see Supplementary Figures S1-S6).

3 Results and Discussion

3.1 Description of the strain HSB-15T

Morphological analysis of the isolates was carried out by
growing the strain on yeast malt agar for 5 days at 25 °C. The
colonies were observed to be raised, smooth, creamy in color, and
butyrous. Cells were found to have no hyphal or pseudohyphal
growth under the scanning electron microscope (see Figure 1A).
Cells grown on yeast malt agar (after 5 days of growth at 25 °C) were
observed to be round to ovoid in shape, mainly present in chains;
budding was polar, measuring 3–4 by 2–3 µm. Moreover, when the
cells were cultured on corn meal agar for 21 days, they were unable
to produce pseudohyphae, and the culture was devoid of any
sporulation after 3–4 weeks of incubation at 25 °C.

3.2 Growth characteristics of the strain HSB-
15T at different temperatures, pH values, and
media

To study the growth characteristics of the strain HSB-15T

(MTCC-12380T) at different temperatures, the strain was
inoculated in YEPD media and incubated at temperatures
ranging from 4°C to 40 °C. The growth of the strain was
inhibited at lower temperatures (4–15 °C) and higher
temperatures (40°C). However, a significant growth characteristic
of the strain was observed between 20°C and 30 °C, and the optimum
growth of the strain was found to be 25 °C (see Figure 2A). The
growth characteristic of the strain HSB-15T was examined within the
pH range of 2–12 in the YEPD medium (see Figure 2B). The strain
HSB-15T showed significant growth within the pH range of 4.0–6.0.
However, at lower pH (below 4.0) and higher pH (above 6.0), no
significant growth was detected. The growth pattern of the strain
HSB-15T was also examined in different liquid media including YM,
SDB, LB, NB, YEPD, PDB, and TSB broth. It is evident from
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FIGURE 1
Morphological appearance and phylogenetic analysis of the strain HSB-15T (S. cerena). SEM image showing the morphology of the isolated strain
(A). Phylogenetic tree constructed on the basis of the nucleotide sequence of the D1/D2 domain of the LSU (B) and the ITS of the SSU (C) of rRNA genes,
showing a close relationship with S. vitae CBS 15147T (KX418642) using the neighbor-joining algorithm with 1,000 bootstrap values. The distance was
calculated according to the work of Kimura (1980). Bar indicates 5% variation.
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Figure 2C that the strain was able to grow optimally in YEPD, YM,
and SDB within 12–36 h of the incubation period. However, the
growth rate was retarded in PDB, LB, NB, and TSB media. All these
observations indicated that the growth characteristics of the strain
HSB-15T showed a considerable similarity with the genus
Starmerella.

A comparative study for the biochemical taxonomic
characterization of the strain HSB-15T was carried out using the
Biolog system to determine the relationship with its closely related
type strain S. vitae strain CBS 15147. According to phylogenetic
relatedness, the strain was also compared with other related
species, which showed remarkable differences with S. vitae
strain CBS 15147 (type species differs in six tests), Starmerella
apicola CBS 2868 (differs in 12 tests), Starmerella bombicola CBS
6009 (eight tests), and Starmerella neotropicalis CBS 12811 (differs
in 14 tests), respectively (see Table 2). Tests on the fermentation
and assimilation of sugars confirmed that the strain HSB-15T was
capable of fermenting D-glucose but was unable to ferment
maltose. Furthermore, the sugar substrates trehalose and
raffinose were also fermented by the novel strain; however, the
same substrates were not utilized by other related-type strains.
Furthermore, the sugar substrate L-sorbose was not utilized by the
strain HSB-15T, whereas S. vitae strain CBS 15147, S. apicola CBS
2868, S. bombicola CBS 6009, and S. neotropicalis CBS 12811 were

capable of utilizing the substrate. The strain HSB-15T was shown to
be weakly positive for assimilation of D-xylose and ribitol, which
was not assimilated by its type strains Starmerella cf. bombi CBS
15147, S. apicola CBS 2868, S. bombicola CBS 6009, and S.
neotropicalis CBS 12811. Assimilation of trehalose was positive
for the strain HSB-15T, whereas other related-type strains were
unable to assimilate the same carbon sources. The study of various
temperatures showed that the strain HSB-15T was capable of
growing at temperatures ranging from 20°C to 30°C, although
the strain HSB-15T and other related species were unable to grow at
higher temperatures (37°C). However, the strain S. apicola CBS
2868 can grow up to 37°C. The growth of HSB-15T in 1% yeast
extract and 2% agar medium containing 10% and 16% NaCl was
found to be negative, but the S. vitae strain CBS 15147 was shown
to be positive in the medium with 10% NaCl. In the presence of
60% glucose, the growth of the HSB-15T strain was found to be
negative. However, other type strains, such as S. apicola CBS
2868 and S. bombicola CBS 6009, were shown to be positive
under similar conditions. Acid production was positive for the
strain HSB-15T, whereas S. apicola CBS 2868, S. bombicola CBS
6009, and S. neotropicalis CBS 12811 were observed to be non-
acidogenic. These tests indicated remarkable differences in the
isolated strain HSB-15T when compared to other described related
strains.

FIGURE 2
Influence of different parameters on the growth of HSB-15T. Effect of different temperatures (A), pH values, (B) and growth media (C) on the growth
of HSB-15T.
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TABLE 2 Biochemical properties of S. cerena HSB-15T.

Biochemical properties A B* C* D* E†

Fermentation of

Maltose - NR - - -

α-D-glucose + w, d + + d

Sucrose + NR w, d + d

Trehalose + NR - NR -

Raffinose wp NR - wp -

Assimilation of

L-sorbose - + + d d, w

D-glucosamine - NR - - -

D-ribose - - d -, d, w -

D-xylose wp - - - -

L-arabinose - - - - -

Methyl-a-d-glucoside - NR - - -

Cellobiose - - - - -

Salicin - - - - -

Arbutin - NR - - -

Raffinose + + + -, d, w -

Ribitol wp - - - -

Xylitol - - - - -

L-arabinitol - NR - - w

Galactitol - - - - d, w

Ethanol ND - + + -

Trehalose + - - - -

Growth at

25°C + + + + +

30°C + NR + + +

35°C - NR + - -

37°C - - + - -

10% NaCl - + NR NR -

16% NaCl - NR NR NR v

50% Glucose + + + + -

60% Glucose - NR + + NR

Acid production from glucose + NR - - -

On 0.1% cyclohexamide ND NR NR - -

vitamin free ND NR - - -

a, positive; -, negative; wp, weak positive; d, delayed; dw, delayed weak; ND, not determined; NR, not reported. The four strains of Starmerella genus were used for the physiological

characterization test. A, S. cerena CBS 15321, HSB-15 (MTCC, 12380) sp. nov.; B, S. vitae CBS 15147; C, S. apicola CBS 2868; D, S. bombicola CBS 6009; E, S. neotropicalis CBS 12811. The

reference strain data were taken from the CBS yeast database and the work of Daniel et al. (2013).
b= Data from the CBS yeast database.
c= Data from the work of Daniel et al. (2013).
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3.3 Phylogeny of the new Starmerella
species

To determine the phylogenetic position of S. cerena (HSB-15 T
strain), a phylogenetic tree was constructed by the pair-wise
alignment of the ITS region (465 bp), which showed 3.7%
sequence divergence, whereas the D1/D2 region (595 bp)
showed 2.5% sequence divergence from S. vitae strain CBS
15147 T. According to Kurtzman and Robnett (1998),
established rules for classifying ascomycetous yeast species
using nucleotide divergences state that strains that show more
than six nucleotide sequence changes (equal to 1% sequence
divergent) in the D1/D2 domain may be considered as the limit
for the discrimination of two species. A taxonomic differentiation
threshold was subsequently established by Vu et al. (2016), who
stated that a strain should be classified as a distinct species in
comparison to its close neighbors if it exhibits a similarity of less
than 98.31% (for Ascomycota) or 98.61% (for Basidiomycota)
within the ITS region. The suggested criterion for
distinguishing species is modified to less than 99.41% similarity
(for Ascomycota) or 99.51% similarity (for Basidiomycota) in the
case of D1/D2 domain analysis. Thus, based on the sequence
divergence of the ITS region and D1/D2 domain, the HSB-15T

strain is considered a new species. Moreover, when the analysis was
carried out with the ITS and D1/D2 domain of the novel strain
HSB-15 T and closely related Starmerella, clade species were used
to construct a neighbor-joining phylogenetic tree. In the
phylogenetic analysis of strain HSB-15T, it was found to be
closely related to species S. vitae strain CBS 15147 with strong
96 and 97 bootstrap values for the ITS and D1/D2 domain,
respectively (see Figure 1B). The comparative analysis of
multiple sequence alignments has revealed distinct genetic
variations in the strain HSB-15 T when compared to closely
related types: from the S. vitae strain by more than 4%
nucleotide divergence (13 substitutions and four gaps), from S.
apicola by 7% (28 substitutions and six gaps), and from S.
neotropicalis by 8% (25 substitutions and 12 gaps), all within
the ITS region, and from the S. vitae strain by 2% nucleotide
divergence (nine substitutions and three gaps), from S. apicola by
7% (25 substitutions and eight gaps), and from S. neotropicalis by
6% (27 substitutions and four gaps) based on the D1/D2 domain.
Zygoascus hellenicus CBS 5839 T was used as an out group in this
study. Thus, it was proved that the strain belongs to a distinct taxon
of the clade Starmerella and may be designated as a different
species named Starmeralla cerana.

3.4 Reduction of 6′-methoxy-2′-
acetonaphthone to S-1-(6-methoxy-2-
naphthyl) ethanol in a different time course

Conversion of 1-(6-methoxy-2-naphthyl) ethanol from its
prochiral ketone by cells of the HSB-15T strain as whole-cell
biocatalysis was carried out, and the progress of the reaction at
different time intervals was monitored by TLC and HPLC equipped
with the RP-C 18 Column. The time course of biocatalysis is
depicted in Figure 3 by the strain HSB-15T showing selective
conversion of 1-(6-methoxy-2-naphthyl) ethanol from the

prochiral substrate in 3 h–12 h (Table 3) with the highest
percentage of conversion (63.3%), within 12 h (Table 4). Since
the synthesis of enantiopure drugs has been compelled by
different regulatory agencies (United States Food and Drug
Administration, European Medicines Agency, etc.), this study
provides an exploration of biocatalysts for the synthesis of the
industrially relevant compound S-1-(6-methoxy-2-naphthyl)
ethanol (6-MAN-OH), which is a key intermediate of the anti-
inflammatory drug naproxen, which is a racemic drug. Furthermore,
in order to expand the window of the substrates, the novel strain
HSB-15T was tested for different naphthyl ketones. Our biocatalytic
study reveals the substrate acceptance of the strain HSB-15T. The
strain was capable of reducing 6′-methoxy-2′-acetonaphthone, 1-
acetonaphthone, and 2′-hydroxy-1′-acetonaphthone with the
highest yields (63.3%, 72.6%, and 23.5%, respectively) in 12 h.

Numerous documented studies highlight the effective utilization
of yeast cells as whole-cell biocatalysts for reducing naphthyl ketones
to yield naphthyl alcohols. These reports underscore the versatility
and efficiency of yeast cells in this bioconversion process. For
instance, in a notable study led by Roy et al. (2003), Geotrichum
candidum and Candida parapsilosis were found to efficiently
catalyze the reduction of 1-acetonephthone to S (−)-1-(1‘-
naphthyl) ethanol. The conversion rates reached 84% and 43%,
respectively, within 24 h (Roy et al., 2003). This biocatalyzed
product, S (−)-1-(1‘-naphthyl) ethanol, plays a crucial role as an
intermediate in mevinic acid analog synthesis, serving as a
promising inhibitor of 3-hydroxy methyl glutaryl coenzyme A
reductase (HMGR), commonly known as statins, used to treat
hyperlipidemia. Subsequently, Bhattacharyya and Banerjee (2007)
conducted a study exploring the production of the carbonyl
reductase enzyme responsible for the bioconversion in G.
candidum. Following the optimization of various media
components and physicochemical parameters, the conversion of
1-acetonephthone to its corresponding product increased to
approximately 93% (Bhattacharyya and Banerjee, 2007). In a
separate study, Rhodotorula glutinis yeast cells acted as whole-cell
biocatalysts for producing S (−)-1-(1‘-naphthyl) ethanol, achieving a
conversion rate of 100% after optimization (Kurbanog et al., 2008).
Zilbeyaz et al. (2016) reported a preparative-scale conversion of 1-
acetonaphthone to (S)-(−)-1-(1’-naphthyl) ethanol by the fungus
Alternaria alternata, yielding up to 82% in 48 h (Zilbeyaz,
Kurbanoglu, and Kilic, 2016). In a prior study, multiple isolated
yeast strains were examined for reducing 6′-methoxy-2′-
acetonaphthone to (S)-1-(6-methoxy-2-naphthyl) ethanol. The
yeast strain CHF-15P, identified as Rhodotorula kratochvilovae,
exhibited the highest conversion potential. It was proficient in
reducing five different naphthyl ketone substrates to their
respective naphthyl alcohols, with exceptional conversions
achieved in substrates such as 6′-methoxy-2′-acetonaphthone and
4′-fluoro-1′-acetonaphthone, surpassing 95% and 96%, respectively
(Verma et al., 2021). Subsequently, in 2023, Preeti et al. reported the
synthesis of (S)-(−)-1-(1′-naphthyl) ethanol employing Pichia
kudriavzevii cells, yielding a conversion of 75% (Preeti et al., 2022).

Although the majority of studies have reported single
substrates for bioconversion (except the work of Verma et al.
(2021)), the novel strain S. cerena (HSB-15T strain) exhibits
promising capabilities by effectively reducing three distinct
substrates, yielding pivotal drug intermediates. Notably, the
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conversion time is also shorter compared to that reported in many
of these studies (Verma et al., 2021). Nonetheless, while most of
these studies demonstrated high substrate conversion using
distinct yeast cells, it is essential to note that the meticulous

optimization process encompassing a spectrum of
physicochemical parameters, which unlocks their ultimate
conversion potential, is not addressed in the scope of this
particular study.

FIGURE 3
Schematic representation of the biocatalytic reduction carried out by HSB-15T (S. cerana) (A). HPLC chromatogram shows the time course of the
biocatalytic reduction of 6′-methoxy-2′-acetonaphthone to (S)-1-(6-methoxy-2-naphthyl) ethanol by HSB-15T (S. cerana).
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3.5 Production of sophorolipid biosurfactant
from the strain HSB-15 and examination of
its antimicrobial properties

In this study, we found that the HSB-15T strain possesses the
capability to produce a biosurfactant. This biosurfactant was
subsequently examined for potential biological activities. Notably,
due to the close genetic resemblance of the strain HSB-15T to the
Starmerella genus, it was initially hypothesized that a similar type of
biosurfactant might be produced. Nevertheless, our findings

demonstrated that the biosurfactant produced by HSB-15T

exhibited a remarkable ability to inhibit the growth of
microorganisms. The biosurfactant was isolated by the ethyl
acetate extraction method and partially purified by LH-20 gel
column chromatography. Final purification was performed by
RP-HPLC (Supplementary Figure S8). The biosurfactant
produced was subjected to various characterization techniques,
and the results indicated its resemblance to the biosurfactant
produced by Starmerella sp. Through FT-IR analysis, a
comparison with the existing literature revealed a similarity to
sophorolipid (see Figure 4). This initial identification was
subsequently corroborated by LC–MS analysis (detailed data are
presented later in the manuscript), as shown in Figure 5. The
evaluation of the antibacterial activity of a purified sophorolipid
biosurfactant against S. aureus was carried out using the agar-well
diffusion method. As shown in Supplementary Figure S8, 100 µL of
the HPLC-purified sample (500 μg/mL) was added to the LB agar
plate containing S. aureus cells. After incubation of the plate at 37°C
overnight, a clear zone of inhibition was observed.

Notably, the diameter of this inhibitory zone measured
approximately 20 mm. In the literature, the antibacterial activity

TABLE 3 Synthesis of 69-methoxy-29-acetonaphthone to S-1-(6-methoxy-2-
naphthyl) ethanol by whole-cell biocatalysis using the strain HSB-15T.

Time (h) Conversion (%)

3 42.5 ± 3.1

6 54.2 ± 2.1

9 56.9 ± 1.6

12 63.3 ± 1.6

TABLE 4 Reduction of different prochiral naphthyl ketone derivatives to enantiopure S-specific alcohols in 12 h by whole-cell biocatalysis using the strain HSB-15T.

Substrates Product alcohols Conversion (%)

2′-Hydroxy-1′-acetonaphthone (S)-1-(2-hydroxy-1-naphthyl)ethanol 23.5 ± 0.7

6′-Methoxy-2′-acetonaphthone (S)-1-(6-methoxy-2-naphthyl)ethanol 63.3 ± 1.3

1-Acetonaphthone (S)-(−)-1-(1-naphthyl)ethanol 72.6 ± 0.9

FIGURE 4
FT-IR spectra of the biosurfactant produced by the novel yeast strain HSB-15T.
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of sophorolipid against S. aureus has been reported by several
research groups. For instance, Ma et al. (2022) reported that the
MIC value of sophorolipid was determined to be 1.5625 mg/mL
against S. aureus (Ma et al., 2022). Similarly, da Fontoura et al.
(2020) reported a distinct MIC value of 500 mg/mL for sophorolipid
in combating the human pathogen S. aureus (da Fontoura et al.,
2020). Chen and Zhifei (2020) reported the antibacterial activity of
sophorolipid against S. aureus. In the agar-well diffusion assay, a 9-
mm-diameter clear zone of inhibition was observed with 50 µL of
sophorolipid (2.5 mg/mL). Furthermore, they evaluated the MIC
value, which was determined to be 32 μg/mL through a double broth
dilution method (Chen and Zhifei, 2020). In a separate study, while
evaluating a comparative study of sophorolipid-capped gold
nanoparticles with free sophorolipid, Shikha et al. (2020)
reported a zone of inhibition of 15 mm diameter by applying
100 µL of sophorolipid with a concentration of 400 μg/mL
(Shikha, Chaudhuri, and Bhattacharyya, 2020).

It is worth mentioning that the variation in MIC values
discerned across diverse research groups could potentially be
attributed to the inherent structural complexity of sophorolipid.
Factors such as differing chain lengths, the presence of saturated or
unsaturated fatty acid chain, acetylation patterns, and the
homogeneity of sophorolipid compounds collectively contribute
to the observed variability in MIC values.

3.6 Ecological aspect of the Starmerella
clade

The strain isolated from the honey bee (A. cerena) surface,
collected from the IMTECH garden, is a flower-associated strain.
The majority of yeasts from the Starmerella clade are associated
with insect vectors such as bees and the substrates that these insects
often visit. Flowers, fruits, bees, honey, honey bread, etc., are
common sites from which many of the species of the genus
Starmerella were isolated (Gilliam, 1979; Masneuf-Pomarede
et al., 2015; Alimadadi et al., 2016). The presence of yeasts of
the Starmerella clade on the surface of bees or at their associated

sites is the basis of a belief that they exist mutually in the beneficial
relationship between bees and different species from the
Starmerella clade (Rosa et al., 2003; Oliveira et al., 2014). Since
flowers provide suitable microenvironments for the growth of
various yeasts, the floral parts, especially flower nectar (with a
high-sugar-concentration microenvironment), are one of the
important habitats of the members of the genus Starmerella.
They are generally osmotolerant yeasts due to their survival in
high-sugar-concentration habitats (Sipiczki, 2015a; Amoikon
et al., 2018). The first isolated species from the Starmerella
clade, i.e., S. bombicola (well known for sophorolipid
production), was discovered in the honey of bumblebees in
Canada (Graeve et al., 2018). Thereafter, various species from
the same clade were isolated from similar habitats (flowers, insects,
or the substrates where these insects visited). For example,
Candida riodocensis and Candida cellae from the Starmerella
clade were isolated in solitary bees in Brazil (Pimentel et al.,
2005). Torulopsis magnoliae was associated with pollen that was
stored in comb cells of bee bread of Apis mellifera (Saksinchai et al.,
2012). The yeast strain Starmerella bacillaris was found to be
associated with grapefruit and wine environments (Masneuf-
Pomarede et al., 2015). Other species from the same clade were
isolated from flower sources; for example, Starmerella orientalis
was isolated in Iran (Alimadadi et al., 2016), Starmerella
jinningensis was isolated in China (Li et al., 2013), and
Starmerella syriaca was isolated in Syria (Sipiczki, 2015a). The
frequent distribution of Starmerella clade species in specific
ecological niches provides their physiological adaptation in
high-sugar-concentration environments. Moreover, the
association with bees is part of a mutual relationship that helps
in developing plant–animal interactions.

3.7 Characterization of the sophorolipid
biosurfactant

In several literature reports, it is well described that yeasts from
the genus Starmerella are known for the production of a glycolipid
biosurfactant called sophorolipid (Jezierska, Claus, and Van
Bogaert, 2018). Since, in the present study, the strain HSB-15T
was identified as being closely related to the genus Starmerella, it
was hypothesized that the novel yeast HSB-15T could be a
sophorolipid-producing strain (C. P. Kurtzman et al., 2010).
Therefore, when cells were grown for biocatalytic experiments,
the broth after the separation of the cells was utilized for this
purpose. To examine the presence of biosurfactant in the broth, an
oil displacement assay was carried out. It is evident from
Supplementary Figure S7A that oil in the Petri dish was spread
after the addition of a 10 µL sample, indicating the presence of
surfactant in the sample. Furthermore, the characterization of the
biosurfactant was initially carried out using thin-layer
chromatography and high-performance liquid chromatography.
A comparative study of the produced biosurfactant by HSB-15T

with commercially available sophorolipid biosurfactant (1,4-
sophorolactone 6′,6′-diacetate) using TLC showed a similar
banding pattern as the reference standard. Moreover, the TLC
result also revealed the presence of both acidic and lactonic forms
of sophorolipid biosurfactant (Supplementary Figure S7B).

FIGURE 5
LC–MS spectra showing the m/z values of 685 and 727 for
putative sophorolipid biosurfactant produced by HSB-15T cells.
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Furthermore, the isolated biosurfactant sample was also subjected
to reverse-phase HPLC along with the standard sophorolipid. The
21 chromatograms of the HPLC clearly indicated the presence of
sophorolipid in the sample, as the retention time of the
biosurfactant was found to be similar to the reference standard.

3.8 FT-IR analysis of the biosurfactant

After the purification of biosurfactant using different
chromatographic steps, the purified biosurfactant sample was
subjected to FT-IR analysis. Thereafter, the elucidation of the
functional groups attached to the biosurfactant was carried out by
the FT-IR spectrum. The absorption spectra of the biosurfactant
shown in Figure 4 revealed the identity of the compound. A broad
absorption band present at 3,423.57 cm-1 corresponds to the O–H
stretch, indicating the presence of the sugar moiety in the
biosurfactant. Another two peaks at 2925.08 cm-1 and 2854.43 cm-

1 correspond to the C–Hband, representing the aliphatic hydrocarbon
tail of the biosurfactant. A peak of C–H bending is observed at an
absorption band of 1,678.32 cm-1. Since the carboxylic acid group is
present in the acidic sophorolipid, the presence of O–H bending is
indicated by the absorption at 1,401.05 cm-1. The strong peaks in the
range of 1,000–1,400 cm-1 contribute to C–O stretching, indicating a
lactone, ester, or acid group in biosurfactant samples. A peak at
802.22 cm-1 shows CH bending and its distribution at 1 and
3 positions. The distribution of unsaturation in the long
hydrocarbon tail can also be seen as C=C bending by an
absorption band at 723.66 cm-1. The spectra obtained from FT-IR
analysis clearly indicate the chemical constituents of the purified
compound, confirming it as a glycolipid biosurfactant. A comparative
study with the spectrum available in previous studies (Akbari et al.,
2020; Ganji et al., 2020) reveals the purified biosurfactant from HSB-
15T to be a sophorolipid biosurfactant.

3.9 Mass analysis of the sophorolipid
biosurfactant

The mass analysis of the sophorolipid biosurfactant was carried
out by LC–MS in the positive ion mode. The analysis of the LC–MS
result shown in Figure 5 reveals the molecular weight and presence of
structural homologs of the sophorolipid biosurfactant produced by
HSB-15T. The characteristic ion peak at m/z of 685 [(M + Na) +]
suggests the presence of a lactonic diacetylated form of sophorolipid
containing a C16:0 fatty acid tail. The presence of another prominent
peak with an m/z of 727 corresponds to diacetylated acidic
sophorolipid with a linoleic acid tail (C18:2). The obtained results
were compared with previously reported articles (Joshi-Navare,
Khanvilkar, and Prabhune, 2013; Elshafie et al., 2015) confirming
the biosurfactant to be the sophorolipid of two different homologs.

4 Conclusion

In the present study, the exploration of biodiversity for novel
yeasts was carried out. A novel yeast species designated as HSB-15
from the surface of the honey bee was isolated and identified by

amplifying the ITS and D1/D2 domain of the large subunit (LSU) of
the rRNA gene. The construction of the phylogenetic tree suggests
that the new species belongs to the Starmerella clade and is closely
related to the S. vitae strain CBS 15147. Therefore, the name of the
novel yeast was suggested as Starmerella cerana. Another group
working on yeast isolated from bees reported Starmerella to be the
most common yeast species in honey bee-stored bee bread. Yeast
obtained from bees’ honey stomachs along with pollen pellets
collected from bee legs had Metschnikowia species in abundance
(Detry et al., 2020). Furthermore, various physicochemical
parameters such as pH, temperature, and different media for
optimum growth were examined and found to be 4–6 for
pH and 20°C–30°C for temperature, and the best media for strain
HSB-15T growth were YEPD, YM, and SDB. Furthermore,
biochemical characterization of the strain HSB-15T was carried
out and compared with its type strain and type species, i.e., the
S. vitae strain CBS 15147, S. apicola CBS 2868, S. bombicola CBS
6009, and S. neotropicalis CBS 12811, respectively. Furthermore, to
explore the application potential of the strain HSB-15T, the
biocatalysis for the reduction of naphthyl ketone derivatives (the
key intermediates of various pharmaceuticals and industry-relevant
compounds) was examined. The yeast strain HSB-15T showed
significant potential for reducing these prochiral ketones to the
enantiopure S-specific alcohols. The strain demonstrated its ability
to efficiently reduce 6′-methoxy-2′-acetonaphthone, 1-
acetonaphthone, and 2′-hydroxy-1′-acetonaphthone, yielding
remarkable results (63.3%, 72.6%, and 23.5%, respectively) within
a 12-h timeframe. Javidnia et al. showed that R. glutinis, an aerobic
yeast, could achieve substantial reductions in nearly all prochiral
ketones, exhibiting both high conversion rates and exceptional
optical purity, and the conversion efficiency was approximately
38–45% (Javidnia et al., 2016). However, S. bombicola is used for
the production of sophorolipid, with an easily attainable yield of
approximately 42.81 g/L (Alfian et al., 2022).

The strain HSB-15 could be used for the production of a
biosurfactant known as sophorolipid. This biosurfactant was also
evaluated for its antimicrobial and surface tension-lowering
properties. The strain provided a moderate amount of sophorolipid
(15 g/L) production as the media were not specially optimized for
higher production. An increased amount of sophorolipid can be
achieved by medium optimization and by using oil as one of the
sources of lipid in the media (Elshafie et al., 2015).

Hence, the novel stain can be used for the biocatalysis of
pharmaceutical drugs along with the production of sophorolipid
as a biosurfactant.
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In Bacillus fermentation processes, severe foam formation may occur in aerated
bioreactor systems caused by surface-active lipopeptides. Although they
represent interesting compounds for industrial biotechnology, their property of
foaming excessively during aeration may pose challenges for bioproduction. One
option to turn this obstacle into an advantage is to apply foam fractionation and
thus realize in situ product removal as an initial downstream step. Here we present
and evaluate a method for integrated foam fractionation. A special feature of this
setup is the external foam column that operates separately in terms of, e.g.,
aeration rates from the bioreactor system and allows recycling of cells and media.
This provides additional control points in contrast to an internal foam column or a
foam trap. To demonstrate the applicability of this method, the foam column was
exemplarily operated during an aerated batch process using the surfactin-
producing Bacillus subtilis strain JABs24. It was also investigated how the
presence of lipopeptides and bacterial cells affected functionality. As expected,
the major foam formation resulted in fermentation difficulties during aerated
processes, partially resulting in reactor overflow. However, an overall robust
performance of the foam fractionation could be demonstrated. A maximum
surfactin concentration of 7.7 g/L in the foamate and enrichments of up to 4
were achieved. It was further observed that high lipopeptide enrichments were
associated with low sampling flow rates of the foamate. This relation could be
influenced by changing the operating parameters of the foam column. With the
methodology presented here, an enrichment of biosurfactants with simultaneous
retention of the production cells was possible. Since both process aeration and
foam fractionation can be individually controlled and designed, this method offers
the prospect of being transferred beyond aerated batch processes.

KEYWORDS

in-situ product removal, foam fractionation, surfactin, Bacillus, aerated fermentation
processes, downstream processing

1 Introduction

The fermentation process of Bacillus spp. to produce cyclic lipopeptides faces many
challenges. Amongst them is excessive foam formation, especially during aerated cultivation
(Coutte et al., 2017; Geissler et al., 2019a). Although foaming in bioreactor cultivations is
generally present (Vardar-Sukan, 1998; Junker, 2007; St-Pierre Lemieux et al., 2019), this is
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severely increased for the production of microbial surfactants such
as surfactin because the target product additionally has exceptional
foaming capacities (Coutte et al., 2017). The foaming ability,
alongside surface active properties (Arima et al., 1968) makes
surfactin an attractive agent for various industries, including their
use as detergents or emulsifiers (Coutte et al., 2017; Geissler et al.,
2019a). Thereby, the isolation of production strains from food
resources is of particular interest in this context to enable the
application of lipopeptides, e.g., in the food sector (Akintayo
et al., 2022). However, during surfactin production processes
with uncontrolled foaming, foam formed in the headspace of the
bioreactor can enter the exhaust line (Figure 1A) and lead to
clogging of the exhaust filters (Vardar-Sukan, 1998). This can be
associated with increased pressure in the bioreactor system and a
severe loss in bioreactor volume due to overflowing (Vardar-Sukan,
1998; Davis et al., 2001) (Figure 1B). Another problem is that cells
can be enclosed in the foam and therefore might be transferred with
the culture broth out of the bioreactor system. In that case, cells as
well as media can no longer be used for production (Vardar-Sukan,
1998; Coutte et al., 2017; Oraby et al., 2022). Therefore, some
research studies have been aimed at developing surfactin
production processes in which strong foam formation is
circumvented. Examples include the use of a bubbleless
membrane bioreactor (Coutte et al., 2010) or foam-free anaerobic
cultivation (Willenbacher et al., 2015a; Hoffmann et al., 2020),
further novel process strategies are summarized by Geissler et al.
(2019a). However, the highest reported surfactin concentration of
26.4 g/L in laboratory scale was still reached during an aerated high-
cell density fed-batch process by Klausmann et al. (2021). Intense
foam destruction strategies had to be used in their process to cope
with the strong foam formation, including mechanical and chemical
methods. Additionally, to prevent a blockage of the filter system and
collect overflowing culture broth, a foam trap (illustrated in
Figure 1) can be connected downstream of the exhaust pipe as
applied by Yeh et al. (2006) and Klausmann et al. (2021). The
characteristic feature of the biosurfactant to accumulate at the gas-
liquid interface can also be used as an advantage for process design
(Coutte et al., 2017; Stevenson, 2019). Using in situ product removal
(ISPR), the foam can continuously be collected, and the foaming
capabilities of surfactin can be exploited (Rangarajan and Clarke,
2016). As the lipopeptide is enriched in the foamate, a first
purification step in the downstream chain can be realized by
using ISPR in the bioreactor process (Winterburn and Martin,
2012; Rangarajan and Clarke, 2015; Oraby et al., 2022). This
would be advantageous insofar as the downstream process is
known to be a high cost factor (Mukherjee et al., 2006; Winterburn
andMartin, 2012). A recent review by Oraby et al. (2022) summarized
foam fractionation in aerated stirred tank reactors, including coverage
of numerous fractionationmethods. They concluded that as of January
2021, foam fractionation was mainly applied for the production of
biosurfactants, namely, in 74% of investigated cases. The vast majority
of these studies use a method in which a foam trap is connected to the
bioreactor systems. Thereby, the foam is collected via a pipe due to
overflowing (Oraby et al., 2022). The earliest example of this
method in surfactin production processes was conducted in
Cooper et al. (1981). In comparison, a lower number of studies
use a foam column, and external foam columns are used even less
frequently (Oraby et al., 2022).

In this study, an external foam column for integrated foam
fractionation with a recirculation unit of the liquid is presented
(Figures 2, 3), which can be categorized as “4b” according to the
classification of Oraby et al. (2022). The number “4” refers to the
method (integrated foam fractionation with an external column)
and the letter “b” refers to the presence of a recirculation unit
(Oraby et al., 2022). In the here applied method, the culture broth
is sparged and brought to foaming in the foam column itself and
is not collected via the headspace. In this way, the aeration of the
foam column is not dependent on the aeration of the bioreactor
system and is not used as a primary method for foam control, but
rather as a tool for product enrichment. This is one of the
highlights of the presented method, as it might potentially
find application in foam-free and bubbleless fermentations.
Since the culture broth is introduced into the foam column
from below and then sparged, the system operates in the
simple mode (Lemlich, 1968), and a pneumatic foam is
created (Stevenson, 2019). A proof of principle is
demonstrated using a standardized aerated batch process with
the laboratory strain Bacillus subtilis JABs24. To test the
influence of surfactin, cells and cell metabolites on the
functionality of the foam column, two control experiments
were performed. First, cell-free medium was examined with
the addition of surfactin and then the non-surfactin producer
B. subtilis 168 (sfp−) was cultured as a negative control (Figure 2).
In this way, the method can be evaluated and recommendations
are made on the applicability of an external foam column with
individual aeration using surfactin production in Bacillus as an
example. Based on the faced challenges during the fermentation
process, a need for smart control systems for future foam
fractionation applications can be identified. Although external
foam columns have generally been used for biosurfactant
recovery (Blesken et al., 2020; Zheng et al., 2020), to the best
of our knowledge this is the first time that this type of
fractionation has been evaluated for surfactin production
processes.

2 Materials and methods

2.1 Chemicals and standards

Chemicals of analytical grade were mainly received from Carl
Roth GmbH and Co. KG (Karlsruhe, Germany), unless otherwise
indicated. The reference substances for chromatographic analysis
of surfactin (≥98% purity) and glucose (≥99.5% purity) were
purchased from Sigma-Aldrich Laborchemikalien GmbH (Seelze,
Germany). For functionality tests of the foam column, sodium
surfactin (>90% purity) was received from Kaneka Corporation
(Osaka, Japan).

2.2 Microorganism and strain maintenance

For bioreactor cultivation the non-surfactin producer B. subtilis
168 (DSMZ 23778, German Collection of Microorganisms and Cell
Cultures GmbH, Braunschweig, Germany) was used in comparison
to the surfactin producer B. subtilis JABs24 (Geissler et al., 2019b).
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The latter is based on strain 168 and has a corrected frameshift
mutation in the sfp gene, thus allowing for surfactin production
(Geissler et al., 2019b). For cryo-storage at −80°C, cells were
preserved in lysogeny broth (LB) containing 15% (v/v) glycerol.

2.3 Media

As complex medium for preculture preparation, lysogeny broth
(LBmedium) was used, containing 10 g/L tryptone, 10 g/L NaCl and
5 g/L yeast extract (Bertani, 1951). A modified mineral salt medium
(MSM) by Willenbacher et al. (2015b), based on Cooper et al.
(1981), was used for bioreactor cultivations, containing a glucose
concentration of 40 g/L. Media components were either sterilized by
heat (15–20 min, 1 bar, 121°C) or by filtration (0.22 µm). To

compensate for tryptophan auxotrophy of strain 168, tryptophan
(50 μg/mL) was added respectively.

2.4 Bioreactor cultivation

Bioreactor cultivations were carried out as described in Treinen
et al. (2021). Briefly, 20 kg aerobic batch processes were performed
with 40 g/L glucose. The inoculation cultures were prepared in shake
flasks as described in Treinen et al. (2021) with an incubation time of
16 h for preculture I and 16 h for preculture II. The bioreactor was
inoculated with preculture II with the volume required to achieve an
initial OD600 of 0.1 in the culture broth at t0 = 0 h. The fermentation
process was then operated at 37°C and pH 7. The pH was controlled
with 4 M NaOH and 4 M H3PO4. Online measurements of the

FIGURE 1
Schematic representation of overfoaming in aerated surfactin production processes using a foam trap. (A) Foam is building up in the headspace of
the bioreactor, causing overflow; (B) Culture broth is mainly located in the foam trap, leaving the bioreactor almost empty as a result of severe foaming
during the process [bioreactor figure adapted from Hoffmann et al. (2020)].

FIGURE 2
Integrated foam fractionation in aerated fermentation processes and experimental overview. A schematic representation of a bioreactor system
with an external foam column is seen in the centre (bioreactor figure adapted from Hoffmann et al. (2020)).
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pH were continuously performed using pH probes (EasyFerm Bio
HB Arc 120, Hamilton Company, Nevada, United States). An
aeration rate of 1.4 L/min process air (0.07 vvm) and an agitation
of 300 rpm were initially set and then adjusted to maintain a pO2 of
20%. In case of difficulties during process operation, aeration and
agitation were set manually. Online measurements of the pO2 [%],
the aeration [L/min] and agitation [rpm] were recorded and are
presented in the (Supplementary Figures S1–S5), also including
further information on the individual process protocol. Online
measurements of dissolved oxygen were continuously performed
with respective probes (VisiFerm DO Arc 120, Hamilton Company,
Nevada, United States). An external foam column was attached to
allow foam fractionation, whereas reference processes did not
include a foam column. Foam control was achieved as described
previously (Klausmann et al., 2021; Treinen et al., 2021). Mainly a
mechanical foam destruction using a foam centrifuge at 2,790 rpm
was applied. For processes with an attached foam column, antifoam
addition was avoided to maintain the foaming capacity. However, in
cases of severe foaming which led to overflowing, antifoam
(Xiameter® AFE-1520; Dow Silicones Corporation, Midland,
United States) had to be added with a syringe (max. 10 mL) to

avoid a failure of the fermentation process. A 50 L foam trap was
installed in the exhaust air line to avoid clogging of the filter system
caused by a potential overflow, which simultaneously could be used
as an alternative method of foam collection.

2.5 Sampling and sample analysis

Samples were taken at 3 h intervals starting at the beginning of
cultivation at t0 = 0 h. During the night, the sampling interval was
extended to 6 h. Cell density (OD600) was measured prior
centrifugation using a spectrophotometer (Biochrom WPA
CO8000, Biochrom Ltd., Cambridge, United Kingdom).
Subsequently biomass was removed using centrifugation for
10 min at 4,816 g and 4°C (Heraeus X3R, Thermo Fisher
Scientific GmbH, Braunschweig, Germany) and the resulting cell-
free supernatant was preserved at −20°C. If necessary, centrifugation
was performed twice to obtain a clear supernatant. From here, the
production of surfactin as well as glucose and ammonia
consumption during the course of cultivation were analyzed by
measuring the respective concentration in the cell-free supernatant.
Thereby surfactin and glucose measurements were conducted as
described in Geissler et al. (2017) and Geissler et al. (2019b) using
High-Performance Thin-Layer Chromatography (HPTLC)
(CAMAG Chemie-Erzeugnisse und Adsorptionstechnik AG,
Muttenz, Switzerland). Ammonia was determined
photometrically with an assay kit, following the protocol of the
manufacturer (Spectroquant® Ammonium, Cat. No.: 114752, Merck
KGaA, Darmstadt, Germany). Adjustments were made by reducing
the volume to 5% in order to conduct the measurement in 96-well
plates. Thereby a calibration range of 0.05–4 mg/L was considered.
Standard as well as blank measurements were done regularly whilst
performing the assay, if not stated otherwise.

2.6 External foam column

An external foam column was integrated into the process
(Figure 3). A tube (di = 3.2 mm) was connected to a sampling
valve at the bottom of the bioreactor. The culture broth was pumped
(Masterflex® P/S, Thermo Fisher Scientific GmbH, Braunschweig,
Germany) from the bottom of the bioreactor into the foam column
with a potential liquid flow of up to 25 mL/min. The foam
fractionation unit was largely manufactured using stainless steel
and consisted of two main parts. In the lower foam generator part of
the column (H/D = 16, L = 400 mm, di = 25 mm; Vena® View D25,
Venair, Freiberg am Neckar, Germany), the culture broth was
sparged, which was possible with either sterile process air or
nitrogen through a sintered disk made of PTFE (RCT®-OHL-96,
10 µm pore size, Reichelt Chemietechnik GmbH + Co., Heidelberg,
Germany). In this study mainly sterile process air similar to the
bioreactor was used, unless otherwise stated. Gas flow rates of up to
10 L/min could potentially be applied. The foam could then rise into
the upper drainage column (H/D = 3.9, L = 400 mm, di = 102 mm;
Vena® View D102, Venair, Freiberg am Neckar, Germany). Liquid
and gas flow rates were specific for each experiment and are
provided in more detail in the results section. Between the two
column parts, a recirculation into the bioreactor was additionally

FIGURE 3
Image of the external foam column to illustrate the design and
principle of operation. The foam column is connected to the
bioreactor in this depiction. Due to the size, the lower part, which
contains the foam generator column, and the upper drainage
column were photographed separately. However, the two parts are
connected at the point where the images were merged. The white
arrows indicate the flow direction of the foam and the recirculated
liquid.
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installed. Cells and media components that were transferred into the
foam column but not enriched in the foam could flow downwards by
gravity, and thus be recycled back to the bioreactor. To prevent
foam, that had formed in the headspace of the bioreactor, from
passing into the foam column through the recirculation tube, a non-
return valve was installed, if not specified otherwise (see
Supplementary Table S3 for detailed process information). Foam
that had accumulated in the drainage column could be transferred
through an inverted U-shaped hose to a bottle for sampling. The
weight of the sampled foamate was determined and if necessary the
foam was liquefied with a drop of antifoam before further
measurements. Samples obtained from the foam column were
analysed for OD600 and surfactin concentration. The components
of the foam column were mainly acquired from STAHLCONGmbH
(Steinenbronn, Germany), VENAIR GmbH (Freiberg am Neckar,
Germany), Reichelt Chemietechnik GmbH + Co. (Heidelberg,
Germany) or kindly sponsored by VA GmbH Gesellschaft für
Food Processing (Stuttgart, Germany).

2.6.1 Functionality of the foam column without
cells

To examine the foam column without the influence of cells and
cell metabolites, 20 kg MSM (Willenbacher et al., 2015b) was
added to the bioreactor. The medium was selected according to
bioreactor procedures with the corresponding buffer
concentration (4.29 × 10−3 M KH2PO4 and 5.71 × 10−3 M
Na2HPO4 (Willenbacher et al., 2014)), but glucose addition was
omitted. The medium was adjusted to pH 7 and the stirrer speed
was set to 300 rpm and aeration to 1.4 L/min (0.07 vvm) at 37°C,
thereby mimicking cultivation parameters of bioreactor
cultivation. Surfactin (2 g/L) was added to the medium, as this
concentration showed a good functionality of the foam column in a
previous experiment (data not shown). In addition, strain
JABs24 typically produces surfactin concentrations in the range
of 1–3 g/L under comparable conditions (Geissler et al., 2019b;
Hoffmann et al., 2021). The foam column was operated with
process air using varying parameters, ranging from 7.5–15mL/min
liquid flow and 4.5–6 L/min gas flow. The parameters were chosen
based on a previous experiment (data not shown). In addition, a
foam trap was connected to the exhaust pipe to analyse the
differences in enrichment between the two fractionationmethods. For
sampling with the foam trap, the foam centrifuge was switched off,
resulting in an overflow shortly thereafter. Sampling was then possible
via a bypass from the exhaust pipe. All samples from the medium,
foam trap and foam column were taken in a comparable time-frame
and analysed for surfactin concentration by HPTLC. In the case of the
foam column, the duration of sampling and the weight of the foamate
were additionally determined in order to calculate a flow rate of
the foam.

2.6.2 Functionality of the foam column without
surfactin using Bacillus subtilis 168 (sfp−)

To examine the functionality of the foam column without the
presence of surfactin but in the presence of cells and cell metabolites,
a bioreactor cultivation was performed, employing non-surfactin
producer B. subtilis 168. On the second day of cultivation, when cells
reached stationary phase, the foam column was operated with
process air from approximately t ~ 29.75 h to t ~ 32.15 h. A

liquid flow rate between 7.5–15 mL/min and a gas flow rate
between 4.5–6 L/min for each set point was applied. The foam
behavior in the column was noted and photographed. In contrast
to the cultivation with surfactin producer B. subtilis JABs24, the
cultivation with B. subtilis 168 was only carried out once with the
attached foam column and without a reference process, as this
experiment represents a negative control.

2.7 Data analysis and process parameters

Bioreactor cultivations employing strain B. subtilis JABs24 are
displayed as biological duplicates. Additionally, technical
replicates of offline parameters were typically carried out,
resulting in at least a technical duplicate per sampling point.
Plots were drafted using the scientific graphing analysis
software Sigma Plot (Systat Software Inc., San Jose,
United States). For glucose and ammonia depletion a curve fit
was applied for visualization. Thereby, sigmoidal or logistic fitting
curves with 4 parameters were implemented. To obtain the cell dry
weight (CDW) in g/L, the optical density was divided by the
correlation factor 3.3 ± 0.6 for strain JABs24 (Treinen et al.,
2023) and 4.4 ± 0.1 for strain 168, which both were determined
as described in Geissler et al. (2019b). Specific growth rate µ was
calculated as described in Geissler et al. (2019b) using relative
values. Thereby the highest growth rate determined is given as
µmax, while µoverall refers to the time span until the maximum
biomass was reached. Surfactin and biomass enrichment were
calculated for each foamate sampling point using Equations 1, 2
(Winterburn and Martin, 2012; Willenbacher et al., 2014).

Surfactin enrichment � cSurfactin foamate

cSurfactin culture broth
(1)

Biomass enrichment � cBiomass foamate

cBiomass culture broth
(2)

3 Results

3.1 Functionality of the foam column
without cells

To determine an operation window of the foam column, MSM
with different surfactin concentrations was tested by applying
various operating parameters with sterile nitrogen used as gas
flow. Based on these results, the following recommendations can
be made for operating the foam column. In dependence on the
estimated surfactin concentration achieved during cultivation, a
liquid flow between 7.5–15 mL/min and a gas flow between
4.5–6 L/min provided good functionality of the foam column. In
the next step, cell-free medium containing surfactin was used to
compare the foam column with the foam trap, also analysing the
influence of operating parameters. Thereby, the applied surfactin
concentration was in range to that obtained in the performed
cultivations with B. subtilis JABs24 (Table 3). The test was
carried out starting with the lowest operating parameters.
Samples were taken from the foam trap as well as the foam
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column (Table 1). The sampling with the foam column could
take up to 1 h. The foamate collected reached mfoamate =
2.8–13.7 g with the foam column and mfoamate = 8.2–15.8 g
with the foam trap. Thereby the surfactin concentration in
the foamate averaged csurfactin = 6.8 ± 2.5 g/L for the foam
column and csurfactin = 4.7 ± 1.0 g/L for the foam
trap. However, the absolute amount of surfactin was similar
for both methods, averaging 0.05 g surfactin in the foamate. The
average enrichment with the foam trap was 3.3 ± 0.5 and 4.7 ± 1.4
with the foam column. Furthermore, a gas flow of 4.5 L/min resulted
in overall higher surfactin enrichment, with 6.5-fold enrichment for a
liquid flow of 7.5 mL/min and 5.8-fold enrichment for a liquid flow
of 10 mL/min. However, these parameters also resulted in
the lowest flow rate with only 0.07 gfoam/min and 0.08 gfoam/
min. Vice versa, the highest flow rate of 0.23 gfoam/min,
which was achieved with the operating parameters of
7.5 mL/min liquid flow and 6 L/min gas flow, resulted in
the lowest enrichment of 2.6. The measured surfactin
concentration in the medium decreased with increasing test
duration. From an initial surfactin concentration of 1.6 ± 0.0 g/L, only
75%, namely, 1.2 ± 0.1 g/L, remained in the medium. With an initial
bioreactor volume of 20 kg, this led to a decrease in absolute surfactin
values from 32.4 ± 0.2 g to 23.4 ± 1.8 g. Thereby the surfactin lost
through sampling can be neglected as the weight of the discharged
foamate was less than 100 g, which corresponded to a deduction of
approximately 0.5 g surfactin (Table 1).

3.2 Functionality of the foam column
without surfactin

As a negative control, non-surfactin producer B. subtilis 168
(sfp−) was cultivated in the bioreactor. In this way, it could be
analysed whether the functionality of the foam column was reliant
on surfactin. Samples withdrawn from the bioreactor during
cultivation were analysed for surfactin to control that the
lipopeptide was not present. The HPTLC measurement
confirmed that no surfactin was detectable with the method of
choice and an application volume of 1 µL. During cultivation,
foam formation was visible in the bioreactor system. When
reaching stationary phase, the external foam column was
operated using various parameters (Table 2). However,
sampling was not possible with any of the tested parameters. In
general, it was observed that although bubbles formed in the foam
generator part of the foam column, the stability seemed not
sufficient for the foam to rise in the drainage column. Most of
the foam collapsed and caused the foam generator column to fill
up with liquid. Also, the broth accumulated in the recirculation
tube and was recycled to the bioreactor. Exemplary images of foam
behavior in the column are presented in Figure 4. Here it can be
seen that during cultivation with surfactin producer JABs24 small,
almost evenly distributed bubbles were formed (Figure 4A). In
comparison bubble size varied and was increased when cultivating
non-surfactin producer 168 (Figure 4B). Additionally, the foam
generator part filled up with liquid (Figure 4C). The last two
observations were occasionally also found during cultivations with
JABs24 in dependence of the chosen operation parameters and
point of time during cultivation.TA
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3.3 Cultivation of Bacillus subtilis strain with
integrated foam fractionation

Batch cultivations were performed with and without an external
foam column to evaluate integrated foam fractionation in aerated
surfactin production processes. An overview and detailed process
information of all performed batch cultivations of B. subtilis
JABs24 with the external foam column is presented in
Supplementary Table S3, also including failed experimental runs.
Figure 5 shows exemplary time-courses of the bioreactor
cultivations up to t = 60 h, also featuring the negative control
using non-surfactin producer B. subtilis 168 up to t = 36 h.
Corresponding online measurements are illustrated in the
Supplementary Material (B. subtilis 168, Figure 5A and

Supplementary Figure S5; B. subtilis JABs24 Reference process;
Figure 5B and Supplementary Figure S1; B. subtilis JABs24 Foam
column process; Figure 5C and Supplementary Figure S3). In terms
of cell growth and maximum optical densities, a similar trend was
observed for all three fermentation processes. Differences mainly
occurred in the duration of the lag phase and the overall cultivation
time. In the reference process with strain JABs24, the highest OD600

value of 19.0 ± 0.0 was registered after 51 h with a maximum growth
rate of µmax = 0.40 1/h (Table 3). For the proof of principle with an
attached foam column, the highest OD600 value of 24 ± 0.5 was
reached after 57 h with maximum growth rate of µmax = 0.45 1/h. In
comparison, the non-surfactin producer B. subtilis 168 reached the
maximumOD600 after 30 hwith 20.0 ± 0.0 and a growth rate of 0.46 1/h.
After glucose depletion, a reduction in biomass could be detected in all
experimental approaches. However, in the foam column process a
residue of 3.3 ± 0.1 g/L glucose remained. In terms of the nitrogen
source, residual concentrations of around 0.6 g/L were measured in the
culture broth.

3.4 Overfoaming and regulation challenges
during bioproduction

Severe problems with overfoaming and media loss were observed
for most cultivation runs with strain JABs24 (Supplementary Table
S3). For example, a reduction from an initial 19.5 kg at tstart to 12.0 kg
at tend was observed in replicate 2 of the foam column process
(Supplementary Figure S4B). Thereby an interval-like decrease in
reactor volume was seen with the biggest drop at t ~ 23 h. Within a
timeframe of approximately 10 min, only 13.6 kg of an initial 18.3 kg
remained in the bioreactor. This means that about a quarter of the
reactor volume, namely, 4.8 kg (26.2%) was lost due to uncontrollable
foaming in a short time interval. In severe cases, overfoaming
potentially led to complete failure and premature termination of
the experiment. In one of these fermentations 11.3 kg, responding
to 55.9% of the initial volume were lost within only 20 min and in
another case <3 kg of culture broth remained in the bioreactor, which
also resulted in the probes no longer being covered properly
(Supplementary Table S3). Whereas the processes employing the
external foam column could not or only slightly be regulated using
chemical antifoam agent, the application of such was possible in the
reference process in addition to the foam centrifuge. Nonetheless an
overfoaming was still observed for one of the reference processes,

TABLE 2 Overview of the various operating parameters of the foam column and the associated foam behavior using Bacillus subtilis 168.

Liquid flow
[mL/min]

Gas flow
[L/min]

Sampling/comment

7.5 4.5 Bubbles too big and burst quickly, accumulation of foam in the recirculation tube, no foam accumulated in the foam generator

7.5 6 Bubbles too big and burst quickly, accumulation of foam in the recirculation tube, no foam accumulated in the foam generator

10 4.5 Bubbles not stable, foam generator column filled with culture broth

10 6 Bubbles too big and burst quickly, accumulation of foam in the recirculation tube

15 4.5 Bubbles not stable, foam generator column filled with culture broth

15 6 Small bubbles, accumulation of foam in the recirculation tube, foam generator column filled with culture broth

FIGURE 4
Exemplary images of foam behavior in the lower foam generator
part of the foam column. Gas and liquid flow were co-current. (A)
Small and stable foam bubbles which allowed for sampling.
Photograph was taken during cultivation with surfactin producer
Bacillus subtilis JABs24; (B) Foam bubbles were too large and burst
quickly. Photograph was taken during cultivation with non-surfactin
producer Bacillus subtilis 168; (C) Foaming was not possible, foam
generator was filled with cultivation broth. Photograph was taken
during cultivation with non-surfactin producer Bacillus subtilis 168.
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namely, for replicate 2 (Supplementary Figure S2B). Within a time-
frame of 2 h (between t ~ 22:35 h and t ~ 24:35 h) a reduction of the
reactor volume from an initial 20.1 kg to a volume of 15.9 kg was
observed. This resulted in a media loss of 4.3 kg (21.3%). In general,
overfoaming was observed when agitation and sometimes also
aeration were increased with stirrer speeds up to a maximum level
of >800 rpm tomaintain the set pO2 level. It was also found that foam

from the headspace could potentially be forced through the
recirculation tube. Therefore, a non-return valve was installed in
the course of experimental runs to improve this (see Supplementary
Table S3 for detailed process information). Another challenge during
the bioreactor processes was maintaining a continuous pO2 level, as
the regulation occasionally failed to operate (see individual processes
in the Supplementary Material for more detailed information on
process performance). Among other factors, the addressed challenges
during bioproduction made it difficult to achieve reproducibility of
the process performance.

3.5 Surfactin and biomass enrichment with
integrated foam fractionation

The challenge to reach reproducibility, that has been seen for the
reactor volume and the dissolved oxygen pO2, has also been noticeable
in the overall biomass time-course as exemplary visualized in Figures
6A, B. However, a trend could still be observed as the reference
processes reached similar CDWmax of 5.8 ± 0.0 g/L and 5.7 ± 0.2 g/L
but at different time points during cultivation (Table 3). Replicate
2 reached the maximum biomass already after 24 h with a slightly
higher specific growth rate of µoverall = 0.24 1/h, whereas replicate

FIGURE 5
Time course of bioreactor batch cultivations using Bacillus
spp. Exemplary processes are shown, each representing one
biological replicate with (A) strain Bacillus subtilis 168 until t = 36 h; (B)
Bacillus subtilis JABs24, Replicate 1 until t = 60 h; (C) Bacillus
subtilis JABs24 with integrated foam fractionation (ISPR), Replicate
1 until t = 60 h. Given are the cell growth as OD600 (black cross), the
consumption of the carbon source glucose (gray square) and the
consumption of the nitrogen source ammonium (black triangle) over
the cultivation time. Solid lines indicate a dynamic curve fit that is
either sigmoidal or logistic with 4 parameters. Curve fit of ammonia for
Bacillus subtilis 168 does not include time-point t = 9 h. The dashed
lines, however, do not represent a fit and are only integrated for
simplified visualization.

TABLE 3 Overview of process parameters for exemplary bioreactor cultivations
with Bacillus subtilis JABs24. The foam column was operated with a liquid flow
of 15–20 mL/min and a gas flow of 3 L/min. Further information on the
individual foam samples are provided in Supplementary Tables S1, S2.

Parameter Foam column
process

Replicate 1

Foam column
process

Replicate 2

Xmax [g/L] - Culture broth 7.4 ± 0.2 57 h 6.3 ± 0.2 30 h

Pmax [g/L] - Culture broth 1.9 ± 0.0 51 h 2.6 ± 0.0 48 h

Xmax [g/L] - Foamate 2.7 ± 0.0 51 h 5.7 ± 0.2 30 h

Pmax [g/L] - Foamate 6.4 ± 0.3 51 h 7.7 ± 0.4 51 h

X Enrichmentmax 0.5 60 h 2.4 54 h

P Enrichmentmax 4.0
3.3*

24 h
51 h

3.3 51 h

X Enrichmentmean 0.4 ± 0.1 1.8 ± 0.6

P Enrichmentmean 2.7 ± 0.5 2.3 ± 0.7

µmax [1/h] 0.45 0.63

µoverall [1/h] at Xmax 0.11 0.20

Parameter Reference
process

Replicate 1

Reference
process

Replicate 2

Xmax [g/L] - Culture broth 5.8 ± 0.0 51 h 5.7 ± 0.2 24 h

Pmax [g/L] - Culture broth 3.6 ± 0.1 33 h 3.0 ± 0.0 54 h

µmax [1/h] 0.40 0.52

µoverall [1/h] at Xmax 0.12 0.24

*Without initial high-point at t = 24 h.

X = Biomass (CDW, cell dry weight).

P = Product (surfactin).
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1 reached its maximum after 51 h with µoverall = 0.12 1/h. A similar
trend was observed for the foam column process. Again the highest
biomass was reached time-delayed although showing a similar trend
up until the end of the exponential phase. Replicate 1 reached its
maximum of 7.4 ± 0.2 g/L after 57 h with a specific growth rate of
µoverall = 0.11 1/h. Replicate 2 however reached the highest biomass
already after 30 h with a CDWmax of 6.3 ± 0.2 g/L and a slightly
increased growth rate of µoverall = 0.20 1/h (Table 3). Interestingly the
biomass formation in the foam column process was increased in both
cases compared to the reference processes. The highest overall biomass
in the foamate was detected for replicate 2 with 5.7 ± 0.2 g/L after 30 h
(Table 3). The highest overall biomass enrichment of 2.4 was observed
for the same replicate after 54 h (Table 3; Figure 7A). In general, the
mean values of biomass enrichment ranged from 0.4 ± 0.1 to 1.8 ±
0.6 between replicates (Table 3). Despite observed variations in
bacterial growth, the overall trend for surfactin production over
time was comparable (Figure 6). Maximum product concentrations
of 3.6 ± 0.1 g/L and 3.0 ± 0.0 g/L surfactin were reached during
reference processes. When applying the foam column, surfactin
concentrations in the culture broth were lower compared to the
reference processes. Here surfactin levels of Pmax = 1.9 ± 0.0 g/L
and Pmax = 2.6 ± 0.0 g/L were reached after 51 h and 48 h
respectively (Table 3). Surfactin concentration in the foamate was
increased and levels of 6.4 ± 0.3 g/L and 7.7 ± 0.4 g/L were determined
towards the end of the cultivation at t = 51 h. Although variations in
bacterial growth and hence inmaximum surfactin concentrations were
observed between the replicates, a different picture emerged for
surfactin enrichment (Figure 7B). Despite an initial peak for
replicate 1 at the beginning of foam collection (4.0-fold enrichment
after 24 h), the highest enrichments obtainedwere generally similar with a
maximum enrichment of 3.3 after 51 h (Table 3). From about 40 h of
cultivation, enrichment values have converged and settled between 2–3.

Across the replicates, the mean enrichments were 2.7 ± 0.5 for replicate
1 and 2.3 ± 0.7 for replicate 2. Additional information on the individual
sampling points with regard to surfactin enrichments, foam column
parameters and flow rates of the foamate is provided in Supplementary
Tables S1, S2. Interestingly during the bioreactor cultivations, the
parameters of the foam column were adjusted depending on the foam
formation and the process stage and were not limited to the previously
defined operation window. The liquid flow was generally between
10–20mL/min and the gas flow was between 3–9 L/min
(Supplementary Table S3). This resulted in flow rates of the foamate
between 0.03 and 1.91 gfoamate/min (Supplementary Tables S1, S2).

4 Discussion

4.1 Partial transition of surfactin into the
foam

An experiment was conducted in which the bioreactor was filled
up with 20 kg MSM and supplemented with surfactin. At the end of
the experiment, it was observed that the measured concentration in
the medium decreased from 1.6 ± 0.0 g/L surfactin to an amount of
1.2 ± 0.1 g/L, which referred to 75% of the initial measured
concentration. Since foam fractionation is intended to remove
surfactin from the process, it seems logical at first that the
concentration in the bioreactor would decrease. However, in this
experiment, the absolute amount of discharged surfactin only
accounted to 0.5 g. Therefore, the observation rather indicated that
the surfactin distributed to a large extent in the foam which was built
in the headspace of the bioreactor. This would also explain why the
measured concentration in the medium was 1.6 g/L, although 2 g/L
were initially added. The results and the hypothesis are in line with

FIGURE 6
Time-course of cell dry weight (CDW) and surfactin production during exemplary batch cultivations. (A) Reference process with Bacillus subtilis
JABs24 without foam fractionation; (B,C) Foam column process as proof of principle with Bacillus subtilis JABs24 and integrated foam fractionation
(ISPR). For the latter, (B) concentrations in the culture broth; (C) concentrations in the foamate.
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literature findings, in which it was stated that the largest proportion of
surfactin was accumulated in the foam samples (Cooper et al., 1981;
Davis et al., 2001; Coutte et al., 2010). To put the observation in
numbers, Coutte et al. (2010) described that in one of their
experiments, 714 mg surfactin were found in the foam whereas
only 60 mg of surfactin were measured in the culture broth. This
is an important factor to consider, as samples during bioreactor
cultivation are often taken only from the culture broth to analyze
titer and yield of the produced biosurfactant. In that case, the amount
of foam in the headspace alongside the concentration of the
biosurfactant in the foam is neglected, suggesting even higher titers
and yields than described in the literature.

4.2 Surfactin enrichment with different
fractionation methods and influence of
recirculation

Using the surfactin enrichedMSM in the bioreactor, samples were
withdrawn with a foam trap as well as a foam column for a direct

comparison. It was observed that the average surfactin enrichment
achieved with the foam column (4.7 ± 1.4) surpassed the surfactin
enrichment using the foam trap (3.3 ± 0.7). This might be explained
by the so-called drainage effect. As the foam flows upward in the foam
column, or builds up in the headspace, culture broth is also being held
in the foam. Due to gravity, the liquid part can flow down, which
results in a dry and enriched foamate (Burghoff, 2012; Winterburn
and Martin, 2012; Oraby et al., 2022). This allows larger parts of
unwanted substances such as cells and medium to be rinsed down,
which further increases the enrichment in the foamate (Burghoff,
2012; Oraby et al., 2022). The set-up of the foam column used in this
study additionally had a recirculation unit in which the liquid part
could be directed back to the bioreactor. This recycling step was not
possible with the here applied foam trap which might explain the
overall lower enrichments achieved compared to the foam column.
Interestingly, it has been reported in the literature that the recycling of
collapsed foam or foaming of cells has a positive impact on surfactin
production as well as cellular growth (Atwa et al., 2013; Alonso and
Martin, 2016). In addition, the removal of the lipopeptide was
suggested to be advantageous for production efficiency (Cooper
et al., 1981), and that high surfactin concentrations also have a
negative impact on bacterial growth (Lilge et al., 2022). In this
study higher biomass titers were achieved in the foam column
process compared to the reference process, which is in accordance
with the literature findings. However, surfactin titers in the culture
broth were not increased when introducing the foam column. In fact,
concentrations that were in range of typically produced surfactin titers
by B. subtilis JABs24 (between 1–3 g/L) were observed (Geissler et al.,
2019b; Hoffmann et al., 2021). This indicates that the positive effect of
foaming described above was not clearly recognizable at first glance.
Reasons for this might have been due to the low flow rates of the
foamate, as maybe not as much foam and/or cells have been removed
and recycled. Moreover, cells were subjected to foaming in both
process scenarios. In order to understand the findings and
correlations even better, further investigations also regarding
production efficiency can be considered in follow-up studies.

4.3 Interrelation of flow rates and surfactin
enrichment

In principle, the flow rates of the foamate were in range to the
flow rates described in the literature (Davis et al., 2001; Chen et al.,
2006; Santos da Silva et al., 2015). However, despite sufficient
surfactin enrichment, the flow rates were rather low with mainly
less than 1 gfoamate/min being collected. It was observed that a lower
aeration also resulted in a lower flow rate as it took longer for the
foam to travel through the foam column. Simultaneously it was
observed that the sample with the lowest flow rate also had the
highest enrichment. This was most likely due to an increased time
for drainage (view chapter 4.2) as Zhang et al. (2015) described that a
prolonged retention time in the column positively affects the foam
dryness. This observation was not unexpected, as Stevenson (2019)
pointed out the great importance of aeration on the foam
fractionation performance, describing that low aeration leads to
high enrichments at a low flow rate of the foam. A special feature of
the applied method in this study is, that the foam column and
especially the aeration can be operated independently of the

FIGURE 7
Time-course of biomass and surfactin enrichment for exemplary
batch cultivations. (A) Biomass enrichment; (B) Surfactin enrichment.
Represented are the calculated values for the proof of principle
process, employing Bacillus subtilis JABs24 with integrated foam
fractionation (ISPR).
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bioreactor system. The influence of aeration and agitation on
foaming as well as enrichment was also examined in studies by
Santos da Silva et al. (2015) and Davis et al. (2001). In the described
examples the aeration and agitation were monitored however in the
bioreactor itself, as the foam column was attached to the headspace
of the bioreactor. Again, high agitation and/or aeration was found to
increase foam formation, which was associated with a higher flow
rate of the foamate, but at the same time, lower enrichment of
surfactin (Davis et al., 2001; Santos da Silva et al., 2015).

4.4 Influence of surfactin and cells on
functionality of the foam column

Although foam formation occurred during cultivation of
B. subtilis 168 in the bioreactor, it appeared that surfactin was
required for the functionality of the foam column. Foam formation
itself in aerated fermentation processes is not unusual (Vardar-
Sukan, 1998), however the foam was not stable enough to rise in the
foam column. This underlined that the presence of surfactin was
required to operate the column in this process. This observation was
as expected, since surfactin is a surface-active compound (Arima
et al., 1968) and as such is able to stabilize the foam (Burghoff, 2012;
Stevenson, 2019). Due to this feature, Burghoff (2012) even
described foam fractionation as a method to separate surface-
active compounds from other metabolites of the culture broth.
Additionally, in a study by Chen et al. (2006) it was observed
that a minimum of 10 mg/L of surfactin was required to achieve
foaming.

However, not only surfactin had an influence on foam stability,
but also the presence of cells and cell metabolites. Davis et al. (2001)
described that in a cell-free operation, the foaming capacity was
lowered and hypothesized that cells have a positive effect on
foaming. Additionally, it was also determined, that cell-free
samples had a higher enrichment (Davis et al., 2001), which was
in line with here obtained results. The average enrichment in cell-free
medium (4.7 ± 1.4) was higher compared to the average enrichment
during cultivation (2.5 ± 0.6). Junker (2007) summarized in their
review various factors that influence foam stability during cultivation,
amongst them were cells and cell metabolites, medium components,
and bacterial growth. Another interesting fact to consider is the
natural ability of Bacillus species to secrete proteins and enzymes
(van Dijl and Hecker, 2013). Foam fractionation is not limited to the
separation of biosurfactants, but is also applied for proteins
(Stevenson, 2019; Oraby et al., 2022) which, among other
metabolites, can have a positive effect on foam stability (St-Pierre
Lemieux et al., 2019). When using foam fractionation in the negative
control B. subtilis 168, the foam column did not work without the
surface-active lipopeptide being present. However, protein
quantification or further protein investigation was not considered
in the experiments but could be an interesting element for future
works, especially when applying strains that produce large amounts of
protein. In this context it would then also be interesting to conduct a
proteomic analysis of the cell-free supernatant to gain clarity on the
extracellular proteins present during fermentation.

4.5 Integrated froam fractionation in
surfactin production processes

Themean biomass enrichment in the foamvaried between 0.4 ± 0.1
and 1.8 ± 0.6, which was in similar range of a study by Willenbacher
et al. (2014), with a mean bacterial enrichment of <0.2 to 1.6.
Alongside the bacterial growth, surfactin production also showed
deviations, though maintaining a similar trend. For Replicate 1 an
initial highpoint of a 4.0-fold enrichment was measured at the
beginning of sampling. An initially high surfactin enrichment was
also observed byWillenbacher et al. (2014) and Santos da Silva et al.
(2015). This might also be caused by the previously discussed
drainage effect (see chapter 4.2) as it took some time for the
foam column to run before sampling was possible. Therefore,
the first sample might have been more dry and therefore more
enriched (Burghoff, 2012). This characteristic high point at the
beginning of sampling might have been missed in the second
replicate. Despite difficulties in reproducibility and a large
number of influencing parameters, both the average and
maximum surfactin enrichment were in a comparable range
between 1.0–4.0 when looking at the overall performed
experiments (Supplementary Table S3). However, the achieved
surfactin enrichments in this process were generally lower
compared to other studies. For example, Davis et al. (2001) and
Chen et al. (2006) achieved enrichments of >50. Results by Santos
da Silva et al. (2015) were more comparable with enrichments of
1.4–7.4 depending on aeration and agitation rates. However, the
highest enrichment obtained in their study (28.7) was still
considerably higher than the values obtained here. These
differences in enrichment could have been due to a number of
reasons. First, it should be noted that different cultivation and
foam fractionation methods have been applied, as well as different
bacterial strains, which makes a direct comparison difficult.
Especially the influence of aeration and agitation rates during
the process have been proven to have an influence on the surfactin
concentration and enrichment (Davis et al., 2001; Santos da Silva
et al., 2015) as discussed in chapter 4.3. The design of the foam
column also has an influence on the drainage effect and thus on the
enrichment of the surfactant (Zhang et al., 2015; Oraby et al.,
2022). As shown by Willenbacher et al. (2014), the choice of the
bacterial strain should also not be neglected. They found a
discrepancy as surfactin enrichment was ranging from 12.7 ±
1.0 (DSM 3258) to 161.1 ± 6.0 (DSM 1090) in dependence of
the used strain. These observations suggest that before applying
ISPR for lipopeptide production, not only the choice of foam
fractionation method, but also the choice of fermentation process
and bacterial strain should be carefully evaluated. Oraby et al.
(2022) came to similar conclusions in their literature review by
pointing out that there is no standardized foam fractionation
method and emphasizing the need for individual process
design. This indicates that the research results obtained in this
study and the conclusions from the literature review are
complementary and supportive of each other, also with regard
to the difficulties encountered during foam fractionation (Oraby
et al., 2022).
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4.6 Evaluation of foam fractionation in
aerated surfactin production and need for
control system

Although a mechanical foam disruption technique was used, the
foaming was difficult to control in the bioreactor vessel.
Overfoaming occurred regularly during cultivations with surfactin
producer B. subtilis JABs24, also leading to failure of the experiments
(Supplementary Table S3). An application of chemical antifoam was
problematic, as foaming itself is essential to enable sampling. It has
to be noted that even in the antifoam-controlled reference processes,
overfoaming occurred as both the mechanical and the chemical
foam disruption were not sufficient. Intense loss in culture medium
was also observed during foam fractionation processes in Davis et al.
(2001) and Santos da Silva et al. (2015). The deduction of culture
broth in other studies could only be contained by lowering the
aeration and agitation rates (Santos da Silva et al., 2015) or
compensated by using two subsequent vessels to collect the
overflowing liquid with a recycling unit to the bioreactor (Gong
et al., 2009). Furthermore, it was seen that the overfoaming
sometimes happened in a wave-like manner (Supplementary
Figure S4B). This suggests that a collection of foam during
cultivation over a foam trap seems to be challenging as
continuous foam removal can be difficult to reach. This was
already put forward by Rangarajan and Clarke (2015) who
included the “mainte-nance of uniform foaming characteristics
and foam stability” (Rangarajan and Clarke, 2015) as a challenge
for foam fractionation. However, as reviewed by Oraby et al. (2022)
the use of a foam trap is still one of the favoured methods for foam
fractionation and is used in more than 50% of the applications
studied, and when the products were biosurfactants, foam traps were
used in as many as two-thirds of the cases. Besides the overfoaming,
sensitivity towards fluctuations in pO2 regulation and difficulty in
maintaining a steady measurement were observed, possibly
explaining differences in bacterial growth and surfactin
production throughout the biological replicates. The extremely
non-stationary behavior during fermentation due to strong foam
formation with corresponding inhomogeneity might have
hampered the measurements of the pO2 probes (Vardar-Sukan,
1998; St-Pierre Lemieux et al., 2019), apart from potential technical
performance problems. However, a stable pO2 regulation is crucial
as we previously discussed that aeration and agitation directly
influence the foam behavior and enrichment (view chapter 4.3).
Therefore, the regulation of it should be reliable and robust. These
challenges highlight the need for a better control system that
continuously measures foam formation and not only monitors
and regulates pO2, but is also able to adjust to process dynamics.
This seems plausible when looking at how the foam is built in the
foam column. As described by Stevenson (2019), there are three
phases: i) the “liquid pool” or “pulp phase”, ii) the “foam phase”
where the foam flows up the column and iii) the “collection zone” in
which the foam can be sampled (Stevenson, 2019). If no or too little
surfactin was present or if parameters were not adjusted accordingly,
it was observed in this study that the phases were not in equilibrium
to allow continuous sampling (Figure 4), for example, the liquid pool
was too extensive (Figure 4C). The way the foam is built up in the
foam generator column, which is decoupled from the bioreactor
system, displays one of the highlights of the presented method and is

a decisive distinction to a foam column that is directly connected
to the bioreactor headspace. However, foam control was not
achievable with the here applied set-up as the primary method, so
additional measures had to be taken. Follow-up studies could
therefore consider the application of the foam column in
processes with minimal or no foam formation so that the
advantages can be fully exploited. But also, the bubble size
distribution in the foam is important for the success of foam
fractionation and it is difficult to be measured and to be
reproduced (Stevenson, 2019). Although its concrete influence
is not fully elucidated as of yet, it is known that the bubble size
(distribution) determines the dryness and the flow rate of the
foamate and thus the overall perfomance (Stevenson, 2019). This
is another reason why antifoam can hardly be used because it
affects the bubble size and leads to heterogeneous bubble
distribution (Al-Masry et al., 2006). To control these
difficulties and to achieve an optimal ratio between the
enrichment and the flow rate of the foamate, dynamic
monitoring in the sense of a model-based process control
(Oraby et al., 2022) or a specific sensor system would be of
interest to address the discussed obstacles. Current advances on
modelling foam fractionation focus on the broad parameters
influencing foam fractionation. For example, a quasistatic
model for foam fractionation was developed by Grassia (2023)
to better understand the influences of operating conditions on the
fractionation process and performance. In addition, García-
Figueroa et al. (2023) worked on a model to also consider the
biochemical properties and adsorption of the product as an
influence on the separation. Another recent attempt was made
by Keshavarzi et al. (2022), modeling BSA recovery by froth
flotation with an emphasis on bubble size distribution as well as
foam stability. These approaches underline the complexity of
foam fractionation processes and proof that model
implementation can be very extensive.

5 Conclusion

A method for foam fractionation that is independent of the
aeration in the bioreactor systems has been presented and
evaluated for application in lipopeptide production processes.
The functionality of this external foam column for lipopeptide
enrichment was demonstrated on the example of surfactin. The
main obstacle was the severe foam formation during the aerated
fermentation process, which challenged reproducibility.
Therefore, differences in bacterial growth and surfactin
production were observed between replicates, yet the average
surfactin enrichment was comparable throughout the
experiments. This demonstrated the robustness of the here
applied method. However, due to the described challenges,
the external foam column can only be conditionally
recommended in the case of highly aerated surfactin
production processes. The bioprocess should therefore be
thoroughly assessed before applying ISPR. Moreover, a smart
control system, that adapts to the process dynamics would be
advantageous for future monitoring of foam fractionation
applications. However, an application of an external foam
column as shown here would be conceivable for non-foaming
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processes, since the aeration and foaming can be monitored
independently from the bioreactor process, which is one of the
highlights of this method.
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High-quality physiology of
Alcanivorax borkumensis SK2
producing glycolipids enables
efficient stirred-tank bioreactor
cultivation

Tobias Karmainski, Marie R. E. Dielentheis-Frenken, Marie K. Lipa,
An N. T. Phan, Lars M. Blank and Till Tiso*

iAMB—Institute of Applied Microbiology, ABBt—Aachen Biology and Biotechnology, RWTH Aachen
University, Aachen, Germany

Glycine-glucolipid, a glycolipid, is natively synthesized by the marine bacterium
Alcanivorax borkumensis SK2. A. borkumensis is a Gram-negative, non-motile,
aerobic, halophilic, rod-shaped γ-proteobacterium, classified as an obligate
hydrocarbonoclastic bacterium. Naturally, this bacterium exists in low cell
numbers in unpolluted marine environments, but during oil spills, the cell
number significantly increases and can account for up to 90% of the microbial
community responsible for oil degradation. This growth surge is attributed to two
remarkable abilities: hydrocarbon degradation and membrane-associated
biosurfactant production. This study aimed to characterize and enhance the
growth and biosurfactant production of A. borkumensis, which initially
exhibited poor growth in the previously published ONR7a, a defined salt
medium. Various online analytic tools for monitoring growth were employed
to optimize the published medium, leading to improved growth rates and
elongated growth on pyruvate as a carbon source. The modified medium was
supplemented with different carbon sources to stimulate glycine-glucolipid
production. Pyruvate, acetate, and various hydrophobic carbon sources were
utilized for glycolipid production. Growth was monitored via online determined
oxygen transfer rate in shake flasks, while a recently published hyphenated HPLC-
MS method was used for glycine-glucolipid analytics. To transfer into 3 L stirred-
tank bioreactor, aerated batch fermentations were conducted using
n-tetradecane and acetate as carbon sources. The challenge of foam
formation was overcome using bubble-free membrane aeration with acetate
as the carbon source. In conclusion, the growth kinetics of A. borkumensis and
glycine-glucolipid production were significantly improved, while reaching
product titers relevant for applications remains a challenge.

KEYWORDS

hydrocarbonoclastic bacteria, glycolipid, biosurfactant, acetate, hydrocarbons, alkanes,
membrane aeration, bioremediation
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1 Introduction

Biosurfactants, secondary metabolites synthesized by diverse
microorganisms, possess amphiphilic structures that decrease
surface tension (Abdel-Mawgoud et al., 2010; Kubicki et al.,
2019). These molecules exhibit various structural elements,
including fatty acids, phospholipids, glycolipids, lipopeptides,
lipoproteins, and polymeric biosurfactants (Desai and Banat,
1997). Their structural diversity contributes to various biological
and physicochemical properties such as low critical micelle
concentrations (CMC), strong surface tension reduction, metal
ion chelation, bioactivity, and high tolerance to unfavorable
pH values, temperatures, and ionic strengths (Santos et al., 2016;
Schlebusch et al., 2023). In nature, biosurfactants play a crucial role
in facilitating the utilization of hydrophobic substrates by
microorganisms and can also contribute to the virulence of
pathogens by facilitating cell lysis, as reported for Pseudomonas
aeruginosa (Van Delden and Iglewski, 1998; Tripathi et al., 2018).
Unlike synthetic surfactants, biosurfactants can be produced from
renewable resources, exhibit lower toxicity, and are biodegradable
(Poremba et al., 1991; Santos et al., 2016; Voulgaridou et al., 2021).
So-called plant-derived or biobased synthetic surfactants are already
available. They are produced from renewable carbon resources,
mainly palm oil (Permadi et al., 2017). Palm trees are efficient
and fast-growing plants, but their cultivation causes massive
rainforest deforestation, negatively impacting biodiversity
(Cazzolla Gatti and Velichevskaya, 2020). Furthermore,
converting rainforests to palm tree plantations increases CO2

emissions (Cooper et al., 2020).
Alcanivorax borkumensis SK2 is an obligate

hydrocarbonoclastic, Gram-negative, aerobic, halophilic, rod-
shaped γ-proteobacterium known for its biosurfactant
production. The complete sequencing of the A. borkumensis
SK2 genome was published in 2006 (Schneiker et al., 2006), and
subsequent genome sequencing of other Alcanivorax species
followed (Lai and Shao, 2012a; Lai and Shao, 2012b; Lai et al.,
2012; Fu et al., 2018; Sinha et al., 2021). The genome of
A. borkumensis SK2 shows significant sequence similarities to
P. aeruginosa and Acinetobacter sp. (Reva et al., 2008). The
relatively small genome size of 3.12 Mbp indicates a highly
specialized organism (Schneiker et al., 2006). A. borkumensis
SK2 was initially isolated in 1992 from seawater near the island
of Borkum (Passeri et al., 1992; Yakimov et al., 1998). It is naturally
present in low abundance in unpolluted marine environments but
substantially increases cell numbers following oil pollution. In those
cases, it can constitute up to 90% of the microbial community
involved in oil degradation (Golyshin et al., 2003; Harayama et al.,
2004; Djahnit et al., 2019). As A. borkumensis is halophilic, many of
its transport systems are sodium-dependent, enabling it to use the
sodium gradient as an energy source for nutrition uptake, e.g.,
sodium/alanine or sodium/sulfate symporters. The efflux of
sodium ions, and thus the maintenance of the proton gradient
across the membrane, is ensured by sodium/hydrogen exchangers,
ATP-consuming sodium pumps, and by the exit of sodium via parts
of the respiratory chain (Schneiker et al., 2006). An optimal NaCl
concentration of 3%–10% is necessary for growth, and magnesium
ions are needed to prevent cell lysis (Yakimov et al., 1998). This
bacterium is known for two prominent characteristics: the ability to

degrade aliphatic and branched hydrocarbons and the production of
a glycolipid (Passeri et al., 1992; Abraham et al., 1998; Yakimov et al.,
1998). Hydrophobic substrates like hydrocarbons hold the drawback
of reduced bioavailability in aqueous environments due to low
solubility (Eastcott et al., 1988). A common microbial strategy to
overcome this barrier is the production of biosurfactants (Ron and
Rosenberg, 2001).

Three main steps are involved in the degradation of alkanes in
A. borkumensis. Firstly, the alkane is taken up and undergoes terminal
oxidation, forming an alcohol (Rojo, 2009). This oxidation process
can be facilitated by either AlkB1 monooxygenase or a second
monooxygenase called AlkB2 (Sabirova et al., 2006b; Schneiker
et al., 2006). Additionally, cytochrome P450(a), P450(b), and
P450(c) can be present, which form an oxygenase system. The
genes encoding these cytochromes are upregulated in the
presence of isoprenoids and may participate in the oxidation of
specific alkanes (Schneiker et al., 2006). Another monooxygenase
known as AlmA potentially plays a role in the oxidation of
n-tetradecane and pristane (Gregson et al., 2019). In the second
step, the alcohol is further oxidized to a fatty acid via an aldehyde,
possibly mediated by the alcohol dehydrogenase AlkJ and the
aldehyde dehydrogenase AlkH (Schneiker et al., 2006; Gregson
et al., 2019). Finally, the fatty acid is activated with CoA through
the action of AlkK, an acyl-CoA synthetase. This enzymatic step
makes the fatty acid accessible for ß-oxidation (Schneiker et al.,
2006; Rojo, 2009). While A. borkumensis exhibits a remarkable
hydrocarbon substrate range (C5-C32), its hydrophilic substrate
range is limited. This limitation arises from the absence of genes
encoding key enzymes, such as glucokinase, involved in glycolysis
and the pentose phosphate pathway, as well as genes encoding
proteins responsible for sugar transport (Schneiker et al., 2006).
Consequently, A. borkumensis cannot utilize sugars as a carbon
source (Yakimov et al., 1998).

The glycine-glucolipid of A. borkumensis SK2 is a glycolipid and
consists of four 3-hydroxy-fatty acids, with different chain lengths
(C6-C12), linked to each other by ester bonds and glycosidcally

FIGURE 1
Basic structure of glycine-glucolipid of A. borkumensis SK2. The
glycolipid consists of four 3-hydroxy fatty acids linked by ester bonds,
glycosidically linked to the C1 atom of glucose, and linked to glycine
via an amide linkage at the terminal fatty acid.
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linked to the C1-atom of glucose. The amino acid glycine is attached
to the glycolipid at the terminal 3-hydroxy-fatty acid via an amide
linkage (Figure 1) (Abraham et al., 1998; Cui et al., 2022; Lipphardt
et al., 2023). Previous studies by Yakimov et al. (1998) suggested
the presence of both a glycine-free extracellular glucolipid and
a membrane-associated form of the glycine-glucolipid in
A. borkumensis SK2. However, recent research has refuted the
existence of the extracellular glycine-free form and revealed that
the predominant form is biomass-associated without a glycine-free
form being detected (Cui et al., 2022; Lipphardt et al., 2023). The
glycine-glucolipid attached to the cell surface enhances cell surface
hydrophobicity, leading to increased adherence of the bacterium to
oil/water interfaces and improved bioavailability of hydrophobic
carbon sources (Naether et al., 2013; Abbasi et al., 2018; Godfrin
et al., 2018). This strategy of increasing cell surface hydrophobicity is
also observed in other microorganisms, such as Candida tropicalis,
Acinetobacter calcoaceticus, and Rhodococcus erythropolis (Kaeppeli
and Fiechter, 1976; Rosenberg et al., 1980; de Carvalho et al., 2009).
The complete biosynthesis pathway of the glycine-glucolipid in
A. borkumensis SK2 has not been elucidated. However, the ABO_
1783 and ABO_2215 genes have been identified as potential
contributors to glycolipid production (Schneiker et al., 2006).
These genes encode glycosyltransferases with similarities to
rhamnosyltransferase B (RhlB) from P. aeruginosa, which is
responsible for attaching the first sugar unit in rhamnolipid
synthesis (Ochsner et al., 1995).

In microbial cultivation, the production of biosurfactants
encounters specific challenges, one of which is the significant
occurrence of foaming. Foaming in bioprocesses can adversely
affect various aspects, including product quality, quantity, and
productivity, and potentially lead to the loss of biocatalysts
(Junker, 2007; Demling et al., 2020; Tiso et al., 2020).
Furthermore, the accumulation of foam can pose risks such as
obstructing sterile filters, which jeopardizes sterility and potentially
causes reactor overpressure (Delvigne and Lecomte, 2010; Routledge,
2012; Anic et al., 2018). Various approaches can be employed to
mitigate foam formation in fermentation processes, such as adding
antifoaming agents or utilizing mechanical foam breakers. Alternative
approaches to foam prevention include in situ liquid-liquid extraction
(Demling et al., 2020; von Campenhausen et al., 2023), foam
fractionation (Blesken et al., 2020; Koop et al., 2020; Oraby et al.,
2023), defoamers as substrates (Sha et al., 2012; Bator et al., 2020),
pressurized headspace aeration (Weiser et al., 2022), and bubble-free
membrane aeration (Bongartz et al., 2021; Bongartz et al., 2023).

Despite A. borkumensis being primarily associated with
bioremediation, limited efforts have been made toward the
biotechnological production of its glycolipid. The initial
characterization of this glycolipid dates back to 1992 when
fermentation was performed as nitrogen-limited fed-batch
cultivation in a 10 L stirred-tank bioreactor using 3% Mihagol-S
(composed of C14 and C15 n-alkanes) as substrate. After 91 h, 40 g L

-1

of n-alkanes were consumed, resulting in a titer of 1.7 g L-1 of
glucolipid and a specific yield of 70 mg gCDW

-1 (Passeri et al.,
1992). Only the glucolipid consisting of four 3-hydroxy-fatty acids
with different chain lengths and one glucose molecule was produced
during this fermentation process (Passeri et al., 1992).

Here, we present growth and glycolipid production of
A. borkumensis SK2. We used different online analytics for

medium optimization. The focus was on macronutrients, such as
phosphate and nitrogen, as well as on the optimal growth and
production temperature and alternative hydrophilic or hydrophobic
carbon sources. Furthermore, batch fermentation in a stirred-tank
bioreactor for glycine-glucolipid production with n-tetradecane and
acetate as the sole carbon sources were investigated. In addition, a
membrane module was investigated for bubble-free aeration to
prevent foam formation during fermentation.

2 Materials and methods

2.1 Bacterial strain and media

The bacterial strain A. borkumensis SK2 (DSM 11573) was used
for all cultivation experiments (Yakimov et al., 1998). All buffer
stock solutions were filter-sterilized (PES, Filtropur BT50, 0.22 µm,
Sarstedt AG & Co. KG, Nümbrecht, Germany). All media were
additionally supplemented with the respective carbon source
(pyruvate, formate, acetate, propionate, lactate, citrate, succinate,
ethylene glycol, terephthalic acid, glycerol, ethanol, methanol,
n-dodecane, n-tetradecane, or n-hexadecane) in various
concentrations (Table 1). All substrate stock solutions were filter-
sterilized (organic acids: PES, Filtropur BT50, 0.22 μm, Sarstedt AG
& Co. KG, Nümbrecht, Germany) (hydrocarbons: PTFE, CAMEO
syringe filter, 0.22 μm, Carl Roth GmbH & Co KG, Karlsruhe,
Germany).

Standard ONR7a medium (Dyksterhouse et al., 1995) based on
the ionic composition of seawater was used in this work and
contained (per L) 22.79 g NaCl, 11.18 g MgCl2 × 6 H2O, 3.98 g
Na2SO4, 1.46 g CaCl2 × 2 H2O, 1.3 g TAPSO, 0.72 g KCl,
0.27 g NH4Cl, 89 mg Na2HPO4 × 7 H2O, 83 mg NaBr, 31 mg
NaHCO3, 27 mg H3BO3, 24 mg SrCl2 × 6 H2O, 2.6 mg NaF,
2.0 mg FeCl2 × 4 H2O.

Modified ONR7a medium contained (per L) 22.79 g NaCl,
11.18 g MgCl2 × 6 H2O, 3.98 g NaSO4, 1.46 g CaCl2 × 2 H2O,
11.92 g HEPES, 0.72 g KCl, 2.0 g NH4Cl, 0.46 g NaH2PO4 × 2 H2O,
83 mg NaBr, 31 mg NaHCO3, 27 mg H3BO3, 24 mg SrCL2 × 6 H2O,
2.6 mg NaF, 2 mL trace elements (500x). Trace elements contained
(per L) 5 g FeSO4 × 7 H2O, 2.5 g MnSO4 × H2O, 3.2 g ZnCl2,
0.2 g CoCl2 × 6 H2O, 0.36 g CuSO4 × 5 H2O, 0.1 g Na2MoO4 ×
2 H2O, 6.37 g Na2EDTA × 2 H2O. For a medium containing organic
acids as a carbon source, a 238.3 g L-1 HEPES stock solution with a
pH of 7.0 was used, resulting in a start pH of 6.8, and for
hydrocarbons as a carbon source, a 238.3 g L-1 HEPES stock
solution with a pH of 7.8 was used, resulting in a start pH of 7.5.

2.2 Cultivation conditions

2.2.1 Shake flask cultivation
For plate cultures, A. borkumensis SK2 was streaked from a

cryoculture on amarine broth (MB) agar plate with 10 g L-1 pyruvate
and incubated for 48–72 h at 30°C. For pre-cultures, the strain was
first cultivated in 100 mL shake flasks in 10 mL modified ONR7a
with 10 g L-1 pyruvate at 30°C and 200 rpm (shaking diameter:
50 mm) for 20–24 h, if not mentioned otherwise. The strain was
cultivated in 500 mL shake flasks in 50 mLmodified ONR7a with the
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respective carbon source for main cultures. The main culture was
inoculated to a final optical density (OD600) of 0.1 or 0.2 and
cultivated at 30°C at 300 rpm (shaking diameter: 50 mm) with a
filling volume of 10% if not otherwise mentioned.

2.2.2 BioLector cultivation
Online measurement of growth via scattered light was enabled

by the BioLector microbioreactor (Beckmann and Coulter GmbH,
formerly m2p-labs GmbH, Aachen, Germany). For this purpose, 48-
well FlowerPlates (MTP-48-B) sealed with gas-permeable sealing
foils (AeraSeal foils, Sigma Aldrich, St. Louis, Missouri,
United States) were used with 1 mL culture volume. The
temperature was set to values between 27°C–35°C at 1,000 rpm
(shaking diameter: 3 mm).

2.2.3 Growth Profiler cultivation
The Growth Profiler 960 enabled online growth measurement

via a series of photos (green values) (EnzyScreen BV, Heemstede,
Netherlands). To determine the correlation between OD600 and
green value for A. borkumensis SK2, a calibration was carried out by
measuring OD600 and green value for various dilutions of cells in
0.9% (w/v) NaCl in triplicates. For this purpose, a white 24-deep well
plate with transparent bottom (SystemDuetz; Enzyscreen, B.V.,
Heemstede, Netherlands) was used with 1 or 1.5 mL culture
volume. The temperature was set to 30°C at 225 rpm (shaking
diameter: 50 mm).

2.2.4 Transfer rate online measurement (TOM)
cultivation

For the determination of the oxygen transfer rate (OTR) and
carbon dioxide transfer rate (CTR), A. borkumensis cells were
inoculated to an OD600 of 0.2 in 25 or 50 mL (5%–10% filling
volume) of the modified ONR7a medium and 10 g L-1 pyruvate/

acetate or 4.83 g L-1 n-alkane. Cultures were incubated in a TOM
shaker (Kuhner, Birsfelden, Switzerland) with a 50 mm shaking
diameter at 300 rpm and 30°C. The OTR and CTR were measured
online in mmol L-1 h-1 in duplicates and averaged. The growth rates
were determined from the exponential trend line at the steepest
point of the OTR curve (log-lin plot).

2.2.5 Stirred-tank bioreactor cultivation
All fermentations were performed in a 3.0 L glass stirred-tank

bioreactor with the BioFlo120 fermentation system (Eppendorf,
Hamburg, Germany). The DASware control software controlled
the bioprocess (v 5.3.1.; Eppendorf, Hamburg, Germany). For
online data acquisition, the bioreactor was equipped with a
pH probe (EasyFerm Plus PHI K8 225, Hamilton, Bonaduz,
Switzerland), dissolved oxygen (DO) probe (VisiFerm DO ECS
225, Hamilton, Bonaduz, Switzerland), and a Pt100 temperature
sensor. Automatic foam control was implemented via a foam
sensor and Antifoam 204 (Sigma Aldrich, St. Louis, Missouri,
United States). The pH value of 7.3 was kept constant by
automatically adding 4 M H2SO4/NaOH via peristaltic pumps.
The DO was maintained above 30% by automatically increasing
the stirring rate from 300 to 1,200 min-1. A constant gas flow of
24 or 32.4 L h-1 with sterile air was supplied via a supply air bottle
with a ring sparger. Exhaust gas was dried with an exhaust gas
condenser, and O2 concentration (XO2) and CO2 (XCO2)
concentration were measured with BlueVary Sensors in
combination with the BlueVis software (both BlueSens gas
sensor GmbH, Herten, Germany). The agitation shaft was
equipped with a six-blade Rushton turbine (∅ = 5.3 cm). A
filling volume of 1.2 L was used. Modified ONR7a medium with
acetate or n-tetradecane as carbon source was filled into the
bioreactor and heated to 30°C before inoculation. The
bioreactor was inoculated from a pre-culture to an OD600 of 0.2.

TABLE 1 List of substrates used in this work.

Carbon source Stock concentration [g L-1] Working concentration [g L-1]

Pyruvate 80.0 4.92, 5, 10, 15, 20

Acetate 200 5, 10, 15, 20

Formate 200 5

Propionate 200 4.12, 5, 10, 15, 20

Lactate 200 5.03

Citrate 200 5.40

Succinate 200 4.96

Methanol 790 5

Ethanol 789 5

Glycerol 630 5

Ethylene glycol 62.0 5

Terephthalate 66.5 5

n-hexadecane 770 4.83

n-tetradecane 760 4.83

n-dodecane 750 4.84
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2.2.6 Bubble-free fermentation with membrane
aeration

The setup and parameters for temperature, pH, and inoculation
for fermentation with membrane aeration are comparable to
conventional fermentation described in section 2.2.5. Deviations
are described here. A poly-4-methyl-1-pentene (PMP) hollow fiber
membrane (Oxyplus, 3M, Neus, Germany) was used. The BT
Membrane Module Static 2 L (BioThrust GmbH, Aachen,
Germany) contained about 1,430 membrane fibers, with a total
membrane fiber length of 163 m and 0.195 m2 membrane area. The
basic structure of the module was made of polyamide (Bongartz
et al., 2021). No foam sensor or antifoaming agent was used. The
agitation shaft was equipped with two Rushton turbines and a
pitched blade turbine. The filling volume was increased to 2 L.
The membrane module was sterilized with 70% ethanol and
installed in the autoclaved bioreactor under sterile conditions. A
constant gas flow of 60 L h-1 and a constant agitation speed of
300 min-1 were applied. The DO setpoint of 30% was maintained by
increasing the transmembrane pressure (TMP) from 0 to 0.3 bar and
with a DO cascade from XO2 of 21%–100%.

2.3 Analytics

2.3.1 Optical density measurement
Optical density was measured at 600 nm with a Ultrospec 10 cell

density meter (Amersham Biosciences, Amersham, Great Britain),
and ultrapure water was used as blank.

2.3.2 Ammonium quantification
Filtered samples were diluted 1:20 with ultrapure water, and a

dilution series from 400 mg L-1–6.3 mg L-1 with NH4Cl for
calibration was prepared. 10 μL of the dilution series and the
diluted samples were pipetted into a 96-well plate. Then 200 μL
of a reagent solution consisting of 17.98 g L-1 with Na3PO4, 32 g L

-1

sodium salicylate, and 0.5 g L-1 sodium nitroprusside were added to
each well. Each well was mixed with 50 μL of 5% NaClO in the last
step. The plate was incubated at room temperature for 10 min. The
plate was shaken for 0.5 min and measured at 685 nm in a Synergy
Mx monochromator-based multi-mode microplate reader and the
Gen5 software (BioTek Instruments, Winooski, Vermont,
United States).

2.3.3 Cell dry weight determination
For the quantification of the cell dry weight (CDW), 1 mL of the

fermentation broth was centrifuged at 4°C and 21,130 × g for 5 min.
The supernatant was transferred to a new reaction tube for further
analysis. The pellet was washed with 1 mL of ultrapure water and
centrifuged under the same conditions. The supernatant was
discarded. The pellet was resuspended with 1 mL ultrapure water
and transferred into a glass vial, which was previously dried for 48 h
and pre-weighed. The CDW was weighed after drying the sample at
65°C for 48 h.

2.3.4 Extraction and purification of glycine-
glucolipids and aglycones

For the glycolipid extraction, 800 µL of the culture broth were
taken, and the pH value was adjusted to pH 3.0 with 1 M HCl. The

samples were mixed with 800 µL ethyl acetate and shaken on a
vortexer for 10 min. The samples were centrifuged in a Heraeus Pico
17 centrifuge (Thermo Scientific, United States) at 17,000 × g for
2 min. The upper phase was transferred into a 15 mL tube. The
extraction was repeated two times. The organic phase was
evaporated in a Scan Speed 40 speed vac (Scanspeed, Lynge,
Denmark) at 800 min-1, 20°C, and 20 mbar for at least 3 h.
150 μL chloroform were added to the tube to purify the
evaporated samples. A CHROMABOND SiOH silica gel column
(200 mg/3 mL, 55 µm) (Macherey-Nagel GmbH & Co. KG, Düren,
Germany) was conditioned with eight-column bed volumes of
chloroform (2.4 mL). Then, the sample was transferred to the
column and washed with 2.4 mL chloroform. The glycolipids
were eluted into a new conical tube with 13.3 column volumes
(4 mL) of acetone/isopropanol (9 + 1, v/v). The eluate consisting of
glycolipids and acetone/isopropanol was evaporated under the same
conditions as during the extraction. The evaporated samples were
vortexed with 100 µL acetone/isopropanol (9 + 1, v/v), and filtered
with a 0.22 μm regenerated cellulose membrane syringe filter
(Phenomenex, Torrance, United States).

2.3.5 Quantification of glycine-glucolipids and
aglycones

Glycine-glucolipid concentration was measured using an
Ultimate 3000 high-pressure liquid chromatography (HPLC)
system with a Corona Veo charged aerosol detector (CAD)
(Thermo Scientific, Waltham, Massachusetts, United States). The
Nucleodur C18 Gravity column (150 × 3 mm, 3 µm particle size;
Macherey-Nagel GmbH & Co. KG, Düren, Germany) was used. The
column oven was heated to 60°C. The injection volume was 5 µL. A
solution of 0.2% formic acid (A) and acetonitrile plus 0.2% formic
acid (B) was used as the mobile phase at a flow rate of 0.633 mLmin-1.
The method lasted 46 min and included an analytical and an inverse
gradient. The analytical gradient started with 24% A and 76% B
for 0.5 min. Then the ratio of B was increased to 100% within
36 min. This ratio remained constant for 5 min. Then the ratio
was changed to 24% A and 76% B within 0.5 min and was kept
constant until the end of the method. The software Chromeleon
(Version 7.2.10, Thermo Scientific, Waltham, Massachusetts,
United States) calculated the inverse gradient in the mode ‘keep
solvent composition’, resulting in a flow rate of 0.633 mL min-1. The
inverse gradient (offset volume 778 µL) started with 100% B for
1.7 min. In the next step, the proportion of B was decreased to 76%,
and A was increased to 24% within 36 min. The ratio of 24% A and
76% B was kept constant until 37.7 min, after which the ratio was
changed to 100% B within 0.5 min and kept constant until the end of
the measurement (Lipphardt et al., 2023). The term “glycolipids”
hereafter relates to the resulting natural mixture containing glycine-
glucolipids and a small fraction of the aglycones.

2.3.6 Hydrophilic carbon source quantification
Acetate and pyruvate concentration were measured in an

Ultimate 3000 HPLC system (Thermo Scientific, Waltham,
Massachusetts, United States) using an isocratic method with
5 mM H2SO4 as a mobile phase and a flow rate of 0.5 mL min-1.
To prepare samples for HPLC analysis of pyruvate and acetate, the
supernatant (after centrifugation, 2 min, 17,000 × g) was filtered
through a syringe filter (CA, Rotilabo syringe filter, 0.2 μm, Carl
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Roth GmbH & Co. KG, Karlsruhe, Germany). An injection volume
of 5 µL was used. A Metab-AAC column (Ion exchange, 300 ×
7.8 mm, 10 µm particle size; ISERA GmbH, Düren, Germany) was
used for the separation. The column oven was heated to 40°C, and
detection was performed with a UV detector at 210 nm. The method
lasted 22 min.

2.3.7 HPLC-UV/RI-MS2 method for parapyruvate
identification

Other extracellular metabolites were identified on a Nexera
UHPLC system (Shimadzu Corporation, Kyōto, Japan) with 0.2%
formic acid as eluent, and the flow rate was 0.4 mL min-1. 5 μL of the
sample were injected onto an Isera Metab-AAC 300 × 7.8 mm
column (ISERA, Düren, Germany). The column oven was heated
to 40°C. Afterward, the flow was divided into two directions with a
split ratio of 1:10. The major part of the samples was measured with
a RID-20A refractive index detector and an SPD-40 UV detector at
210 nm (Shimadzu Corporation, Kyōto, Japan). The rest was
analyzed with a triple quadrupole mass spectrometry (MS) 8060
(Shimadzu Corporation, Kyōto, Japan). The mass spectrometric
parameters were: electrospray ionization (ESI) negative mode,
desolvation line temperature: 250°C; nebulizer gas flow: 3 L min-1;
heat block temperature: 400°C; other parameters were optimized
automatically by auto-tuning (Phan et al., 2023). Product ion scan
mode (m/z 30–300) was applied for precursor ions m/z 87 and m/z
175.2 with a collision energy of 10 V.

3 Results

High-quality physiology experiments of A. borkumensis SK2 are
challenging as often poor growth is observed, biomass
determination in cultivations with hydrophobic hydrocarbons is
difficult, and the lack of appropriate analytics hampers
determination of biosurfactant production. Here, we used an
arsenal of techniques to provide insights into the physiology of
A. borkumensis SK2.

3.1 Online growth monitoring shows
nutrient limitations in ONR7a medium

A defined growth medium is essential for secondary metabolite
production like biosurfactants, as it allows fed-batch cultivation,
where often second substrate limitations or specific carbon-to-
nitrogen ratios are used (Invally and Ju, 2020; Merkel et al.,
2022). In order to establish biosurfactant production, the growth
behavior of A. borkumensis SK2 was investigated in the published
ONR7a medium (Dyksterhouse et al., 1995) and the modified
(mod.) ONR7a medium with 10 g L-1 pyruvate as carbon source
in the Growth Profiler (Figure 2). To briefly describe the
optimization, the buffer was exchanged from 5 mM TAPSO to
50 mM HEPES because the pH could not be maintained below
8.4 even at low cell densities. In addition, phosphate and nitrogen
concentrations were increased 5.3- and 7.4-fold, respectively, as they
were not sufficiently present in the original medium for extended
exponential growth. Moreover, we added a trace element solution,
although with only a slightly increased growth rate in the batch

culture. We would argue that trace element limitation often occurs
in fed-batch processes at higher cell densities. The individual
optimization steps are shown in the Supplementary Material
(Supplementary Figures S1, S2).

The growth on the two media was compared using pyruvate as the
sole carbon and energy source (Figure 2A). On the ONR7a medium,
growth ceased after 12 h. In comparison, the OD600 on the mod.
ONR7a medium continued to increase after 12 h, reaching a
maximum OD600 of 6.6, which was 4.4-fold higher, with a final
pH of 8.3 after 20 h (Figure 2A). The literature medium supported a
higher μmax of 0.49 h-1 compared to the modified ONR7a medium of
0.26 h-1. However, only in a short period after that the growth rate
reduced to 0.19 h-1. The increasing pH value may have an inhibitory
effect on the cells. A constant μmax of 0.26 h

-1 was observed for the mod.
ONR7a medium throughout the cultivation.

The optimal temperature for the process was investigated next to
improve growth and glycolipid production further.

3.2 Thermal optimum for growth and
glycolipid production

Yakimov et al. (1998), the discoverers of the organism, reported
the optimal growth temperature of A. borkumensis SK2 to be
between 20°C and 30°C. However, no growth curves or growth
rates are presented in the study. Growth and glycolipid production
were investigated between 27°C and 35°C to fill these gaps using
online analytics. The BioLector cultivation was carried out in mod.
ONR7a medium containing 10 g L-1 pyruvate. During cultivation
below 30°C, A. borkumensis SK2 showed decreased μmax between
0.20 and 0.22 h-1. During growth at 30°C, the standard cultivation
temperature, a μmax of 0.26 h-1, was determined. When grown at
higher temperatures, μmax increased until it peaked at 33°C with a
μmax of 0.29 h-1. With further temperature increase, μmax decreased
slightly to 0.28 h-1 at 35°C (Figures 3A,B). The term “glycolipids”
hereafter relates to the resulting natural mixture containing glycine-
glucolipids and a small fraction of the aglycones.

Glycolipid titers were presented normalized here because, first,
the cultures were harvested at different time points and different
final biomass concentrations, and second, no calibration for the
HPLC-CAD of glycolipids for absolute quantification was available
at the time. Comparing normalized glycolipid production (the peak
area of glycolipids produced per biomass at 30°C was set to 100%),
there seemed to be a decreased production at temperatures below
30°C with values between 53%–61% (Figure 3B). Reduced
biosurfactant productivity at lower temperatures was already
observed with the Gram-negative bacterium P. aeruginosa PA01
(Müller et al., 2011). This reduced glycolipid production goes along
with the low μmax observed at these conditions. Between 30°C and
32°C, the glycolipid production was higher and reached a plateau.
The lower value at 33°C was probably caused by a time delay in
harvesting the cultures. The glycolipid remained in the biomass,
being membrane-associated and not secreted into the supernatant
(Abraham et al., 1998; Cui et al., 2022). Therefore, the lower
glycolipid production at 33°C is not due to product degradation
or uptake by A. borkumensis but because the cells stick to the MTP
well wall and can no longer be rinsed off. With higher temperatures
of 34°C and 35°C, slightly lower glycolipid production of 78%–84%
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was determined, along with the decrease of μmax at temperatures
above 33°C (Figure 3B).

The temperature spectrum for ideal growth and glycolipid
production of A. borkumensis SK2 is proposed to be between
30°C and 33°C, with a presumable optimum at 33°C obtaining a
μmax of 0.29 h

-1. Even though the glycolipid production at 33°C was
not comparable due to experimental issues, the product formation is
assumed to be at least as high as at temperatures between 30°C and
32°C. This high temperature optimum is surprising for a marine
bacterium since the average temperature in the surface water in the
North Sea is approximately 11°C. With an optimized medium and
temperature established, growth kinetics on pyruvate in shake flasks
were determined.

3.3 Pyruvate is not an ideal hydrophilic
carbon source

Subsequently, the MTP cultivation conditions were transferred
to the shake flask scale for high-quality physiological analyses,
including investigating growth behavior and substrate uptake.
The shake flask cultivation was performed with mod. ONR7a
medium containing 10 g L-1 pyruvate at 30°C and 300 rpm. A
control shake flask, which was not inoculated, was also included.
The growth curve progressed exponentially with a μmax of 0.25 h

-1, a
final OD600 of 7.0, and a pH of 8.6 comparable to the MTP
cultivations (Figure 4). The shape of the pyruvate concentration
curve appears to be non-classical because the curve should be

FIGURE 2
Growth Profiler cultivation of A. borkumensis SK2 on pyruvate in ONR7a andmodifiedONR7amedia. (A) A lin-lin plot of the growth curves. (B) A log-
lin plot of the growth curves between 4 and 20 h (same data). Error bands indicate deviation from the mean (n = 4). Cultivation conditions: ONR7a or
modified ONR7a medium, 24-well white plate, N = 225 rpm, T = 30°C, ODstart = 0.1, VL = 1.5 mL, 10 g L-1 pyruvate.

FIGURE 3
Growth behavior and glycolipid production of A. borkumensis SK2 at various temperatures with pyruvate. (A) BioLector backscatter growth curves at
different temperatures, (B) growth rates (µmax), and normalized glycolipid production of A. borkumensis SK2 at temperatures between 27°C–35°C. Error
bands/bars indicate deviation from themean (n = 4 for 31°C–35°C and n = 7 for 27°C–30°C). Normalized glycolipids: the peak area of glycolipids produced
per biomass at 30°Cwas set to 100%. All other amounts were set in relation to this value. Cultivation conditions: modifiedONR7amedium, BioLector
48-well FlowerPlate (MTP-48-B), T = 27°C–35°C, N = 1,000 rpm, ODstart = 0.1, VL = 1.0 mL, 10 g L-1 pyruvate.
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inversely proportional to the growth curve. When examining the
pyruvate concentration in the control shake flask, it decreases,
indicating that abiotic factors lead to pyruvate degradation. Using
HPLC-MS for quantification of molecules in the medium
(Supplementary Figure S3), a new peak was observed, the dimer
of pyruvate, namely, parapyruvate. Analyzing the sample withMS in
negative ion mode, the dominant ions werem/z 87 andm/z 175.2. A
product ion scan was conducted for these two ions (Supplementary
Figures S3A,B,C) for better identification. The results confirmed that
m/z 87 andm/z 175.2 were the precursor ion [M-H]- of pyruvate and
parapyruvate, respectively. It was previously reported that pyruvate
spontaneously dimerizes to parapyruvate under alkaline conditions
(Chang et al., 2018).

Due to the instability of pyruvate in the cultivation medium,
assessment of the carbon source concentration is impossible.
Without quantification of the substrate, many process-
characterizing parameters, like the substrate uptake rate or
product-to-substrate yield, cannot be determined; hence, the
cultivation cannot be adequately characterized, and the
investigation of the impact of other parameters on the cultivation
is impossible. Furthermore, pyruvate is also a costly carbon source.
Thus, in order to select a suitable carbon source for high-quality
physiology, other hydrophilic substrates were tested as the sole
carbon source for the growth of A. borkumensis SK2.

3.4 Expansion of the hydrophilic substrate
spectrum

Different substrates were tested in the Growth Profiler in a 24-
well MTP at 225 rpm and 30°C with a filling volume of 1.0 mL
regarding growth to characterize the hydrophilic substrate spectrum
of A. borkumensis SK2. Pyruvate was used as a reference. Substrates
were used in equal Cmol concentrations of 0.17 Cmol L-1. Of the

tested substrates (Figure 5A), only pyruvate, acetate, and propionate
were suited as the sole carbon and energy source for A. borkumensis.
While on terephthalate, a change in turbidity was monitored after
5 h. This did not signal growth but rather substrate precipitation. No
growth was observed on citrate, succinate, lactate, formate,
methanol, ethanol, glycerol, ethylene glycol, and terephthalate
after 42 h. Yakimov et al. (1998) reported that A. borkumensis
SK2 could utilize formate for growth; however, no growth curve
was shown nor described which formate concentration was used.
Formate is already toxic at low concentrations for many
microorganisms. It cannot be used for growth by many
microorganisms but only to detoxify by a formate
dehydrogenase, thereby regenerating redox equivalents.
Therefore, it can be used as a co-substrate (Zobel et al., 2017).
The 0.17 Cmol L-1 formate might be a too high concentration, but
lower concentrations make productive biotechnological processes
cumbersome. When propionate or acetate were used as substrates,
the lag phase was extended (15 h), indeed indicating weak acid
sensitivity byA. borkumensis. The µmax was 0.25 h

-1 for pyruvate and
propionate. The µmax with acetate was 0.4-fold lower at 0.16 h-1.
Subsequently, the influence of the substrate concentration of the
suitable molecules on growth was tested (Figure 5B). Therefore,
A. borkumensis SK2 was cultivated with 5, 10, 15, and 20 g L-1 of
pyruvate, acetate, or propionate, respectively. While high pyruvate
concentrations did not affect growth, lag phases increased with
higher concentrations of acetate or propionate. Within 70 h, growth
was still observed at concentrations of 15 g L-1 acetate and 20 g L-1

propionate, with a slight decrease in µmax.
Since acetate is a sustainable carbon source that can be produced

from lignocellulose or syngas, acetate was selected for closer
examination. Acetate is converted to acetyl-CoA via acetyl-CoA
synthetase (AcsA) and is fed directly into central carbon metabolism
via glyoxylate shunt (CCM). Acetyl-CoA is the direct precursor
molecule to de novo fatty acid synthesis, which is required to
produce the glycolipid. Growth and glycolipid production on
acetate was compared to growth on hydrophobic carbon sources
and pyruvate as controls.

3.5 In-depth characterization of glycolipid
production shows superiority of
hydrophobic substrates

A. borkumensis SK2 was cultured in the transfer rate online
measurement (TOM) incubator to observe growth and glycolipid
production. This device can monitor the oxygen transfer rate (OTR)
in shake flasks and thus was essential for monitoring growth, as the
emulsion formation on hydrophobic substrates makes turbidity
measurements obsolete (Demling et al., 2020).

In the TOM experiments (Figures 6A,B), growth and glycolipid
production with an equimolar amount of carbon (0.34 Cmol L-1) of
the substrates pyruvate, acetate, n-dodecane (C12), n-tetradecane
(C14), and n-hexadecane (C16) were compared. The OTR of the
pyruvate culture increased exponentially after a short lag phase with
a µmax of 0.25 h-1 to an OTRmax of 14.9 mmol L-1 h-1, which was
reflected in a high CDW of 3.7 g L-1. For the acetate culture, the µmax

of 0.16 h-1 was 0.4-fold lower compared to pyruvate, which is
consistent with the microtiter plate scale cultivation. However,

FIGURE 4
Physiology of A. borkumensis SK2 with pyruvate as the sole
carbon source in shake flask. Pyruvate concentration in an abiotic
control shake flask is also shown (Pyruvate (control) without inoculum)
(n = 3). Cultivation conditions: modifiedONR7amedium, 500 mL
shake flask, T = 30°C, N = 300 rpm, ODstart = 0.1, VL = 50 mL, 10 g L-1

pyruvate.
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the OTRmax of 18.0 mmol L-1 h-1 was 1.2-fold higher than with
pyruvate. This higher OTRmax is probably due to the higher degree
of reduction (DoR) of acetate compared to pyruvate (4.0 vs. 3.3).
Pyruvate is more oxidized, and thus less oxygen per hour was
required despite the higher µmax. The CDW on acetate was with
3.2 g L-1 slightly lower compared to cultivation with pyruvate.
Interestingly, the lag phase increased while the µmax decreased
with increasing chain length of the hydrophobic substrates.
While the µmax and lag phase were invariant for C12 compared to
acetate, the lag phase was significantly prolonged with C14 and C16 at
64 h and 82 h, respectively, and the µmax with 0.09 h

-1 for C14 and C16

by 0.4-fold decreased. The OTRmax were comparable among the

hydrocarbons at about 7.0–7.8 mmol L-1 h-1. The CDWwas also in a
similar range for the n-alkanes with 2.7 g L-1 (C12) to 3.1 g L

-1 (C16).
A. borkumensis produced the highest glycolipid titer of 66 mg L-1

with C14 as a carbon source with a 3.2-fold increase compared to
pyruvate with 21 mg L-1, which is also reflected in the highest
product-to-biomass yield (YP/X) of 27 mg g-1. In contrast to
organic acids, n-alkanes (DoR >6) are highly reduced substrates.
Furthermore, the medium-chain length fatty acid intermediates of
the n-alkane catabolism (Rojo, 2009; Cui et al., 2022) could
theoretically also be used as direct precursors for glycolipid
production. Furthermore, the hydrophobic substrates might
stimulate glycolipid production. This is followed by the glycolipid

FIGURE 5
Growth of A. borkumensis SK2 on hydrophilic carbon sources. (A) Test for growth on 0.17 Cmol L-1 pyruvate, acetate, propionate, citrate, succinate,
lactate, formate, methanol, ethanol, glycerol, ethylene glycol, and terephthalate. (B) Test for substrate inhibition at different pyruvate (Pyr), acetate (Ac),
and propionate (Prop) concentrations (5–20 g L-1). Error bands indicate deviation from the mean (n = 4) (A) or range (n = 2) (B). Cultivation conditions:
modified ONR7a medium, Growth Profiler, white 24-well plate, N = 225 rpm, T = 30°C, ODstart = 0.1, VL = 1.0 mL.

FIGURE 6
Comparison of growth and glycolipid production of A. borkumensis SK2 on five different carbon sources in shake flask cultivations. (A) Time course
of oxygen transfer rate (OTR), and (B) cell dry weight (CDW), glycolipid concentration, and product-to-biomass yield (YP/X) at the end of the cultivation.
Error bands/bars indicate deviation from the mean (n = 2). Cultivation conditions: modified ONR7a medium, 500 mL TOM shake flask, T = 30°C, N =
300 rpm, ODstart = 0.2, VL = 25–50 mL, 0.34 Cmol L-1 substrate.

Frontiers in Bioengineering and Biotechnology frontiersin.org09

Karmainski et al. 10.3389/fbioe.2023.1325019

131

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1325019


titers with C16 and C12 with 51 mg L-1 and 27 mg L-1, respectively.
Cultivation on acetate was highly comparable to pyruvate with
23 mg L-1 glucolipid.

In summary, glycolipid production was highest with
hydrophobic carbon sources (highest with C14). For closer
examination, batch fermentations in stirred-tank bioreactors were
carried out to maintain constant pH and to improve emulsion
formation.

3.6 Cultivation in stirred-tank bioreactors
increases the bioavailability of hydrophobic
carbon sources

Batch fermentation (Figure 7) was started with 4.83 g L-1

(0.34 Cmol L-1) n-tetradecane (C14), as C14 showed the highest
glycolipid production in the shake flask experiment. A CDW time
course could not be determined because the C14 interferes with the
CDW determination as it attaches to the cells and thus distorts the
weight. A maximum OTR of 8.6 mmol L-1 h-1 with a µmax of 0.09 h

-1

was reached, which is comparable to the shake flask experiment
(Figure 7A). Interestingly, the lag phase was only 24 h long and 2.5-
fold shorter than in the shake flask. This shorter lag phase is probably
due to the mixing in the stirred tank reactor, which disperses the C14

more efficiently than in the shake flask, resulting in smaller oil
droplets and higher surface area. The RQ is the ratio of CO2

produced (CTR) and O2 consumed (OTR). During growth on
reduced substrates (DoR >4), the RQ is < 1, and when it grows on
oxidized substrates (DoR <4), the RQ is > 1. The RQ was between
0.4 and 0.6 until the end of fermentation, indicating that
A. borkumensis was growing on a highly reduced substrate, which
is the case for C14 (DoR >6). Strong biofilm formation was observed
on the vessel and internal installations during fermentation.

Furthermore, flocculation of cells also occurred (Supplementary
Figure S4). Therefore, the glycolipid titer of 53 mg L-1 was
probably 0.2-fold lower than in the shake flask with C14 as the
carbon source because of the underrepresentation of biomass
(Figure 7B). Another reason for the lower glycolipid titer could be
that sampling removed less ormore oil phase from the reactor because
the reactor is not ideally mixed. This can change the substrate
concentration since not the same water and organic phase ratio is
always taken from the reactor. With C14 as the sole carbon source, a
product-to-substrate yield (YP/S) of 155 mg Cmol-1 was obtained.
Furthermore, a space-time yield of 1 mg L-1 h-1 was reached, which is
1.7-fold higher compared to shake flask cultivation.

In summary, stirred-tank bioreactor fermentation with a
hydrophobic substrate showed improved growth and product
formation kinetics compared to shake flask cultivations. Likely, the
improved emulsification of the substrate leads to overcoming of mass
transfer limitations between the hydrophobic and water phase and,
finally, from the water phase to the cells. However, the fermentation
showed that the process with oils is much more challenging to handle
(sampling), and many process parameters, such as biomass, substrate
concentration, or parameters based on optical measurements, such as
photometric assays for macronutrients, are challenging to measure.
Subsequently, the focus was placed on acetate as carbon source, as it is
hydrophilic and performs better in terms of sustainability, as C14 is
petroleum-based.

3.7 Hydrophilic substrates facilitate high-
quality physiology in stirred-tank
bioreactors

The batch fermentation (Figure 8) was started with 10 g L-1

(0.34 Cmol L-1) acetate at a filling volume of 1.2 L and

FIGURE 7
Batch fermentation of A. borkumensis SK2 with n-tetradecane as carbon source. (A) Time course of oxygen transfer rate (OTR), carbon dioxide
transfer rate (CTR), and respiratory quotient (RQ); (B) glycolipid concentration course. Error bands/bars indicate deviation from the mean (n = 2).
Cultivation conditions: modified ONR7a medium, 3 L stirred-tank bioreactor, T = 30°C, pH = 7.3, N = 300–1,200 min-1 (cascaded), DO = 30%, FAir =
24 L h-1, ODstart = 0.2, VL = 1.2 L, 4.83 g L-1 n-tetradecane.
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performed for 49 h. Initially, the OTR remained constant for 6 h
during the early stage of cultivation and then gradually declined
until 16 h during the lag phase. Starting from 16 h, the OTR
exhibited a continuous increase until the end of cultivation,
reaching a maximum OTR of 17.0 mmol L-1 h-1 (Figure 8A). This
increase was due to exponential growth, comparable to shake flask
cultivations (Section 3.5). The RQ was around 1.0 during the
exponential phase due to the acetate growth without the
production of significant side products. Following the lag phase,
exponential growth occurred between 16 and 49 h, corresponding to
the OTR data. The maximum CDW achieved was 3.0 g L-1, with a
µmax of 0.12 h-1, similar to shake flask cultivation (Figure 8B). The
volumetric substrate uptake rate (rs) was 0.20 g L-1 h-1, and the
maximum specific uptake rate (qs,max) was 0.50 g g

-1 h-1 (8.3 mM g-1

h-1). The biomass-to-substrate yield (YX/S) was determined to be
0.30 g g-1. The ammonium concentration remained at 0.1 g L-1 at the
end of the cultivation. The biomass-to-ammonium yield (YX/N) for
acetate as a carbon source was 6.2 g g-1. The concentration of
glycolipids increased proportionally with the CDW, reaching a
peak of 43 mg L-1, 1.9-fold higher than that observed in shake
flask cultivation. The elevated glycolipid titer in the stirred-tank
bioreactor may be attributed to the more stable cultivation
conditions, as the pH was regulated at 7.3. This controlled
environment likely provided more energy and carbon for
glycolipid production. A YP/S of 129 mg Cmol-1 and a YP/X of
14 mg g-1 were obtained. Furthermore, volumetric productivity of
0.9 mg L-1 h-1 was achieved during the batch fermentation,
comparable to the stirred-tank bioreactor cultivation with C14.

In summary, the cultivation with acetate in the stirred-tank
bioreactor proceeded under controlled conditions with a higher
glycolipid production. Furthermore, many different performance
parameters could be determined, which significantly simplifies
further optimization, especially with regard to fed-batch
fermentations. Antifoaming agents were added moderately in this
fermentation (0.1 mL Antifoam 204). However, this can become a

challenge in fed-batch processes where much higher biomass
(leading to higher OTR, thus also more intensive stirring and
foam formation) and product concentrations can be achieved.
Consequently, growth and product kinetics were monitored
during cultivation using bubble-free aeration by a membrane
module.

3.8 Bubble-free membrane aeration
prevents foam formation and thus
antifoaming agent addition

After acetate batch fermentation with bubble aeration and
antifoaming agent addition, a static membrane module (BT
Membrane Module static 2L, BioThrust GmbH, Aachen,
Germany) for bubble-free aeration was tested. The filling volume
was increased to 2 L, and the O2 concentration in the supply gas was
automatically increased via the XO2 cascade to meet the oxygen
demand of A. borkumensis. This changing oxygen concentration in
the supply gas complicates the calculation of OTR, so the O2 and
CO2 concentrations in the exhaust gas were plotted instead.

After 15 h of lag phase, the carbon dioxide concentration
increased exponentially, corresponding to a µmax of 0.11 h-1 until
the end of the cultivation at 53 h. After 46 h, the O2 concentration in
the off-gas started to increase to 67% at the end of cultivation
(Figure 9A). The increase can be explained by the DO cascade,
which admixes pure O2 at a DO lower than 30%. Following the lag
phase, exponential growth occurred between 16 and 53 h, mirroring
the CO2 data from the off-gas. A maximum CDW concentration of
2.7 g L-1 was achieved (Figure 9A). Again, the lower biomass is most
likely due to biofilm formation on the membrane. The rs was
0.19 g L-1 h-1, and the qs,max was 0.5 g g-1 h-1. The YX/S was
determined to be 0.26 g g-1. The ammonium concentration
remained at 0.1 g L-1 at the end of the cultivation, similar to the
bubble-aerated process. The YX/N was 5.4 g g-1. The glycolipid

FIGURE 8
Batch fermentation of A. borkumensis SK2 with acetate as carbon source. (A) Time course of oxygen transfer rate (OTR), carbon dioxide transfer rate
(CTR), and respiratory quotient (RQ); (B) cell dry weight (CDW), glycolipids, acetate, and ammonium concentration course. Error bands/bars indicate
deviation from the mean (n = 2). Cultivation conditions: modified ONR7a medium, 3 L stirred-tank bioreactor, T = 30°C, pH = 7.3, N = 300–1,200 min-1

(cascaded), DO = 30%, FAir = 32.4 L h-1, ODstart = 0.2, VL = 1.2 L, 10 g L-1 acetate.
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concentration at the end of the cultivation was 26 mg L-1, 0.4-fold
lower than in the bubble-aerated process. The lower glycolipid titer
and the elongated process could be due to biofilm formation in the
membrane process (Supplementary Figure S5). The membrane
material (PMP) is very hydrophobic; the most hydrophobic cells
are probably attached to the membrane module, which means the
cells with the highest amount of glycolipid. Biofilm formation on
hydrophobic surfaces, such as n-alkanes, is a well-known
phenomenon for A. borkumensis and has often been reported in
the literature (Naether et al., 2013; Abbasi et al., 2018; Godfrin et al.,
2018). A YP/S of 78 mg Cmol-1 and a YP/X of 10 mg g-1 were obtained.
Furthermore, volumetric productivity of 0.5 mg L-1 h-1 was achieved
during batch fermentation.

Taken together, the results of the membrane-aerated batch
fermentation using the static membrane module show that
bubble-free aeration for glycolipid production without oxygen
limitation, foam formation, and the addition of an antifoaming
agent is possible. Bubble-free aeration could be an advantage in fed-
batch processes, where high antifoaming agent additions are often
required in biosurfactant-producing fermentations (Beuker et al.
(2016) >15 g L-1 of antifoaming agent) since simultaneous high
cell density leads to strong emulsion formation and thus to
more difficult purification of the product (Demling et al., 2020).
One disadvantage is biofilm formation on the membrane by
A. borkumensis. However, this could possibly be further reduced
with a dynamic membrane module, for example, the membrane
stirrer by Bongartz et al. (2023), as this significantly increases the
flow velocity and the shear rate of the membrane module and thus
makes biofilm formation less likely.

4 Discussion

The marine bacterium A. borkumensis SK2 possesses several
remarkable features. These include its ability to grow exclusively on

various hydrocarbons as its sole carbon source, the production of a
biosurfactant, and its capacity to synthesize and secrete storage
lipids (Passeri et al., 1992; Abraham et al., 1998; Yakimov et al., 1998;
Schneiker et al., 2006; Manilla-Pérez et al., 2010b). To optimize the
cultivation ofA. borkumensis SK2 for enhanced growth performance
and glycolipid production, we considered various factors such as
medium composition, temperature, and the spectrum of hydrophilic
and hydrophobic substrates using different online analytics and
state-of-the-art HPLC analytics for high-quality physiology.
Furthermore, the challenges posed by the used substrates were
investigated and addressed.

In many published studies,A. borkumensis SK2 cultivations are
presented with challenges regarding recording physiological data,
exhibiting suboptimal growth. We were able to confirm these
insights in our study. The existing methods for measuring
biomass are unsuitable, especially for hydrocarbon cultivation,
because the hydrocarbons affect the optical density
measurement due to emulsion formation during cultivation or
adhere to the cells during CDW measurement, thus affecting the
weight (Demling et al., 2020). Furthermore, biofilm formation
around oil droplets makes sampling difficult (Prasad et al., 2022).
This study solved this measuring issue by using OTR
measurements. This parameter describes the metabolic activity
of a culture in shake flasks or stirred-tank bioreactors, which is
much more reliable. The fact that these challenges regarding
physiological data have not been tackled before is probably
because many studies are more concerned with fundamental
research, especially bioremediation, alkane metabolism, and
storage molecule formation (Golyshin et al., 2003; Hara et al.,
2003; Sabirova et al., 2006a; Kalscheuer et al., 2007; Manilla-Pérez
et al., 2010b; Manilla-Pérez et al., 2011; Naether et al., 2013;
Bookstaver et al., 2015; Hassanshahian and Cappello, 2015;
Gregson et al., 2019), while we focused on the application of
the remarkable bacterium A. borkumensis for biosurfactant
production. High-quality physiological insights are thus essential.

FIGURE 9
Membrane-aerated batch fermentation of A. borkumensis SK2with acetate as carbon source. (A) Time course ofO2 andCO2 volume concentration;
(B) cell dry weight (CDW), glycolipid, acetate, and ammonium concentration course. Error bands/bars indicate deviation from the mean (n = 2).
Cultivation conditions: modified ONR7a medium, 3 L stirred-tank bioreactor, BioThrust static membrane module 2 L, T = 30°C, pH = 7.3, N = 300 min-1,
DO = 30%, FGas = 60 L h-1, TMP = 0.3 bar, XO2 = 21–100% (cascaded), ODstart = 0.2, VL = 2.0 L, 10 g L-1 acetate.

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Karmainski et al. 10.3389/fbioe.2023.1325019

134

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1325019


Most marine environments have low concentrations of
inorganic nutrients, such as phosphate or nitrogen, and therefore
often have high carbon-to-nitrogen or carbon-to-phosphate ratios,
or both, which are unfavorable for microbial growth (Leahy and
Colwell, 1990; Dashti et al., 2015). The ONR7a medium
(Dyksterhouse et al., 1995) is an artificial seawater mineral salt
medium. Therefore, it is designed tomimic seawater in that all major
cations and anions are present at concentrations >1 mg L-1. The
proportions of phosphate (89 mg L-1 Na2HPO4) and ammonium
(0.27 g L-1 NH4Cl) were too low for high growth rates and biomass
concentrations, essential for efficient bioreactor cultivations. These
conditions with a high carbon-to-nitrogen ratio tend to promote the
formation of polyhydroxyalkanoates, triacylglycerides, or wax esters
in A. borkumensis SK2, so-called storage molecules rather than
growth or biosurfactant production (Sabirova et al., 2006a;
Kalscheuer et al., 2007; Manilla-Pérez et al., 2010a). Furthermore,
these storage molecules are undesirable by-products in
biosurfactant-producing cultures because they are produced from
the same precursor molecules from the de novo fatty acid synthesis,
lowering the potential yield on substrate.

Another factor addressed in this study that has not been
sufficiently considered in previous studies during A. borkumensis
cultivation is the pH value. During the cultivation with acids as
carbon sources (pyruvate, acetate), the pH increases, and during
cultivation with n-alkanes, the pH decreases due to the fatty acid
intermediates formation during alkane degradation (Rojo, 2009; Cui
et al., 2022). To address this issue in small-scale cultivations, the
most straightforward approach is to use buffers with the
disadvantage of increasing the osmotic pressure of the medium.
(Kensy et al., 2009). The behavior of microorganisms and the
formation of by-products, product yield, and biomass
development can vary significantly when different
microorganisms or media are employed. Susceptible
microorganisms, like Escherichia coli, can cease growth if the
pH drops below a critical threshold of approximately 5.0 (Losen
et al., 2004).

Since pyruvate is the standard hydrophilic substrate for
A. borkumensis in many studies, it was investigated in more
detail in shake flasks in this study. It was found that pyruvate is
unstable in ONR7a medium and dimerizes to parapyruvate (Chang
et al., 2018). While we have found no evidence that this impedes
growth (the resulting biomass at the end of the cultivation from
10 g L-1 pyruvate was similar to that when using 10 g L-1 acetate), the
accurate determination of rates and yields was impossible, which is
essential for designing an efficient bioprocess. Therefore, other
hydrophilic carbon sources were investigated, but no new ones
could be discovered, except for the already published carbon
sources acetate and propionate (Yakimov et al., 1998). Since
acetate is a sustainable carbon source that can be produced from
lignocellulose, syngas, or CO2 and methyl formate, acetate was
selected for closer examination (Kantzow et al., 2015; Ehsanipour
et al., 2016; Jürling-Will et al., 2022). Thus, using bio-based acetic
acid as a carbon source contributes to establishing a circular
bioeconomy. Acetate is converted to acetyl-CoA via acetyl-CoA
synthetase (AcsA) and is fed directly into the central carbon
metabolism (Kiefer et al., 2021). The glyoxylate shunt holds
particular significance in this context as it bypasses two
decarboxylation steps and preserves two carbon skeletons for

gluconeogenesis and biomass production, which is highly
upregulated in A. borkumensis and thus the key metabolic
intermediate in acetyl-CoA-grown cells is malate, formed through
channeling of acetyl-CoA into the glyoxylate shunt (Sabirova et al.,
2006b). Acetyl-CoA is the direct precursor molecule to the de novo
fatty acid synthesis (Grahame Hardie, 1989), which is required to
produce the glycolipid of A. borkumensis (Passeri et al., 1992; Cui
et al., 2022). However, acetate can inhibit bacterial growth in its
protonated form, which dissociates in the slightly alkaline cytosol.
Consequently, this leads to cytosol acidification, disrupting the
transmembrane pH gradient required for ATP synthesis through
the proton motive force (Baronofsky et al., 1984; Axe and Bailey,
1995). The growth inhibition resulting from this phenomenon can
lead to an extended lag phase, reduced biomass yield, and lower
product yield during the fermentation process (Takahashi et al.,
1999). A prolonged lag phase and reduced biomass yield with
increasing acetate concentrations, but not higher than 15 g L-1,
was also observed in this study (Figure 5B; Figures 6A,B). Several
other bacteria, including P. putida, E. coli, and Corynebacterium
glutamicum, have demonstrated biotechnological production of
different products using acetate, with the ability to grow on
acetate concentrations of at least 10 g L-1 (Noh et al., 2018;
Arnold et al., 2019; Wolf et al., 2020; Schmollack et al., 2022).
Acetate serves as a crucial precursor for various biotechnological
products, such as itaconic acid production in E. coli and
C. glutamicum, as well as rhamnolipid production in P. putida
(Noh et al., 2018; Arnold et al., 2019; Merkel et al., 2022).

In the TOM shaker experiment (Figure 6), consistently higher
growth rates of A. borkumensis, when grown on pyruvate (µmax =
0.25 h-1) or acetate (µmax = 0.16 h-1), were observed, compared to
n-hexadecane (µmax = 0.09 h-1). Previously, Naether et al. (2013)
reported a higher growth rate on n-hexadecane than on pyruvate,
possibly due to the above-described effects in n-hexadecane
cultivations. In contrast, our results align with those of Barbato
et al. (2016), who found a higher cell density (measured by flow
cytometry) on pyruvate than on n-dodecane. Furthermore, Naether
et al. (2013) reported that the µmax increases with increasing chain
length (up to C18) of the n-alkanes. In our study, however, the lag
phase increased for the n-alkanes, and the µmax decreased with
increasing chain length. In the aqueous environment, the uptake and
degradation rates of various organic compounds by microbial
populations are typically proportional to the concentration of the
compound, following Michaelis-Menten kinetics (Boethling and
Alexander, 1979). This behavior has been demonstrated for
toluene, a low-molecular-weight aromatic hydrocarbon with
relatively high water solubility (520 mg L-1), but may not apply to
more insoluble hydrocarbons (Button and Robertson, 1986). For
higher-molecular-weight aromatic hydrocarbons like naphthalene
and phenanthrene, their rates of degradation are associated with
water solubilities rather than total substrate concentrations (Thomas
et al., 1986; Abbasian et al., 2015). Water solubility decreases with
the increasing chain length of the n-alkanes. In the case of long
n-alkanes with water solubilities less than 0.01 mg L-1 (Bell, 1973),
microbial degradation occurs at rates surpassing the solubility rates
of hydrocarbons (Thomas et al., 1986; Abbasian et al., 2015). These
degradation rates depend on the available hydrocarbon surface area
for emulsification or cell physical attachment (Nakahara et al.,
1977).
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In this study, the glycolipid titer was highest with tetradecane at
66 mg L-1 in shake flask experiments, followed by hexadecane and
acetate at 51 and 23 mg L-1, respectively. There are not many data
sets in the literature on glycolipid production inA. borkumensis. The
initial production of this glycolipid dates back to 1992. After
nitrogen-limited fed-batch fermentation, a titer of 1.7 g L-1 of
glycolipid and a specific yield of 70 mg gCDW

-1 was achieved
(Passeri et al., 1992). The supposedly high glycolipid titer was
most likely reached since a fed-batch was performed, i.e.,
significantly more carbon was introduced into the system, and a
different nitrogen source (NaNO3) was used. Studies in shake flask
experiments of P. aeruginosa have also shown that compared to
NH4Cl, switching to NaNO3, urea, or NH4NO3 resulted in improved
rhamnolipid production (Saikia et al., 2012; Moussa et al., 2014).
However, glycolipid concentration has been determined via thin-
layer chromatography with simultaneous spot intensity
measurement (Passeri et al., 1992). Without an authentic
standard and high sample purity, this method is semi-
quantitative, and an HPLC-based method is significantly more
accurate. The quantification of biosurfactants is often a problem
within the biosurfactant literature because the samples are usually
complex, and there is often a lack of pure standard substances. Here,
we used an HPLC system with an inverse gradient and a charged
aerosol detector that allows quantification even without a standard
substance of the glycolipid (Lipphardt et al., 2023).

In Passeri et al. (1992) only the production of the glycolipid
consisting of four 3-hydroxy-fatty acids with different chain lengths
and one glucose molecule was shown. However, a recent study by
Cui et al. (2022) demonstrated that the glycine-free form does not
exist and that the glycine-glucolipid is localized at the cell
membrane. Other studies that measured increased cell surface
hydrophobicity supported this membrane association of the
glycine-glucolipid (Naether et al., 2013; Abbasi et al., 2018;
Godfrin et al., 2018). The specific yields (YP/X) are consistent
with our study as more as twice as much glycolipid is formed
per biomass with hexadecane (17 mg gCDW

-1) than with pyruvate
(6 mg gCDW

-1) (Cui et al., 2022). However, the glycolipid titer with
hexadecane as a carbon source was reported to be 0.4-fold lower
than with pyruvate. The cultures in the study of Cui et al. (2022)
were probably oxygen-limited since they were agitated only at
180 rpm with a filling volume of 20%. It is usually recommended
to perform shake flask cultivations with a filling volume of 5%–10%
and higher shaking speeds to exclude oxygen limitation (Anderlei
and Büchs, 2001). As Schlosser et al. (2021) mentioned, the oxygen
transfer rate can impact biosurfactant production. Additionally, the
reduced mixing of the second phase further contributes to slower
and incomplete degradation, consequently affecting biosurfactant
production.

As with glycolipid, there are only a few studies regarding
fermentations in the stirred-tank bioreactor with A. borkumensis.
To the best of our knowledge, only two other research groups
cultivated A. borkumensis in a stirred-tank bioreactor and
produced a product simultaneously (Passeri et al., 1992; Kadri
et al., 2018). Kadri et al. (2018) used hexadecane or motor oil as
a carbon source and produced an alkane hydroxylase and a lipase for
enzymatic biodegradation of contaminated groundwater. Again, the
cultivation conditions do not appear to be optimal, as only an
OTRmax of circa 1 mmol L-1 h-1 was achieved with 30 or 50 g L-1 oil as

a carbon source. This study reported an OTRmax of 8.6 mmol L-1 h-1

with 4.8 g L-1 tetradecane, which is 8.6-fold higher than in the
previously mentioned study, although significantly less carbon was
used. Furthermore, a glycolipid titer of 53 mg L-1 was achieved,
with a YP/S of 155 mg Cmol-1. The titer is 0.2-fold lower than in
the C14 shake flask (66 mg L-1). Nevertheless, the STY is 1.7-fold
higher due to a higher mass transfer rate due to the more efficient
mixing in the stirred-tank bioreactor and the consequent higher
surface-to-volume ratio of the oil droplets.

One of the challenges encountered when producing
biosurfactants using oils as a carbon source and antifoaming
agents in stirred-tank bioreactors is the formation of emulsions.
Downstream processing approaches often struggle to handle these
emulsions effectively (Brandenbusch et al., 2010; Janssen et al.,
2023). Additionally, hydrophobic substrates typically incur higher
costs, posing a notable disadvantage, particularly when competing
with well-established, cost-effective production processes (Chong
and Li, 2017). To circumvent these challenges, batch fermentations
with bubble aeration and bubble-free membrane aeration were
performed using acetate as the carbon source. As shown in other
publications with other microorganisms and cell lines, the batch
fermentation with bubble-free membrane aeration showed no foam
formation, so antifoaming agent addition was unnecessary (Frahm
et al., 2009; Coutte et al., 2010; Bongartz et al., 2021; Bongartz et al.,
2023).

In summary, this study reports glycolipid production with
A. borkumensis SK2 using different carbon sources and high-
quality physiology data using state-of-the-art online growth and
HPLC glycolipid analytics, which enabled efficient stirred-tank
bioreactor cultivations.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Author contributions

TK: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Validation, Visualization,
Writing–original draft, Writing–review and editing. MD-F: Data
curation, Visualization, Writing–review and editing. ML: Data
curation, Visualization, Writing–review and editing. AP:
Writing–review and editing, Data curation, Visualization. LB:
Funding acquisition, Supervision, Writing–review and editing.
TT: Funding acquisition, Supervision, Writing–review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. LMB and TT
thank the German Federal Ministry of Education and Research
(BMBF) for the project GlycoX (grant no. 161B0866B). The
laboratory of LMB has been partially funded by the Deutsche

Frontiers in Bioengineering and Biotechnology frontiersin.org14

Karmainski et al. 10.3389/fbioe.2023.1325019

136

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1325019


Forschungsgemeinschaft (DFG, German Research Foundation)
under Germany’s Excellence Strategy—Exzellenzcluster 2186 The
Fuel Science Center” ID: 390919832.

Acknowledgments

We kindly thank Philipp Demling for all the fermentation and
aqueous-organic two-phase system discussions and support. We
also thank Patrick Bongartz and Moritz Meyer from BioThrust
GmbH for supporting the bubble-free fermentation by providing us
with the static membrane module.

Conflict of interest

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

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1325019/
full#supplementary-material

References

Abbasi, A., Bothun, G. D., and Bose, A. (2018). Attachment of Alcanivorax
borkumensis to hexadecane-in-artificial sea water emulsion droplets. Langmuir 34,
5352–5357. doi:10.1021/acs.langmuir.8b00082

Abbasian, F., Lockington, R., Mallavarapu, M., and Naidu, R. (2015). A
comprehensive review of aliphatic hydrocarbon biodegradation by bacteria. Appl.
Biochem. Biotechnol. 176, 670–699. doi:10.1007/s12010-015-1603-5

Abdel-Mawgoud, A. M., Lépine, F., and Déziel, E. (2010). Rhamnolipids: diversity of
structures, microbial origins and roles. Appl. Microbiol. Biotechnol. 86, 1323–1336.
doi:10.1007/s00253-010-2498-2

Abraham, W.-R., Meyer, H., and Yakimov, M. (1998). Novel glycine containing
glucolipids from the alkane using bacterium Alcanivorax borkumensis. Biochim.
Biophys. Acta 1393, 57–62. doi:10.1016/S0005-2760(98)00058-7

Anderlei, T., andBüchs, J. (2001).Device for sterile onlinemeasurement of the oxygen transfer
rate in shaking flasks. Biochem. Eng. J. 7, 157–162. doi:10.1016/S1369-703X(00)00116-9

Anic, I., Apolonia, I., Franco, P., and Wichmann, R. (2018). Production of
rhamnolipids by integrated foam adsorption in a bioreactor system. Amb. Express 8,
122. doi:10.1186/s13568-018-0651-y

Arnold, S., Henkel, M., Wanger, J., Wittgens, A., Rosenau, F., and Hausmann, R.
(2019). Heterologous rhamnolipid biosynthesis by P. putida KT2440 on bio-oil derived
small organic acids and fractions. Amb. Express 9, 80. doi:10.1186/s13568-019-0804-7

Axe, D. D., and Bailey, J. E. (1995). Transport of lactate and acetate through the
energized cytoplasmic membrane of Escherichia coli. Biotechnol. Bioeng. 47, 8–19.
doi:10.1002/bit.260470103

Barbato, M., Scoma, A., Mapelli, F., De Smet, R., Banat, I. M., Daffonchio, D., et al.
(2016). Hydrocarbonoclastic Alcanivorax isolates exhibit different physiological and
expression responses to n-dodecane. Front. Microbiol. 7, 2056. doi:10.3389/fmicb.2016.
02056

Baronofsky, J. J., Schreurs, W. J. A., and Kashket, E. R. (1984). Uncoupling by acetic
acid limits growth of and acetogenesis by Clostridium thermoaceticum. Appl. Environ.
Microbiol. 48, 1134–1139. doi:10.1128/aem.48.6.1134-1139.1984

Bator, I., Karmainski, T., Tiso, T., and Blank, L. M. (2020). Corrigendum: killing two
birds with one stone – strain engineering facilitates the development of a unique
rhamnolipid production process. Front. Bioeng. Biotechnol. 8, 596414. doi:10.3389/
fbioe.2020.596414

Bell, G. H. (1973). Solubilities of normal aliphatic acids, alcohols and alkanes in water.
Chem. Phys. Lipids 10, 1–10. doi:10.1016/0009-3084(73)90036-4

Beuker, J., Barth, T., Steier, A., Wittgens, A., Rosenau, F., Henkel, M., et al. (2016).
High titer heterologous rhamnolipid production. Amb. Express 6, 124. doi:10.1186/
s13568-016-0298-5

Blesken, C. C., Strümpfler, T., Tiso, T., and Blank, L. M. (2020). Uncoupling foam
fractionation and foam adsorption for enhanced biosurfactant synthesis and recovery.
Microorganisms 8, 2029. doi:10.3390/microorganisms8122029

Boethling, R. S., and Alexander, M. (1979). Effect of concentration of organic
chemicals on their biodegradation by natural microbial communities. Appl. Environ.
Microbiol. 37, 1211–1216. doi:10.1128/aem.37.6.1211-1216.1979

Bongartz, P., Bator, I., Baitalow, K., Keller, R., Tiso, T., Blank, L. M., et al. (2021). A
scalable bubble-free membrane aerator for biosurfactant production. Biotechnol.
Bioeng. 118, 3545–3558. doi:10.1002/bit.27822

Bongartz, P., Karmainski, T., Meyer, M., Linkhorst, J., Tiso, T., Blank, L. M., et al.
(2023). A novel membrane stirrer system enables foam-free biosurfactant production.
Biotechnol. Bioeng. 120, 1269–1287. doi:10.1002/bit.28334

Bookstaver, M., Godfrin, M. P., Bose, A., and Tripathi, A. (2015). An insight into the
growth of Alcanivorax borkumensis under different inoculation conditions. J. Pet. Sci.
Eng. 129, 153–158. doi:10.1016/j.petrol.2015.02.038

Brandenbusch, C., Bühler, B., Hoffmann, P., Sadowski, G., and Schmid, A. (2010).
Efficient phase separation and product recovery in organic-aqueous bioprocessing using
supercritical carbon dioxide. Biotechnol. Bioeng. 107, 642–651. doi:10.1002/bit.22846

Button, D. K., and Robertson, B. R. (1986). Dissolved hydrocarbon metabolism: the
concentration-dependent kinetics of toluene oxidation in some North American
estuaries. Limnol. Oceanogr. 31, 101–111. doi:10.4319/lo.1986.31.1.0101

Cazzolla Gatti, R., and Velichevskaya, A. (2020). Certified “sustainable” palm oil took the
place of endangered Bornean and Sumatran large mammals habitat and tropical forests in
the last 30 years. Sci. Total Environ. 742, 140712. doi:10.1016/j.scitotenv.2020.140712

Chang, S.-C., Lee, I., Ting, H., Chang, Y.-J., and Yang, N.-C. (2018). Parapyruvate, an
impurity in pyruvate supplements, induces senescence in human fibroblastic Hs68 cells
via inhibition of the α-ketoglutarate dehydrogenase complex. J. Agric. Food Chem. 66,
7504–7513. doi:10.1021/acs.jafc.8b01138

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

Cooper, H. V., Evers, S., Aplin, P., Crout, N., Dahalan, M. P. B., and Sjogersten, S.
(2020). Greenhouse gas emissions resulting from conversion of peat swamp forest to oil
palm plantation. Nat. Commun. 11, 407. doi:10.1038/s41467-020-14298-w

Coutte, F., Lecouturier, D., Ait Yahia, S., Leclère, V., Béchet, M., Jacques, P., et al.
(2010). Production of surfactin and fengycin by Bacillus subtilis in a bubbleless
membrane bioreactor. Appl. Microbiol. Biotechnol. 87, 499–507. doi:10.1007/s00253-
010-2504-8

Cui, J., Hölzl, G., Karmainski, T., Tiso, T., Kubicki, S., Thies, S., et al. (2022). The
glycine-glucolipid of Alcanivorax borkumensis is resident to the bacterial cell wall. Appl.
Environ. Microbiol. 88, e0112622. doi:10.1128/aem.01126-22

Dashti, N., Ali, N., Eliyas, M., Khanafer, M., Sorkhoh, N. A., and Radwan, S. S. (2015).
Most hydrocarbonoclastic bacteria in the total environment are diazotrophic, which
highlights their value in the bioremediation of hydrocarbon contaminants. Microbes
Environ. 30, 70–75. doi:10.1264/jsme2.ME14090

de Carvalho, C. C. C. R., Wick, L. Y., and Heipieper, H. J. (2009). Cell wall adaptations
of planktonic and biofilm Rhodococcus erythropolis cells to growth on C5 to
C16 n-alkane hydrocarbons. Appl. Microbiol. Biotechnol. 82, 311–320. doi:10.1007/
s00253-008-1809-3

Delvigne, F., and Lecomte, J. (2010). “Foam formation and control in bioreactors,” in
Encyclopedia of industrial Biotechnology. Editor M. C. Flickinger (John Wiley & Sons).
doi:10.1002/9780470054581.eib326

Frontiers in Bioengineering and Biotechnology frontiersin.org15

Karmainski et al. 10.3389/fbioe.2023.1325019

137

https://www.frontiersin.org/articles/10.3389/fbioe.2023.1325019/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1325019/full#supplementary-material
https://doi.org/10.1021/acs.langmuir.8b00082
https://doi.org/10.1007/s12010-015-1603-5
https://doi.org/10.1007/s00253-010-2498-2
https://doi.org/10.1016/S0005-2760(98)00058-7
https://doi.org/10.1016/S1369-703X(00)00116-9
https://doi.org/10.1186/s13568-018-0651-y
https://doi.org/10.1186/s13568-019-0804-7
https://doi.org/10.1002/bit.260470103
https://doi.org/10.3389/fmicb.2016.02056
https://doi.org/10.3389/fmicb.2016.02056
https://doi.org/10.1128/aem.48.6.1134-1139.1984
https://doi.org/10.3389/fbioe.2020.596414
https://doi.org/10.3389/fbioe.2020.596414
https://doi.org/10.1016/0009-3084(73)90036-4
https://doi.org/10.1186/s13568-016-0298-5
https://doi.org/10.1186/s13568-016-0298-5
https://doi.org/10.3390/microorganisms8122029
https://doi.org/10.1128/aem.37.6.1211-1216.1979
https://doi.org/10.1002/bit.27822
https://doi.org/10.1002/bit.28334
https://doi.org/10.1016/j.petrol.2015.02.038
https://doi.org/10.1002/bit.22846
https://doi.org/10.4319/lo.1986.31.1.0101
https://doi.org/10.1016/j.scitotenv.2020.140712
https://doi.org/10.1021/acs.jafc.8b01138
https://doi.org/10.1186/s12934-017-0753-2
https://doi.org/10.1038/s41467-020-14298-w
https://doi.org/10.1007/s00253-010-2504-8
https://doi.org/10.1007/s00253-010-2504-8
https://doi.org/10.1128/aem.01126-22
https://doi.org/10.1264/jsme2.ME14090
https://doi.org/10.1007/s00253-008-1809-3
https://doi.org/10.1007/s00253-008-1809-3
https://doi.org/10.1002/9780470054581.eib326
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1325019


Demling, P., von Campenhausen, M., Grütering, C., Tiso, T., Jupke, A., and Blank, L.
M. (2020). Selection of a recyclable in situ liquid–liquid extraction solvent for foam-free
synthesis of rhamnolipids in a two-phase fermentation. Green Chem. 22, 8495–8510.
doi:10.1039/D0GC02885A

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

Djahnit, N., Chernai, S., Catania, V., Hamdi, B., China, B., Cappello, S., et al. (2019).
Isolation, characterization and determination of biotechnological potential of oil-degrading
bacteria from Algerian centre coast. J. Appl. Microbiol. 126, 780–795. doi:10.1111/jam.14185

Dyksterhouse, S. E., Gray, J. P., Herwig, R. P., Lara, J. C., and Staley, J. T. (1995).
Cycloclasticus pugetii gen. nov., sp. nov., an aromatic hydrocarbon-degrading bacterium
from marine sediments. Int. J. Syst. Bacteriol. 45, 116–123. doi:10.1099/00207713-45-
1-116

Eastcott, L., Shiu, W. Y., and Mackay, D. (1988). Environmentally relevant physical-
chemical properties of hydrocarbons: A review of data and development of simple
correlations. Oil and Chemical Pollution 4 (3), 191–216. doi:10.1016/S0269-8579(88)
80020-0

Ehsanipour, M., Suko, A. V., and Bura, R. (2016). Fermentation of lignocellulosic
sugars to acetic acid by Moorella thermoacetica. J. Ind. Microbiol. Biotechnol. 43,
807–816. doi:10.1007/s10295-016-1756-4

Frahm, B., Brod, H., and Langer, U. (2009). Improving bioreactor cultivation
conditions for sensitive cell lines by dynamic membrane aeration. Cytotechnology
59, 17–30. doi:10.1007/s10616-009-9189-9

Fu, X., Lai, Q., Dong, C., Wang, W., and Shao, Z. (2018). Complete genome sequence
of Alcanivorax xenomutans P40, an alkane-degrading bacterium isolated from deep
seawater. Mar. Genomics 38, 1–4. doi:10.1016/j.margen.2017.05.010

Godfrin, M. P., Sihlabela, M., Bose, A., and Tripathi, A. (2018). Behavior of marine
bacteria in clean environment and oil spill conditions. Langmuir 34, 9047–9053. doi:10.
1021/acs.langmuir.8b01319

Golyshin, P. N., Martins Dos Santos, V. A. P., Kaiser, O., Ferrer, M., Sabirova, Y. S.,
Lünsdorf, H., et al. (2003). Genome sequence completed of Alcanivorax borkumensis, a
hydrocarbon-degrading bacterium that plays a global role in oil removal from marine
systems. J. Biotechnol. 106, 215–220. doi:10.1016/j.jbiotec.2003.07.013

Grahame Hardie, D. (1989). Regulation of fatty acid synthesis via phosphorylation of
acetyl-CoA carboxylase. Prog. Lipid Res. 28, 117–146. doi:10.1016/0163-7827(89)
90010-6

Gregson, B. H., Metodieva, G., Metodiev, M. V., andMcKew, B. A. (2019). Differential
protein expression during growth on linear versus branched alkanes in the obligate
marine hydrocarbon-degrading bacterium Alcanivorax borkumensis SK2 T. Environ.
Microbiol. 21, 2347–2359. doi:10.1111/1462-2920.14620

Hara, A., Syutsubo, K., and Harayama, S. (2003). Alcanivorax which prevails in oil-
contaminated seawater exhibits broad substrate specificity for alkane degradation.
Environ. Microbiol. 5, 746–753. doi:10.1046/j.1468-2920.2003.00468.x

Harayama, S., Kasai, Y., and Hara, A. (2004). Microbial communities in oil-
contaminated seawater. Curr. Opin. Biotechnol. 15, 205–214. doi:10.1016/j.copbio.
2004.04.002

Hassanshahian, M., and Cappello, S. (2015). Hydrophobicity effect on oil degradation
by two marine bacterial strains Alcanivorax borkumensis and Thalassolituus oleivorans.
Iran. J. Environ. Technol. 1, 9–18.

Invally, K., and Ju, L. (2020). Increased rhamnolipid concentration and productivity
achieved with advanced process design. J. Surfactants Deterg. 23, 1043–1053. doi:10.
1002/jsde.12457

Janssen, L., Sadowski, G., and Brandenbusch, C. (2023). Continuous phase separation
of stable emulsions from biphasic whole-cell biocatalysis by catastrophic phase
inversion. Biotechnol. J. 18, 2200489. doi:10.1002/biot.202200489

Junker, B. (2007). Foam and its mitigation in fermentation systems. Biotechnol. Prog.
23, 767–784. doi:10.1002/bp070032r

Jürling-Will, P., Botz, T., Franciò, G., and Leitner,W. (2022). A “Power-to-X” route to
acetic acid via palladium-catalyzed isomerization of methyl formate. ChemSusChem 15,
1–7. doi:10.1002/cssc.202201006

Kadri, T., Magdouli, S., Rouissi, T., Brar, S. K., Daghrir, R., and Lauzon, J.-M. (2018).
Bench-scale production of enzymes from the hydrocarbonoclastic bacteria Alcanivorax
borkumensis and biodegradation tests. J. Biotechnol. 283, 105–114. doi:10.1016/j.jbiotec.
2018.07.039

Kaeppeli, O., and Fiechter, A. (1976). The mode of interaction between the substrate
and cell surface of the hydrocarbon-utilizing yeast Candida tropicalis. Biotechnol.
Bioeng. 18, 967–974. doi:10.1002/bit.260180709

Kalscheuer, R., Stoveken, T., Malkus, U., Reichelt, R., Golyshin, P. N., Sabirova, J. S.,
et al. (2007). Analysis of storage lipid accumulation in Alcanivorax borkumensis:
evidence for alternative triacylglycerol biosynthesis routes in bacteria. J. Bacteriol.
189, 918–928. doi:10.1128/JB.01292-06

Kantzow, C., Mayer, A., and Weuster-Botz, D. (2015). Continuous gas fermentation
by Acetobacterium woodii in a submerged membrane reactor with full cell retention.
J. Biotechnol. 212, 11–18. doi:10.1016/j.jbiotec.2015.07.020

Kensy, F., Zang, E., Faulhammer, C., Tan, R.-K., and Büchs, J. (2009). Validation of a
high-throughput fermentation system based on online monitoring of biomass and
fluorescence in continuously shaken microtiter plates. Microb. Cell Fact. 8, 31. doi:10.
1186/1475-2859-8-31

Kiefer, D., Merkel, M., Lilge, L., Henkel, M., and Hausmann, R. (2021). From acetate
to bio-based products: underexploited potential for industrial biotechnology. Trends
Biotechnol. 39, 397–411. doi:10.1016/j.tibtech.2020.09.004

Koop, J., Merz, J., Wilmshöfer, R., Winter, R., and Schembecker, G. (2020). Influence
of thermally induced structure changes in diluted β-lactoglobulin solutions on their
surface activity and behavior in foam fractionation. J. Biotechnol. 319, 61–68. doi:10.
1016/j.jbiotec.2020.05.011

Kubicki, S., Bollinger, A., Katzke, N., Jaeger, K.-E., Loeschcke, A., and Thies, S. (2019).
Marine biosurfactants: biosynthesis, structural diversity and biotechnological
applications. Mar. Drugs 17, 408. doi:10.3390/md17070408

Lai, Q., Li, W., and Shao, Z. (2012). Complete genome sequence of Alcanivorax
dieselolei type strain B5. J. Bacteriol. 194, 6674. doi:10.1128/JB.01813-12

Lai, Q., and Shao, Z. (2012a). Genome sequence of an alkane-degrading bacterium,
Alcanivorax pacificus type strain W11-5, isolated from deep sea sediment. J. Bacteriol.
194, 6936. doi:10.1128/JB.01845-12

Lai, Q., and Shao, Z. (2012b). Genome sequence of the alkane-degrading bacterium
Alcanivorax hongdengensis type strainA-11-3. J. Bacteriol. 194, 6972. doi:10.1128/JB.01849-12

Leahy, J. G., and Colwell, R. R. (1990). Microbial degradation of hydrocarbons in the
environment. Microbiol. Rev. 54, 305–315. doi:10.1128/mr.54.3.305-315.1990

Lipphardt, A., Karmainski, T., Blank, L. M., Hayen, H., and Tiso, T. (2023).
Identification and quantification of biosurfactants produced by the marine
bacterium Alcanivorax borkumensis by hyphenated techniques. Anal. Bioanal.
Chem. doi:10.1007/s00216-023-04972-5

Losen, M., Frolich, B., Pohl, M., and Buchs, J. (2004). Effect of oxygen limitation and
medium composition on Escherichia coli fermentation in shake-flask cultures.
Biotechnol. Prog. 20, 1062–1068. doi:10.1021/bp034282t

Manilla-Pérez, E., Lange, A. B., Hetzler, S., Waltermann, M., Kalscheuer, R., and
Steinbuchel, A. (2010a). Isolation and characterization of a mutant of the marine
bacterium Alcanivorax borkumensis SK2 defective in lipid biosynthesis. Appl. Environ.
Microbiol. 76, 2884–2894. doi:10.1128/AEM.02832-09

Manilla-Pérez, E., Lange, A. B., Luftmann, H., Robenek, H., and Steinbüchel, A. (2011).
Neutral lipid production in Alcanivorax borkumensis SK2 and other marine
hydrocarbonoclastic bacteria. Eur. J. Lipid Sci. Technol. 113, 8–17. doi:10.1002/ejlt.201000374

Manilla-Pérez, E., Reers, C., Baumgart, M., Hetzler, S., Reichelt, R., Malkus, U., et al.
(2010b). Analysis of lipid export in hydrocarbonoclastic bacteria of the genus Alcanivorax:
identification of lipid export-negative mutants of Alcanivorax borkumensis SK2 and
Alcanivorax jadensis T9. J. Bacteriol. 192, 643–656. doi:10.1128/JB.00700-09

Merkel, M., Kiefer, D., Schmollack, M., Blombach, B., Lilge, L., Henkel, M., et al.
(2022). Acetate-based production of itaconic acid with Corynebacterium glutamicum
using an integrated pH-coupled feeding control. Bioresour. Technol. 351, 126994.
doi:10.1016/j.biortech.2022.126994

Moussa, T. A. A., Mohamed, M. S., and Samak, N. (2014). Production and
characterization of di-rhamnolipid produced by Pseudomonas aeruginosa TMN.
Braz. J. Chem. Eng. 31, 867–880. doi:10.1590/0104-6632.20140314s00002473

Müller, M. M., Hörmann, B., Kugel, M., Syldatk, C., and Hausmann, R. (2011).
Evaluation of rhamnolipid production capacity of Pseudomonas aeruginosa PAO1 in
comparison to the rhamnolipid over-producer strains DSM 7108 and DSM 2874. Appl.
Microbiol. Biotechnol. 89, 585–592. doi:10.1007/s00253-010-2901-z

Naether, D. J., Slawtschew, S., Stasik, S., Engel, M., Olzog, M.,Wick, L. Y., et al. (2013).
Adaptation of the hydrocarbonoclastic bacterium Alcanivorax borkumensis SK2 to
alkanes and toxic organic compounds: a physiological and transcriptomic approach.
Appl. Environ. Microbiol. 79, 4282–4293. doi:10.1128/AEM.00694-13

Nakahara, T., Erickson, L. E., and Gutierrez, J. R. (1977). Characteristics of
hydrocarbon uptake in cultures with two liquid phases. Biotechnol. Bioeng. 19, 9–25.
doi:10.1002/bit.260190103

Noh, M. H., Lim, H. G., Woo, S. H., Song, J., and Jung, G. Y. (2018). Production of
itaconic acid from acetate by engineering acid-tolerant Escherichia coli W. Biotechnol.
Bioeng. 115, 729–738. doi:10.1002/bit.26508

Ochsner, U. R. S. A., Reiser, J., Fiechter, A., and Witholt, B. (1995). Production of
Pseudomonas aeruginosa rhamnolipid biosurfactants in heterologous hosts. Appl.
Enviromental Microbiol. 61, 3503–3506. doi:10.1128/aem.61.9.3503-3506.1995

Oraby, A., Hug, D., Weickardt, I., Maerz, L., Nebel, S., Kurmann, J., et al. (2023).
Fermentation and recovery of cellobiose lipids using foam fractionation. Discov. Chem.
Eng. 3, 3. doi:10.1007/s43938-022-00015-0

Passeri, A., Schmidt, M., Haffner, T., Wray, V., Lang, S., and Wagner, F. (1992).
Marine biosurfactants. IV. Production, characterization and biosynthesis of an anionic
glucose lipid from the marine bacterial strain MM1. Appl. Microbiol. Biotechnol. 37,
281–286. doi:10.1007/BF00210978

Permadi, P., Fitria, R., and Hambali, E. (2017). Palm oil based surfactant products for
petroleum industry. IOP Conf. Ser. Earth Environ. Sci. 65, 012034. doi:10.1088/1755-
1315/65/1/012034

Frontiers in Bioengineering and Biotechnology frontiersin.org16

Karmainski et al. 10.3389/fbioe.2023.1325019

138

https://doi.org/10.1039/D0GC02885A
https://doi.org/10.1128/mmbr.61.1.47-64.1997
https://doi.org/10.1128/mmbr.61.1.47-64.1997
https://doi.org/10.1111/jam.14185
https://doi.org/10.1099/00207713-45-1-116
https://doi.org/10.1099/00207713-45-1-116
https://doi.org/10.1016/S0269-8579(88)80020-0
https://doi.org/10.1016/S0269-8579(88)80020-0
https://doi.org/10.1007/s10295-016-1756-4
https://doi.org/10.1007/s10616-009-9189-9
https://doi.org/10.1016/j.margen.2017.05.010
https://doi.org/10.1021/acs.langmuir.8b01319
https://doi.org/10.1021/acs.langmuir.8b01319
https://doi.org/10.1016/j.jbiotec.2003.07.013
https://doi.org/10.1016/0163-7827(89)90010-6
https://doi.org/10.1016/0163-7827(89)90010-6
https://doi.org/10.1111/1462-2920.14620
https://doi.org/10.1046/j.1468-2920.2003.00468.x
https://doi.org/10.1016/j.copbio.2004.04.002
https://doi.org/10.1016/j.copbio.2004.04.002
https://doi.org/10.1002/jsde.12457
https://doi.org/10.1002/jsde.12457
https://doi.org/10.1002/biot.202200489
https://doi.org/10.1002/bp070032r
https://doi.org/10.1002/cssc.202201006
https://doi.org/10.1016/j.jbiotec.2018.07.039
https://doi.org/10.1016/j.jbiotec.2018.07.039
https://doi.org/10.1002/bit.260180709
https://doi.org/10.1128/JB.01292-06
https://doi.org/10.1016/j.jbiotec.2015.07.020
https://doi.org/10.1186/1475-2859-8-31
https://doi.org/10.1186/1475-2859-8-31
https://doi.org/10.1016/j.tibtech.2020.09.004
https://doi.org/10.1016/j.jbiotec.2020.05.011
https://doi.org/10.1016/j.jbiotec.2020.05.011
https://doi.org/10.3390/md17070408
https://doi.org/10.1128/JB.01813-12
https://doi.org/10.1128/JB.01845-12
https://doi.org/10.1128/JB.01849-12
https://doi.org/10.1128/mr.54.3.305-315.1990
https://doi.org/10.1007/s00216-023-04972-5
https://doi.org/10.1021/bp034282t
https://doi.org/10.1128/AEM.02832-09
https://doi.org/10.1002/ejlt.201000374
https://doi.org/10.1128/JB.00700-09
https://doi.org/10.1016/j.biortech.2022.126994
https://doi.org/10.1590/0104-6632.20140314s00002473
https://doi.org/10.1007/s00253-010-2901-z
https://doi.org/10.1128/AEM.00694-13
https://doi.org/10.1002/bit.260190103
https://doi.org/10.1002/bit.26508
https://doi.org/10.1128/aem.61.9.3503-3506.1995
https://doi.org/10.1007/s43938-022-00015-0
https://doi.org/10.1007/BF00210978
https://doi.org/10.1088/1755-1315/65/1/012034
https://doi.org/10.1088/1755-1315/65/1/012034
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1325019


Phan, A. N. T., Prigolovkin, L., and Blank, L. M. (2023). LC-UV/RI-MS as the analytical
platform for bioconversion of sustainable carbon sources: a showcase of 1,4-butanediol plastic
monomer degradation using Ustilago trichophora, 1–16. doi:10.1101/2023.08.16.553358

Poremba, K., Gunkel, W., Lang, S., and Wagner, F. (1991). Toxicity testing of
synthetic and biogenic surfactants on marine microorganisms. Environ. Toxicol.
Water Qual. 6, 157–163. doi:10.1002/tox.2530060205

Prasad, M., Obana, N., Lin, S.-Z., Sakai, K., Blanch-Mercader, C., Prost, J., et al.
(2022). Alcanivorax borkumensis biofilms enhance oil degradation by interfacial
tubulation. bioRxiv, 2022.08.06.503017. doi:10.1101/2022.08.06.503017

Reva, O. N., Hallin, P. F., Willenbrock, H., Sicheritz-Ponten, T., Tümmler, B., and
Ussery, D. W. (2008). Global features of the Alcanivorax borkumensis SK2 genome.
Environ. Microbiol. 10, 614–625. doi:10.1111/j.1462-2920.2007.01483.x

Rojo, F. (2009). Degradation of alkanes by bacteria. Environ. Microbiol. 11,
2477–2490. doi:10.1111/j.1462-2920.2009.01948.x

Ron, E. Z., and Rosenberg, E. (2001). Natural roles of biosurfactants. Minireview.
Environ. Microbiol. 3, 229–236. doi:10.1046/j.1462-2920.2001.00190.x

Rosenberg, M., Gutnick, D., and Rosenberg, E. (1980). Adherence of bacteria to
hydrocarbons: a simple method for measuring cell-surface hydrophobicity. FEMS
Microbiol. Lett. 9, 29–33. doi:10.1111/j.1574-6968.1980.tb05599.x

Routledge, S. J. (2012). Beyond de-foaming: the effects of antifoams on bioprocess
productivity. Comput. Struct. Biotechnol. J. 3, e201210001. doi:10.5936/csbj.201210014

Sabirova, J. S., Ferrer, M., Lunsdorf, H., Wray, V., Kalscheuer, R., Steinbuchel, A., et al.
(2006a). Mutation in a “tesB-Like” hydroxyacyl-coenzyme A-specific thioesterase gene
causes hyperproduction of extracellular polyhydroxyalkanoates by Alcanivorax
borkumensis SK2. J. Bacteriol. 188, 8452–8459. doi:10.1128/JB.01321-06

Sabirova, J. S., Ferrer, M., Regenhardt, D., Timmis, K. N., and Golyshin, P. N. (2006b).
Proteomic insights into metabolic adaptations in Alcanivorax borkumensis induced by
alkane utilization. J. Bacteriol. 188, 3763–3773. doi:10.1128/JB.00072-06

Saikia, R. R., Deka, S., Deka, M., and Banat, I. M. (2012). Isolation of biosurfactant-
producing Pseudomonas aeruginosa RS29 from oil-contaminated soil and evaluation of
different nitrogen sources in biosurfactant production. Ann. Microbiol. 62, 753–763.
doi:10.1007/s13213-011-0315-5

Santos, D. K. F., Rufino, R. D., Luna, J. M., Santos, V. A., and Sarubbo, L. A. (2016).
Biosurfactants: multifunctional biomolecules of the 21st century. Int. J. Mol. Sci. 17,
401–431. doi:10.3390/ijms17030401

Schlebusch, I., Pott, R. W. M., and Tadie, M. (2023). The ion flotation of copper,
nickel, and cobalt using the biosurfactant surfactin.Discov. Chem. Eng. 3, 7. doi:10.1007/
s43938-023-00023-8

Schlosser, N., Espino-Martínez, J., Kloss, F., Meyer, F., Bardl, B., Rosenbaum,M. A., et al.
(2021). Host nutrition-based approach for biotechnological production of the antifungal
cyclic lipopeptide jagaricin. J. Biotechnol. 336, 1–9. doi:10.1016/j.jbiotec.2021.06.015

Schmollack, M., Werner, F., Huber, J., Kiefer, D., Merkel, M., Hausmann, R., et al.
(2022). Metabolic engineering of Corynebacterium glutamicum for acetate-based itaconic
acid production. Biotechnol. Biofuels Bioprod. 15, 139. doi:10.1186/s13068-022-02238-3

Schneiker, S., dos Santos, V. A. M., Bartels, D., Bekel, T., Brecht, M., Buhrmester, J.,
et al. (2006). Genome sequence of the ubiquitous hydrocarbon-degrading marine

bacterium Alcanivorax borkumensis. Nat. Biotechnol. 24, 997–1004. doi:10.1038/
nbt1232

Sha, R., Meng, Q., and Jiang, L. (2012). The addition of ethanol as defoamer in
fermentation of rhamnolipids. J. Chem. Technol. Biotechnol. 87, 368–373. doi:10.1002/
jctb.2728

Sinha, R. K., Krishnan, K. P., and Kurian, P. J. (2021). Complete genome sequence and
comparative genome analysis of Alcanivorax sp. IO_7, a marine alkane-degrading
bacterium isolated from hydrothermally-influenced deep seawater of southwest Indian
ridge. Genomics 113, 884–891. doi:10.1016/j.ygeno.2020.10.020

Takahashi, C. M., Takahashi, D. F., Carvalhal, M. L. C., and Alterthum, F. (1999).
Effects of acetate on the growth and fermentation performance of Escherichia coliKO11.
Appl. Biochem. Biotechnol. 81, 193–204. doi:10.1385/ABAB:81:3:193

Thomas, J. M., Yordy, J. R., Amador, J. A., and Alexander, M. (1986). Rates of
dissolution and biodegradation of water-insoluble organic compounds. Appl. Environ.
Microbiol. 52, 290–296. doi:10.1128/aem.52.2.290-296.1986

Tiso, T., Ihling, N., Kubicki, S., Biselli, A., Schonhoff, A., Bator, I., et al. (2020).
Integration of genetic and process engineering for optimized rhamnolipid production
using Pseudomonas putida. Front. Bioeng. Biotechnol. 8, 976. doi:10.3389/fbioe.2020.
00976

Tripathi, L., Irorere, V. U., Marchant, R., and Banat, I. M. (2018). Marine derived
biosurfactants: a vast potential future resource. Biotechnol. Lett. 40, 1441–1457. doi:10.
1007/s10529-018-2602-8

Van Delden, C., and Iglewski, B. H. (1998). Cell-to-cell signaling and
Pseudomonas aeruginosa infections. Emerg. Infect. Dis. 4, 551–560. doi:10.3201/
eid0404.980405

von Campenhausen, M., Demling, P., Bongartz, P., Scheele, A., Tiso, T., Wessling, M.,
et al. (2023). Novel multiphase loop reactor with improved aeration prevents excessive
foaming in rhamnolipid production by Pseudomonas putida. Discov. Chem. Eng. 3, 2.
doi:10.1007/s43938-023-00018-5

Voulgaridou, G.-P., Mantso, T., Anestopoulos, I., Klavaris, A., Katzastra, C., Kiousi,
D.-E., et al. (2021). Toxicity profiling of biosurfactants produced by novel marine
bacterial strains. Int. J. Mol. Sci. 22, 2383. doi:10.3390/ijms22052383

Weiser, S., Tiso, T., Willing, K., Bardl, B., Eichhorn, L., Blank, L. M., et al. (2022).
Foam-free production of the rhamnolipid precursor 3-(3-hydroxyalkanoyloxy)
alkanoic acid (HAA) by Pseudomonas putida. Discov. Chem. Eng. 2, 8. doi:10.1007/
s43938-022-00017-y

Wolf, N., Bussmann, M., Koch-Koerfges, A., Katcharava, N., Schulte, J., Polen, T.,
et al. (2020). Molecular basis of growth inhibition by acetate of an adenylate cyclase-
deficient mutant of Corynebacterium glutamicum. Front. Microbiol. 11, 87–16. doi:10.
3389/fmicb.2020.00087

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

Zobel, S., Kuepper, J., Ebert, B., Wierckx, N., and Blank, L. M. (2017). Metabolic
response of Pseudomonas putida to increased NADH regeneration rates. Eng. Life Sci.
17, 47–57. doi:10.1002/elsc.201600072

Frontiers in Bioengineering and Biotechnology frontiersin.org17

Karmainski et al. 10.3389/fbioe.2023.1325019

139

https://doi.org/10.1101/2023.08.16.553358
https://doi.org/10.1002/tox.2530060205
https://doi.org/10.1101/2022.08.06.503017
https://doi.org/10.1111/j.1462-2920.2007.01483.x
https://doi.org/10.1111/j.1462-2920.2009.01948.x
https://doi.org/10.1046/j.1462-2920.2001.00190.x
https://doi.org/10.1111/j.1574-6968.1980.tb05599.x
https://doi.org/10.5936/csbj.201210014
https://doi.org/10.1128/JB.01321-06
https://doi.org/10.1128/JB.00072-06
https://doi.org/10.1007/s13213-011-0315-5
https://doi.org/10.3390/ijms17030401
https://doi.org/10.1007/s43938-023-00023-8
https://doi.org/10.1007/s43938-023-00023-8
https://doi.org/10.1016/j.jbiotec.2021.06.015
https://doi.org/10.1186/s13068-022-02238-3
https://doi.org/10.1038/nbt1232
https://doi.org/10.1038/nbt1232
https://doi.org/10.1002/jctb.2728
https://doi.org/10.1002/jctb.2728
https://doi.org/10.1016/j.ygeno.2020.10.020
https://doi.org/10.1385/ABAB:81:3:193
https://doi.org/10.1128/aem.52.2.290-296.1986
https://doi.org/10.3389/fbioe.2020.00976
https://doi.org/10.3389/fbioe.2020.00976
https://doi.org/10.1007/s10529-018-2602-8
https://doi.org/10.1007/s10529-018-2602-8
https://doi.org/10.3201/eid0404.980405
https://doi.org/10.3201/eid0404.980405
https://doi.org/10.1007/s43938-023-00018-5
https://doi.org/10.3390/ijms22052383
https://doi.org/10.1007/s43938-022-00017-y
https://doi.org/10.1007/s43938-022-00017-y
https://doi.org/10.3389/fmicb.2020.00087
https://doi.org/10.3389/fmicb.2020.00087
https://doi.org/10.1099/00207713-48-2-339
https://doi.org/10.1002/elsc.201600072
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1325019


Carbon and nitrogen optimization
in solid-state fermentation for
sustainable sophorolipid
production using industrial waste

Estefanía Eras-Muñoz, Teresa Gea* and Xavier Font

Department of Chemical, Biological and Environmental Engineering, Escola d’Enginyeria, Composting
Research Group (GICOM), Universitat Autònoma de Barcelona, Barcelona, Spain

The use of alternative feedstocks such as industrial or foodwaste is being explored
for the sustainable production of sophorolipids (SLs). Microbial biosurfactants are
mainly produced via submerged fermentation (SmF); however, solid-state
fermentation (SSF) seems to be a promising alternative for using solid waste or
byproducts that could not be exploited by SmF. Applying the advantages that SSF
offers and with the aim of revalorizing industrial organic waste, the impact of
carbon and nitrogen sources on the relationship between yeast growth and SL
production was analyzed. The laboratory-scale system used winterization oil cake
as the solid waste for a hydrophobic carbon source. Pure hydrophilic carbon
(glucose) and nitrogen (urea) sources were used in a Box–Behnken statistical
design of experiments at different ratios by applying the response surface
methodology. Optimal conditions to maximize the production and productivity
of diacetylated lactonic C18:1 were a glucose:nitrogen ratio of 181.7:1.43 (w w−1

based on the initial dry matter) at a fermentation time of 100 h, reaching 0.54 total
gram of diacetylated lactonic C18:1 with a yield of 0.047 g per gram of initial dry
mass. Moreover, time course fermentation under optimized conditions increased
the SL crude extract and diacetylated lactonic C8:1 production by 22% and 30%,
respectively, when compared to reference conditions. After optimization,
industrial wastes were used to substitute pure substrates. Different industrial
sludges, OFMSW hydrolysate, and sweet candy industry wastewater provided
nitrogen, hydrophilic carbon, and micronutrients, respectively, allowing their
use as alternative feedstocks. Sweet candy industry wastewater and cosmetic
sludge are potential hydrophilic carbon and nitrogen sources, respectively, for
sophorolipid production, achieving yields of approximately 70% when compared
to the control group.

KEYWORDS

biosurfactant, sophorolipid, solid-state fermentation, experimental design, residue
revalorization, cosmetic industry, bioconversion
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GRAPHICAL ABSTRACT

The graphical abstract of this study.

1 Introduction

Microbial biosurfactants (BSs) are secondary metabolites
proposed as potential substitutes for chemical surfactants due to
their flexibility in a wide range of environmental conditions,
biodegradability, low toxicity, and ecofriendly characteristics
(Andersen et al., 2016). Recent studies indicate that BSs have
potential applications in the biomedical field, specifically for drug
delivery and as biocidal agents against viruses such as SARS-CoV-2
(Daverey et al., 2021). Moreover, in the environmental field,
sophorolipids (SLs), rhamnolipids, and lipopeptides have
emerged as the main BS applied for enhancing agricultural
practices and improving soil quality (Eras-Muñoz et al., 2022).
From an economic point of view, the global market size of
chemical surfactants is forecasted to achieve a compound annual
growth rate (CAGR) of 5.3% from 2020 to 2027. Similarly, BSs are
expected to experience a CAGR of over 5.5% between 2020 and 2026
(Pardhi et al., 2022). In this context, SLs exhibit significant potential
due to the high productivity levels of the wild-type producer
Starmerella bombicola ATCC 2214 and the possibility of
producing target congeners using engineered strains (Van
Bogaert et al., 2016; Dierickx et al., 2022).

According to the literature, SLs are produced under nitrogen
limitation when the microorganism reaches the stationary growth
phase (Roelants et al., 2019; Wang et al., 2019). When there is an
excess of a nitrogen source in the media, nutrients are used for
microorganism growth and maintenance; consequently, SL
production decreases (Ingham and Winterburn, 2022). It is well
known that yeast growth is nitrogen dependent since it affects the

formation of biomass, which in turn affects the duration and
kinetics of the fermentation process (Ma et al., 2011; Christofi
et al., 2022). To increase SL production, particular efforts have
been made to optimize nutrient concentrations such as the
nitrogen source, hydrophilic carbon source, and hydrophobic
carbon source (Shah et al., 2017; Jadhav et al., 2019; Van
Renterghem et al., 2019). Studies conducted on this topic agree
that the simultaneous addition of both carbon sources strongly
stimulated SL production. However, if the fermentation media
contain only one of these sources, the growth and yeast metabolism
are affected, making the process inefficient (Liu et al., 2021). Gao
et al. (2013) contradicted this theory by reporting that higher
production yields (>200 g L-1 day-1) can be achieved when
supplementing the hydrophobic source during the yeast
stationary phase. An effective substrate combination that favors
SL synthesis is constituted by glucose often combined with a
hydrophobic carbon source rich in oleic acid (Van Bogaert
et al., 2016; Wongsirichot et al., 2021). When this source is a
triglyceride, it is first converted into fatty acids by enzymes such as
aldehyde dehydrogenase or long-chain alcohol oxidase, and then,
they are used for SL biosynthesis, typically composed of a fatty acid
chain with approximately 16–18 carbon atoms (Intasit and
Soontorngun, 2023). In addition, nitrogen is an essential source
that needs to be well-balanced to allow growth and reach the
stationary growth phase for an optimal process (Albrecht et al.,
1996; Wongsirichot et al., 2022). In recent times, there has been a
concerted effort to reduce production costs and enhance the
economic competitiveness of SLs. To achieve this objective,
significant attention has been directed toward the utilization of
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alternative feedstocks, non-food competition, and the
revalorization of food waste (Jiménez-Peñalver et al., 2019;
Kaur et al., 2019; Wongsirichot et al., 2022).

BSs are traditionally produced via submerged fermentation (SmF).
However, solid-state fermentation (SSF) seems to be a promising
technology to increase efforts toward a circular economy. SSF is
developed in the absence or limitation of free water (Pandey, 2003)
and allows the sustainable conversion of organic insoluble solid waste
into high-value-added products (Jiménez-Peñalver et al., 2016; Hu et al.,
2021). Themain challenges of SSF revolve around sample heterogenicity
and mass and heat transfer, which are intrinsic characteristics of solid
matrices (Kumar et al., 2021; Oiza et al., 2022). Temperature and
composition gradients are often reported when scaling up SSF
systems, pointing to the co-existence of different metabolic states for
cells growing in the solid matrix. The production of SLs by SSF has been
already proven feasible at different operation scales up to 100 L
(Rodríguez et al., 2021). However, the nitrogen and carbon dynamics
for sophorolipid production under SSF have not yet been specifically
addressed.

To enhance our knowledge about SL production in SSF, it is crucial
to evaluate the influence of nutrient sources on yeast growth, the
production process, and the final product composition. In this way, a
statistical design of experiments (DoE) was applied in this study. The
application ofDoE is widely used for biological process optimization and
has already been used for biosurfactant production such as surfactin
(Zhu et al., 2013) and SLs (Minucelli et al., 2017). DoE provides an
understanding of the interactions between factors (medium
components) at different levels (concentration/ratio) and their effect
on the evaluated output. The variables that are found significant and fit a
statistical model (linear, quadratic, and cubic curvature, among others)
can be further optimized using the response surfacemethodology (RSM)
that has been used extensively for media optimization (Rispoli et al.,
2010). Since there are a large number of possible combinations to be
tested when DoE is applied, the use of bioreactors is a limitation to the
analysis being the shake flask scale, the methodology reported in the
literature (Ingham and Winterburn, 2022).

This paper aims to evaluate the influence of hydrophilic carbon and
nitrogen sources on the production of diacetylated lactonic C18:1 SLs,
focusing on the variation in the glucose and urea ratio by applying a
Box–Behnken design (BBD). Our hypothesis is based on balancing
nitrogen to ensure suitable cell growth levels and optimal SL
productivity. To the best of our knowledge, this is the first instance
to explore SL production and optimize diacetylated lactonic C18:
1 production on multiple substrates via SSF. Winterization oil cake
(WOC), sweet candy industry wastewater, hydrolysate of the organic
fraction ofmunicipal solidwaste, and sludges from the cosmetic industry
were used as sources of hydrophobic carbon, hydrophilic carbon,
nitrogen, and micronutrients for SL production on SSF.

2 Materials and methods

2.1 Pure substrates and support material

The substrates used for SL production were glucose as a hydrophilic
substrate, urea as a nitrogen source, and yeast extract as a nutrient
source, all of which were of analytical grade and provided by Sigma-
Aldrich (St. Louis, MO, United States). In our study, WOC obtained
from sunflower oil refining was used as the hydrophobic substrate, with
an oil content ranging from 44% to 80%, composed mainly of 84% of
C18:1 fatty acid, as described in previous studies (Jiménez-Peñalver et al.,
2016; Rodríguez et al., 2021), and was provided by Lípidos Santiga S.A.
(Barcelona, Spain). The organic support used for SSF was wheat straw
provided by the Veterinary Faculty of Universitat Autònoma de
Barcelona (Barcelona, Spain).

2.2 Yeast culture preparation

The yeast S. bombicola ATCC 22214 was purchased from the
American Type Culture Collection (Manassas, United States) and
cryopreserved at −80°C with glycerol (10% v v−1). It was grown for
48 h at 30 °C on agar plates containing 10 g L-1 of dextrose, 5 g L-1 of
peptone, 3 g L-1 of malt extract, 3 g L-1 of yeast extract, and 20 g L-1 of
bacteriological agar. Then, it was transferred to 100 mL broth in a
500-mL Erlenmeyer flask with the same medium composition as
described above but without bacterial agar. Next, it was incubated to
a mid-exponential growth in a shaker at 180 rpm for 48 h at 30 °C,
reaching an absorbance reading around 0.1–0.35 with a target OD600

of 12–15 units (approximately 109 CFU mL-1).

2.3 Solid-state fermentation

The experiments were carried out using 0.5-L Erlenmeyer flasks,
with a total working volume of 0.18 L. The total solid substrate
weight was approximately 20.3 ± 0.6 g with a dry matter of 53.5%
(10.84 g). Each sample was loaded with a solid matrix made up of
3.8 g of wheat straw as the support, working at 75% water holding
capacity and 6.3 g of WOC. The final production mixture was 43.1%
aqueous phase composed of 7 mL of a nutrient dilution mix
(glucose, yeast extract, and urea) and 1.7 mL of S. bombicola
inoculum. This mixture was based on previous works using 0.1 g
glucose g-1 dry matter as an initial stage for SL production (Jiménez-
Peñalver et al., 2016; Rodríguez et al., 2020). Moreover, nutrients
were added following a glucose:yeast extract:urea ratio of 100:10:01
(w w−1 based on the initial mixture dry weight), as extensively
reported for SmF. This ratio was modified according to the
experimental design. Fermentations were carried out under sterile
conditions, for which wheat straw was autoclaved (121°C, 30 min)
twice before the preparation of the solid matrix, and then, the total
mixture was autoclaved (the same conditions) before assembly.

2.4 Experimental design

The Design-Expert 12® program (Stat-Ease, Inc., United States)
was used to generate a DoE. Glucose, urea, and fermentation time

TABLE 1 Selected factors and levels for the designed experiment and the
optimization process.

Parameter Unit Level −1 Level 0 Level +1

Glucose Ratio (w w−1)a 50 125 200

Urea Ratio (w w−1)a 0 1 2

Time Hour 96 168 240

aRatio values were calculated based on the initial solid dry weight (10.8 ± 0.6 g).
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were chosen as factors and tested at three different levels, namely,
low, medium, and high (Table 1). As outcomes, diacetylated lactonic
C18:1 production (total g), diacetylated lactonic C18:1 productivity
(g L-1 h-1) reported by working volume (0.18 L), and yeast growth
(total CFU) were evaluated using a BBD (Box and Behnken, 1960).
The total setup consisted of 33 runs setting a triplicate in the central
point for each fermentation time for pure error estimation.

Equation 1 shows a second-order polynomial model that was
fitted for each response result. The fit significance of the model
equations was evaluated using the statistical analysis of variance
(ANOVA) with a p-value below 0.05. The fit quality of the quadratic
model was expressed by the coefficient of determination (R2) and
their prediction capability by the predicted R2.

y � βo +∑3

i�1βiXi +∑3

i�1βiiX
2
i +∑2

i�1∑
3

j�i+1βijXiXj, (1)

where y is the predicted response, βo is the model constant, βi, βii,
and βij are the regression coefficients of linear, quadratic, and cross-
product terms, respectively, and Xi and Xj are coded independent
variables.

Optimum ratio predictions were generated focusing on
maximizing diacetylated lactonic C18:1 production and
productivity. The experimental and predicted response values
were compared, and the predictive capability of the model was
assessed. Multiple regression analysis was applied to analyze the
variables by obtaining a regression equation that could predict the
response within the specified range. To verify the obtained models,
the best ratio combination was assayed by triplicate using the same
setup system. When required, SigmaPlot 12.5 (Systat Software Inc.,
United States) was implemented for graph creation and for
treatment means comparison by Tukey’s and Dunnett’s tests
(p < 0.05).

2.5 Time course of optimal fermentation and
comparison to reference conditions

To compare the optimum glucose:nitrogen combination
(WOC-O) and the reference ratio (100:1 w w−1, WOC-R), the
process was scaled up to 0.5-L packed bed bioreactors with a
working volume capacity of 75%. Each reactor was filled with a
solid matrix that included 14 g of wheat straw (water-holding
capacity 75%), along with 23.20 g of WOC. Furthermore, the
fermented solid consisted of a 45.1% aqueous phase, comprising
25.86 mL of a nutrient solution (glucose, yeast extract, and urea) and
6.4 mL of the S. bombicola inoculum. Subsequently, the total weight
of the solid substrate reached 77.42 g, with a dry matter content of
54.9% for the optimum and 73.89 g with a dry matter content of
52.7% for the reference mixtures. The assay was conducted using a
respirometer, and four bioreactor replicates were run for each
condition. The bioreactors were sacrificed for analysis at 48, 96,
168, and 240 h.

Fermentation conditions were set as previously reported by
Jiménez-Peñalver et al. (2016). In brief, the temperature was kept
constant at 30°C by submerging the reactors in a water bath. A flow
rate of 30 mL min-1 was continuously supplied to the reactors with
humidified air regulated by using a mass flow controller
(Bronkhorst, Spain). The oxygen uptake rate (OUR) was

calculated as an indirect measure of biological activity from the
oxygen concentration values in the exhaust gases (Ponsá et al., 2010;
Jiménez-Peñalver et al., 2016).

2.6 Alternative substrates

With the aim of substituting pure substrates, different organic
industrial wastes were used as feedstock. Sweet candy industry
wastewater (RSC) was provided by Chupa Chups S.A.U.
(Barcelona, Spain). The organic fraction of municipal solid waste
(OFMSW) was kindly provided by Mancomunitat La Plana (Malla,
Barcelona), and the hydrolysate (ROF) was prepared as described by
Molina-Peñate et al. (2022). Nitrogenous sludges (RHP and RAC)
were provided by two local industries (Barcelona, Spain). The RHP
sludge comes from the cleaning of the reactors used in the
production of cosmetics, hair treatments and body creams,
among others while RAC comes from the cleaning of the
reactors employed to produce household cleaning products.
Alternative substrates were characterized and kept at −20°C.
Subsequently, a series of experiments were conducted at a shake
flask scale at 30°C for 100 h. The alternative substrates were dosed to
achieve the optimal nitrogen and carbon levels dictated by the
previously obtained model. These experiments were designed
based on the potential exhibited by alternative substrates such as
carbon or nitrogen sources. To reach the optimal ratio conditions of
the DoE, the solid substrate was supplemented with glucose and/or
urea when necessary.

2.7 Routine analysis

2.7.1 Analytical methods
Substrate physiochemical characterization parameters such as

pH, dry matter (DM), moisture content (MC), and organic matter
(OM) were measured according to standard methods (Thompson
et al., 2001). In addition, solid–liquid water extraction was
performed (1:10, w v−1) at 150 rpm for 30 min. Then, the extracts
were filtered using a 0.45-µm membrane filter and used for glucose,
total carbon (TC), and total nitrogen (TN) analysis. The YSI 2950D
biochemistry analyzer was used (YSI Inc./Xylem Inc., United States)
for glucose quantification, while for TC and TN analysis, the multi
N/C 2100S analyzer (Analytik Jena, INYCOM, Instrumentación y
Componentes, S.A, Spain) was used.

Viable cell numbers were quantified by counting colony-
forming units (CFUs), as described by Rodríguez et al. (2020).
To sum up, the fermented solid was mixed with Ringer® sterile
saline solution (1:10, w v−1). Then, the mixture was shaken in an
orbital incubator at 200 rpm, 25°C for 20 min, and serial dilutions
were carried out (1:10, v/v). Later, 100 μL of each dilution was
inoculated on agar plates and incubated at 30°C for 48 h. After
incubation, the formed colonies were counted using the schuett
counter (Göttingen, Germany).

2.7.2 Sophorolipid extraction
Solvent extraction was performed using ethyl acetate (1:10, w v−1),

as described by Jiménez-Peñalver et al. (2018). In brief, the mix was
shaken twice in an orbital incubator at 200 rpm, 25°C for 1 h.
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The extracts were pooled together, and anhydrous Na2SO4 was
added to remove moisture traces. Next, the samples were filtered
usingWhatman filter paper No. 1 and vacuum-dried using a rotary
evaporator at 40°C. Following this, the resulting SL crude extract

was cleansed of any oily residue by washing it with n-hexane and
leaving it to dry overnight. Finally, the SL crude extract was
determined gravimetrically and stored at 4°C until further use
in post-fermentation procedures.

TABLE 2 Box–Behnken design matrix and observed responses: production and productivity of diacetylated lactonic C18:1 and yeast growth.

Run Combination X1: glucose X2: urea X3: time Diacetylated lactonic
C18:1 production

Diacetylated lactonic C18:
1 productivity

Yeast
growth

(Ratio) (Ratio) (h) (Total g) (g g-1 DMi) (g L-1 h-1) (Total CFU)

1 +++ 200 2 240 0.624 0.054 0.014 4.57 × 1010

2 -++ 50 2 240 0.408 0.040 0.009 3.90 × 1010

3 -0- 50 1 96 0.396 0.039 0.023 2.53 × 1010

4 +00 200 1 168 0.736 0.062 0.024 3.36 × 1010

5 0-- 125 0 96 0.242 0.022 0.014 5.76 × 1010

6 +0+ 200 1 240 0.866 0.073 0.02 3.45 × 1010

7 0-+ 125 0 240 0.735 0.067 0.017 3.94 × 1010

8 --+ 50 0 240 0.44 0.043 0.01 4.82 × 1010

9 000a 125 1 168 0.771 0.070 0.025 2.24 × 1010

10 0–0 125 0 168 0.45 0.041 0.015 3.22 × 1010

11 +0- 200 1 96 0.534 0.045 0.031 4.08 × 1010

12 +-- 200 0 96 0.333 0.028 0.019 3.97 × 1010

13 ++- 200 2 96 0.597 0.050 0.035 4.59 × 1010

14 -+0 50 2 168 0.409 0.040 0.014 2.08 × 1010

15 --- 50 0 96 0.329 0.032 0.019 5.45 × 1010

16 −0+ 50 1 240 0.438 0.043 0.010 2.32 × 1010

17 +-+ 200 0 240 0.699 0.059 0.016 4.37 × 1010

18 000b 125 1 168 0.73 0.067 0.024 5.48 × 1010

19 000c 125 1 168 0.742 0.068 0.025 5.31 × 1010

20 0 + 0 125 2 168 0.531 0.048 0.018 7.93 × 1010

21 00+a 125 1 240 0.763 0.070 0.018 4.39 × 1010

22 ++0 200 2 168 0.626 0.053 0.021 3.78 × 1010

23 - + - 50 2 96 0.311 0.030 0.018 3.07 × 1010

24 --0 50 0 168 0.337 0.033 0.011 2.98 × 1010

25 00-a 125 1 96 0.591 0.054 0.034 3.59 × 1010

26 −00 50 1 168 0.338 0.033 0.011 2.50 × 1010

27 00-b 125 1 96 0.587 0.053 0.034 2.78 × 1010

28 00-c 125 1 96 0.537 0.035 0.031 4.99 × 1010

29 0+- 125 2 96 0.529 0.048 0.031 2.58 × 1010

30 +-0 200 0 168 0.685 0.058 0.023 6.53 × 1010

31 00 + b 125 1 240 0.617 0.056 0.014 8.53 × 1010

32 00 + c 125 1 240 0.838 0.076 0.019 5.70 × 1010

33 0++ 125 2 240 0.528 0.048 0.012 4.57 × 1010

aDM, initial dry matter; , b, c are biological replicates at the central point for the corresponding fermentation time.
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2.7.3 HPLC–UV quantification method
Diacetylated lactonic C18:1 was quantified following the method

proposed by Ingham et al. (2023) with some modifications. The SL
crude extract was diluted in ethanol (10 g L-1), heated at 60°C for
15 min to dissolve the lactonic SL, and filtered using a 0.22-µm
membrane before analysis. Then, molecules were separated in the
HPLC UltiMate™ 3000 system (Thermo Fisher Scientific, Spain)
using the Nucleosil™ 100 × 3 × 4.6 mm C18 EC column
(Phenomenex, United States). The method conditions were a
flow rate of 1.4 mL min-1, column temperature of 45°C, and
injection volume of 10 µL measured using a UV visible diode
array detector at a spectrum of 198 nm. A solution of
acetonitrile/water, both supplemented with 0.1% formic acid, was
used as the mobile phase. The elution gradient was set at 70/30 for
10 min, followed by a linear gradient up to 10/90 in 50 min; this ratio
was maintained for an additional 10 min, after which it was set back
to 70/30 for 15 min to restore initial conditions. Moreover, with the
aim of identifying the compounds by their mass/charge (m/z),
samples after the LC–UV were ionized by electrospray (in the
negative mode) and were analyzed using a MicroTOF-Q II mass
spectrometer (Bruker, United States) coupled to the equipment.
Finally, the calibration curve concentration ranged from 2.5 to
20 g L-1 using the standard 1′,4″-sophorolactone 6′,6″-diacetate
with a purification of ≥80% (Cayman Chemical, United States).

3 Results and discussion

As mentioned earlier, the evaluation of glucose as a hydrophilic
carbon source and urea as a nitrogen source was performed based on
their weight ratio related to the initial total mixture dry weight. To
screen potential alternative feedstocks for SL production on SSF, a
deep understanding of the media components and product range, as
well as potential interactions, is required. In this context, Table 2
shows the BBD matrix outcomes for the analyzed responses.

3.1 Nutrient influence on sophorolipid
production

The applied levels of glucose and nitrogen and time yielded a
range of diacetylated lactonic C18:1 quantities at harvest from
0.242 to 0.866 total gram, which corresponds to a yield from
0.022 to 0.073 g g-1 DMi (Figure 1). The central point 000 (runs 9,
18, and 19) combined with a glucose/urea weight ratio of 125:1 at
168 h resulted in a mean of 0.748 ± 0.021 total gram of
diacetylated lactonic C18:1, with a yield of 0.068 ± 0.002 g g-1

DMi and a volumetric productivity of 0.025 ± 0.001 g L-1 h-1.
Moreover, the highest value of diacetylated lactonic C18:1 was
achieved when a glucose/urea ratio of 200:1 was applied at 240 h
(+0+). In contrast, the minimum value was achieved at 96 h,
related to the combination of glucose/urea ratio of 125:0 (0--).
Glucose would be depleted in the first 96 h in the combinations
with a lower initial glucose ratio, showing a statistical decrease in
SL production, while high ratios increased productivity, which is
aligned with the results obtained by Ingham and Winterburn
(2022).

Considering the importance of time as a critical operation factor,
the results were assessed at each fermentation time, recognizing that
the duration required to reach the stationary phase is dependent on
the medium concentration (Gao et al., 2013). The results revealed
that runs 13 (++-, 0.597 total g), 9 (000, 0.771 total g), and 6 (+0+,
0.866 total g) exhibited the highest production levels at 96, 168, and
240 h, respectively. In addition, the highest productivity was
achieved at 96 h by run 13 (++-), achieving 0.035 g L-1 h-1. SL
crude extract production increased from 0.810 to 1.905 total g,
with a yield range between 0.075 and 0.164 g g-1 DMi. The literature
shows that glucose is an important parameter for the SL structure.
When glucose is supplied, together with a hydrophobic carbon
source, it is directly incorporated into the SL, although glucose is
not taken from the fatty acid synthesis. In contrast, when the glucose
concentration is low, part of the fatty acids will be used for cell

FIGURE 1
DoE outcomes based on the glucose:nitrogen ratio and fermentation time. Total gram of crude SL and C18:1 was obtained from the total initial solid
wet weight (20.3 ± 0.63 g). Productivity values are expressed in working volume (0.18 L).a, b, c show central point replicates.
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TABLE 3 Production results based on SL crude extract LC–UV quantification.

Run Combination Crude extract Total SL in the crude mix Relative abundance
of diacetylated lactonic
C18:1 over total SL

(Total g) (g g−1 DMi) (g g-1) (%)a

1 +++ 1.788 0.153 0.628 55.56

2 -++ 1.315 0.131 0.518 59.93

3 -0- 1.412 0.141 0.460 60.92

4 +00 1.885 0.162 0.638 61.17

5 0-- 0.810 0.075 0.495 60.40

6 +0+ 1.895 0.163 0.709 64.50

7 0-+ 1.614 0.149 0.660 68.97

8 --+ 1.451 0.145 0.454 66.88

9 000a 1.690 0.156 0.679 67.18

10 0–0 1.604 0.148 0.445 62.99

11 +0- 1.213 0.104 0.648 67.99

12 +-- 1.509 0.130 0.317 69.61

13 ++- 1.834 0.157 0.488 66.68

14 -+0 1.372 0.137 0.458 65.09

15 --- 1.044 0.104 0.447 70.54

16 −0+ 1.343 0.134 0.505 64.50

17 +-+ 1.860 0.160 0.670 56.09

18 000b 1.561 0.144 0.673 69.52

19 000c 1.691 0.156 0.640 68.62

20 0 + 0 1.540 0.142 0.529 65.18

21 00+a 1.687 0.156 0.689 65.59

22 ++0 1.866 0.160 0.595 56.42

23 - + - 1.034 0.103 0.508 59.24

24 --0 1.170 0.117 0.431 66.97

25 00-a 1.634 0.151 0.535 67.63

26 −00 1.214 0.121 0.406 68.62

27 00-b 1.673 0.154 0.500 70.19

28 00-c 1.481 0.137 0.367 71.43

29 0+- 1.620 0.149 0.466 70.08

30 +-0 1.905 0.164 0.522 68.85

31 00 + b 1.532 0.141 0.615 65.42

32 00 + c 1.726 0.159 0.709 68.51

33 0++ 1.431 0.132 0.591 62.43

aPercentage values were calculated based on the SL relative area on the crude extract. DMi, initial dry matter.
a,b,c are biological replicates at the central point for the corresponding fermentation time.
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maintenance rather than SL synthesis since part of the fatty acids will
be directed toward the β-oxidation (Hommel et al., 1994; Van
Bogaert et al., 2007; Van Bogaert et al., 2016).

SL production has been extensively reported based on the crude
extract, both in SmF and SSF. Compared to the extraction of SLs from
liquid matrices, downstream processing in SSF presents notable

TABLE 4 ANOVA for the surface quadratic model when diacetylated lactonic C18:1 production and productivity were used as outcomes.

Diacetylated lactonic C18:1 production
(R2 = 84.31%)

Diacetylated lactonic C18:1 productivity
(R2 = 86.23%)

Source DF Mean square p-value Mean square p-value

Model 9 0.0856 <0.0001a 0.0002 <0.0001a

X1 -glucose 1 0.2923 <0.0001a 0.0003 <0.0001a

X2 -nitrogen 1 0.0054 0.3610 0.0000 0.0679

X3 -time 1 0.1765 <0.0001a 0.0007 <0.0001a

X1X2 1 0.0010 0.6952 0.0000 0.3424

X1X3 1 0.0189 0.0951 1.218 × 10−6 0.7394

X2X3 1 0.0597 0.0051a 0.0001 0.0028a

X1
2 1 0.0416 0.0166a 0.0000 0.0432a

X2
2 1 0.1145 0.0003a 0.0002 0.0006a

X3
2 1 0.0090 0.2420 0.0000 0.2844

Residual 23 0.0062 0.0000

Lack of fit 17 0.0068 0.3377 0.0000 0.0513

aSignificant parameters (p < 0.05).

Bold values represent parameters interaction.

FIGURE 2
Combined effect of analyzed factors on diacetylated lactonic C18:1 production response: (A) glucose and nitrogen ratio at 240 h; (B) time and
nitrogen at a maximum glucose ratio of 200; and (C) productivity response at 96 h based on the glucose and nitrogen ratio. Surface plots are colored
from low (blue) to high (red).
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differences, primarily attributed to the unique characteristics of the
involved solid fermented matrix, which can decrease the efficiency of
the hexane extraction process. Consequently, impurities can be present
in the final crude product, affecting the downstream process design and
overall economic performance. Martínez et al. (2022) described SL
recovery from the solid matrix as the major contributor to operating
costs.

In this case, diacetylated lactonic C18:1 SL accounted for 22%–
49% of the total crude extract. The literature reports that several
enzymes are involved in the SLmetabolic pathway, allowing amixture
of more than 20 molecules. This SL mixture can be classified into
acidic and lactonic, the diacetylated lactonic C18:1 being the main
molecule produced by S. bombicola (Van Bogaert et al., 2016; Roelants
et al., 2019; Liu et al., 2020). In the experiments shown herein, other SL
congeners were also produced (Supplementary Figure S1). Our
findings are consistent with those reported by Jiménez Peñalver
et al. (2020), who documented an SL crude mixture from SSF
primarily composed of diacetylated lactonic C18:1. Thus, when
considering the total equivalent area of SL congeners present in
the crude extract, the total relative abundance of this congener
could be estimated as 56%–71% (Table 3). In contrast to the
partially purified yellowish honey-like viscous product typically
described in the literature and obtained in this study, pure SL
exhibits a colorless appearance and transforms into a white
powder when completely dried (Claus and Van Bogaert, 2017;
Jiménez-Peñalver et al., 2020; Kashif et al., 2022). This honey-like
texture could indicate that the extract still contains impurities such as
long-chain fatty acids (LCFAs) originating from the WOC during
fermentation. As the fermentation proceeds, higher SL titers and
lower LCFA concentrations are observed, thus increasing the purity of
crude extracts (Supplementary Figure S1).

3.2 Diacetylated lactonic C18:1 production
and productivity models and optimization

The data obtained from the fermentation processes were
analyzed using Design-Expert 12® software. The report of the
diacetylated lactonic C18:1 measure was used in the design to
clarify the process and the influence of the analyzed factors.
Table 4 summarizes the ANOVA for the main responses used
for the optimization process. The lack of fit was not significant
(p > 0.05), which is reliable in terms of prediction, showing that the
variation between replicates is acceptable (Haber and Runyon,
1973). The statistical analysis for diacetylated lactonic C18:
1 response and productivity resulted in a second-order
polynomial approach (p-value <0.0001 in both outcomes), with
glucose (X1 ) and fermentation time (X3 ) being the most significant
parameters in terms of the p-value. As reported by Haber and
Runyon (1973), the smaller the p-value, the more significant the
corresponding coefficient.

Regarding diacetylated lactonic C18:1 production, the standard
least squares regression (R2) could explain 84.31% of the variability
present in the analyzed response. Moreover, the model based on the
predicted R2 can also explain 64.57% of the variations in new
observations, which is in reasonable agreement with the adjusted
R2 of 78.18% (difference less than 0.2). Despite the main influencing
parameters, the term X2X3 (nitrogen and time) had a significant

effect on C18:1 production when the maximum glucose ratio was
applied, demonstrating a quadratic curvature and an interaction
between both terms. The importance of this interaction is supported
since these parameters are related to microorganism growth and
survival. Finally, the resulting normalized regression produced by
the model for diacetylated lactonic C18:1 production is presented in
the following equation:

Diacetylated lactonic C18: 1 total g( )� 0.6852 + 0.1274X1

+ 0.0173X2 + 0.0896X3

+ 0.0090X1X2 + 0.0397X1X3

− 0.0705X2X3− 0.0740X1
2

− 0.1227X2
2 − 0.0350X3

2,

(2)

where X1 represents the glucose ratio, X2 represents the nitrogen
ratio, and X3 represents the fermentation time (h).

For productivity response, R2 was of 86.23% with an adjusted
and predicted R2 of 80.84% and 67.34%, respectively. The ANOVA
shows the same behavior as the diacetylated lactonic C18:
1 outcome. The regression equation for the normalized data
was as follows:

Productivity g L−1h−1( )� 00231 + 0.1274X1 + 0.0173X2

+ 0.0896X3 + 0.0090X1X2 + 0.0397X1X3

− 0.0705X2X3 − 0.0740X1
2

− 0.1227X2
2 − 0.0350X3

2,

(3)
where X1, X2, and X3 are the glucose ratio, nitrogen ratio, and
fermentation time (h), respectively.

To demonstrate the interaction between hydrophilic carbon
(glucose) and nitrogen and fermentation time, surface plots in
3D were generated to show their effect on diacetylated lactonic
C18:1 production and productivity (Figure 2). When the glucose:
nitrogen ratio is modified, changes in the shape and contour of the
RSM can be analyzed. Figure 2A shows that at the maximum
fermentation time (240 h), a high glucose ratio (between
186.5 and 199.0) promotes the production of the lactonic SL.
Nitrogen causes a lower impact compared to glucose, as can be
deduced by the model parameters. Moreover, when the highest
glucose ratio was set, the interaction between time and nitrogen was
demonstrated (Figure 2B). The highest productivity was achieved at
96 h and decreased afterward. Figure 2C presents productivity
evolution at 96 h, showing that maximum productivity was
obtained when nitrogen and glucose ratios were at the highest
values.

As reported by the literature, medium optimization and
experimental designs for SL production in liquid cultures have
been carried out by several research groups (Casas and García-
Ochoa, 1999; Saerens et al., 2009; Rispoli, et al., 2010; Parekh and
Pandit, 2012). Nevertheless, the scarcity of studies focused on
optimizing nutrients in SSF has hindered meaningful
comparisons within the field. Ingham and Winterburn (2022)
developed a central composite experimental design to understand
how nitrogen, glucose, and oil sources influence sophorolipid
production via SmF. Their findings support that nitrogen and oil
were significant, but glucose did not demonstrate a significant effect
on SL production in the analyzed concentration range
(15.9–184 g L–1). In contrast, our research demonstrated the
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significant influence of glucose on the production of diacetylated
lactonic C18:1. These findings are aligned with those of the study
conducted by Minucelli et al. (2017), who reported a reduction of
83% in SL production when the glucose concentration was decreased
from 100 g L-1–10 g L-1. In addition, in our experiment, the
hydrophobic carbon source was kept constant, which can also
show the effect of glucose in the process.

3.3 Experimental validation of the optimized
conditions

Utilizing the acquired model, the production of diacetylated
lactonic C18:1 was optimized using a numerical method provided by
Design-Expert 12® software. Considering the associated costs of
extended fermentation time, productivity becomes a crucial factor
for prospective industrial process implementation and scale-up.
Therefore, the objective was to maximize lactonic SL production
and productivity regardless of the yeast growth and SL crude extract.
The optimal point was a glucose:nitrogen ratio of 181.75:1.43 (w
w−1) that corresponds to a glucose and nitrogen concentration of

94 and 0.74 g kg-1, respectively, of the wet mixture initial weight. The
optimal fermentation time was 100 h with a prediction of 0.612 total
g of diacetylated lactonic C18:1 and a productivity of 0.033 g L-1 h-1

(Figure 3). It is worth mentioning that the optimal glucose ratio
obtained in our study is comparable to that reported for SmF
(50–100 g L-1). While SSF offers the advantage of significantly
reduced water volumes, it is essential to acknowledge that mass
transfer limitations can affect the availability of nutrients for
microorganisms (Kumar et al., 2021; Chilakamarry et al., 2022;
Al-Kashef et al., 2023).

The optimal conditions (DLA) were validated experimentally
and tested in triplicate. The obtained results were 0.535 ±
0.007 total gram of diacetylated lactonic C18:1 SL, which
corresponds to 0.047 ± 0.001 g g-1 DMi, with a productivity of
0.030 ± 0.001 g L-1 h-1. This result fits in the 95% confidence
interval. As before, LC–UV analysis of the SL crude extract
showed that other SL congeners were present in the crude
extract mix (Figure 4). The DLA combination yielded 1.617 ±
0.031 total gram of SL crude extract, with a total SL area equivalent
to 0.42 ± 0.031 g g-1 crude extract being the most representative
congener of the diacetylated lactonic C18:1 by 76.9%.

FIGURE 3
Contour profile of the predicted optimized point obtained with the achieved model.
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3.4 Time course comparison of optimized
and reference conditions in a 0.5-L packed
bed bioreactor

Similar fermentation profiles, as shown in Figure 5, were analyzed
over 48, 96, 168, and 240 h at a 0.5-L reactor scale. The outcomes
revealed the presence of an SL (crude extract and diacetylated lactonic
C18:1) from the initial sampling at 48 h in both combinations. After
fermentation (240 h), a maximum SL crude extract of 0.196 and
0.161 g g-1 DMi was achieved by WOC-O and WOC-R, respectively.
In addition, diacetylated lactonic C18:1 showed differences between
both treatments with values of 0.069 g g-1 DMi and 0.053 g g-1 DMi,
respectively. These findings highlighted that WOC-O produced a 22%
increase in the SL crude extract and a 30% increase in diacetylated
lactonic C18:1 production compared to WOC-R. Moreover, WOC-O
presented the highest volumetric productivity of the SL crude extract
and diacetylated lactonic C18:1 (0.082 and 0.029 g L-1 h-1, respectively).
These values are higher than those reported by Jiménez-Peñalver et al.
(2016), who achieved an SL crude extract yield of 0.179 g g-1 DMi after
240 h using WOC and sugar beet molasses as substrates.

The HPLC–UV analysis showed a higher total SL equivalent
area in the WOC-O combination (6607.34 mAU*s) compared to
WOC-R (5417.751 mAU*s), which represents a production of
0.461 and 0.365 g of SLs per gram of crude extract, respectively.
In this sense, the main produced congener was diacetylated lactonic
C18:1 which represents 51.5% in WOC-O and 55.9% in WOC-R of
the total SL mix. Diacetylated acidic C18:1 was the second abundant
congener, which presented an increase in the concentration over
time, with an area ratio of 1:5 compared to diacetylated lactonic C18:
1 (Supplementary Table S1 and Supplementary Figure S2).

Throughout the fermentation process, in both treatments, the
total CFU exhibited a notable increase by two orders of magnitude
(1011) when compared to the initial concentration (109), which is

aligned with the observations reported by Rodríguez et al. (2021).
Glucose analysis showed the presence of a residual content of
0.010 g g-1 DMi, followed by its depletion in WOC-O, while for
WOC-R, glucose depletion after 48 h sampling was observed. The
fermentation profile revealed a maximum OUR peak achieved in
both treatments at 28 h with values consistent with our previous
published results (Jiménez-Peñalver et al., 2016; Rodríguez et al.,
2020).

In summary, optimized glucose and nitrogen concentrations led to
an SL crude extract yield of approximately 0.19 g g-1 DMi, exceeding
yield values obtained under reference conditions herein and in previous
publications with the same wild-type S. bombicola in SSF. Future
research efforts may focus on exploring this optimal glucose:nitrogen
ratio using fed-batch techniques to increase productivity.

3.5 Nitrogen source and yeast growth

As our hypothesis was based on nitrogen as a growth-limiting factor
and we were attempting to understand growth-production dynamics
under SSF, yeast growth was also evaluated as a response. The initial S.
bombicola seed for this experiment was 1.89 × 109 total CFU, which
represents 1.7 × 108 CFU g-1 DMi. Subsequently, the analyzed results
showed that CFU increased one order of magnitude after fermentation.
The central point (000) presented a yeast growth mean of 4.9 × 1010 ±
5.61 × 109 total CFU (4.5 × 109 ± 5.18 × 108 CFU g-1 DMi), with an initial
concentration of 0.649 g L-1 total nitrogen in the aqueous phase, which
corresponds to a concentration of 0.001 g g-1 DMi of urea. The highest
growth was achieved in run 32 (00+) at 240 h (8.5 × 1010 ± 4.6 × 109 total
CFU). Nevertheless, the lowest growth was reached by combinations
without the addition of urea, regardless of the glucose ratio in runs 15
(---), 10 (0–0), and 17 (+-+) at 96, 168, and 240 h, respectively (2.1 × 1010,
2.2 × 1010, and 2.3 × 1010 total CFU, respectively).

FIGURE 4
LC–UV spectra at 198 nm under the optimized condition (DLA). Identification of SLs and other compounds was developed based on LC–MS results.
Ac, acidic; L, lactonic; and ac, acetylation.
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The statistical analysis for yeast growth response was fitted to a
second-order polynomial approach with base 10 logarithm data
transformation (p-value 0.0019) being the influencing factors, along
with nitrogen (p-value 0.0005) and fermentation time (p-value
0.0005). For this response, the lack of fit was significant (p-value
0.0122), which deemed that the model is not reliable in terms of
prediction (R2 of 63.33%). The regression equation for the
normalized data was as follows:

Log10 Growth( )� 10.63 + 0.0009X1 + 0.1121X2 + 0.1005X3

+ 0.0211X1X2 − 0.0165X1X3 + 0.0329X2X3

− 0.0523X1
2− 0.0458X2

2 + 0.0500X3
2,

(4)
where X1 represents the glucose ratio, X2 represents the nitrogen
ratio, and X3 represents the fermentation time (h).

Further details on this model are available in Supplementary Table
S2 and Supplementary Figure S3. Although the model is not reliable in
terms of prediction, some conclusions can be obtained from the
observed trends. To maximize yeast growth, the optimal glucose:
nitrogen ratio was 128.9:2 (w w−1) at 240 h, reaching 7.51 × 1010

total CFU and a production of 0.57 total g of diacetylated lactonic
C18:1. As expected, this implies lower glucose and higher nitrogen and
time than optimal values for production and productivity and leads to
slightly lower total production but far lower productivity due to
increased process time. As reported by Daverey and Pakshirajan
(2010), decreasing the nitrogen source in the fermentation broth can
result in a lower biomass concentration, thereby negatively impacting
SL production. In their study, the optimum nitrogen concentration for
biomass growth was 10 g L-1, while for SL production, it was 2 g L-1.

Gao et al. (2013) reported that at a flask scale, the cell density
increased proportionally to the increase in standard Yeast Malt

FIGURE 5
Time course OUR profile of different glucose:nitrogen ratios at 240 h in a 0.5-L reactor. (A) WOC-O. (B) WOC-R.
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Broth used as the nitrogen source, which aligned with our findings.
In contrast, the authors also emphasized that a high glucose
concentration suppressed growth, which differs from our
findings, where glucose was not a significant parameter for this
response. In addition, Ma et al. (2011) found that the highest cell dry
weight (12.90 g L-1) was achieved using the yeast extract and
ammonium sulfate as the nitrogen source, with a concentration
of 3 g L-1 and 4 g L-1, respectively. Nevertheless, it negatively
influenced SL synthesis (29.75 g L-1) when compared with the
control group of each nitrogen source (73.10 and 71.00 g L-1,
respectively). This highlights the significant influence that
accessible nitrogen can have on the process, emphasizing the
importance of identifying the optimal nitrogen concentration to
enhance SL production. Furthermore, these findings also imply the
necessity of evaluating the influence that nitrogen source
combinations can exert on the process.

From the results presented herein (Table 2), no clear
relationship was observed between total growth and total
diacetylated lactonic C18:1 production considering either all data
or specific production times in the correlation analysis. This

illustrates the complexity of dynamics under solid-state
fermentation where higher cell growth does not necessarily mean
higher SL production. In addition, SL production profiles obtained
in batch-packed bed SSF reveal a significant production of SLs in the
initial days of the process simultaneous to cell growth. This confirms
that in solid heterogeneous matrices, cell growth and metabolite
production are not two sequential phases, and different metabolic
phases co-exist. Operation strategies allowing for matrix
homogeneity should improve growth and, hence, SL production.

3.6 Alternative substrates for SL production
in SSF

As the market demand for biosurfactants increases, the constant
attempt to reduce production costs and environmental impacts in the
biosurfactant industry has prompted research to focus on alternative
sources to pure nutrients. The utilization of alternative substrates such
as food waste, green residues, and industrial organic waste has
positioned SL production within the context of a green bioeconomy,

TABLE 5 Main characteristics of the different industrial residues used as feedstock.

Substrate DM
(%)

MC
(%)

OM
(%, db)

pH Glucose*
(g L-1 or g kg-1)

TC*
(g L-1 or g kg-1)

TN*
(g L-1 or g kg-1)

Winterization oil cake (WOC) 91.87 8.13 44.02 6.04 n.d 10.50 0.04

Cosmetic sludge (RHP) 11.12 88.88 93.87 6.53 n.d 21.24 3.89

Clean house products sludge (RAC) 8.39 91.61 92.38 11.75 n.d 41.60 1.05

Sweet candy wastewater (RSC) 12.76 87.24 94.68 4.38 2.08 57.30 0.02

OFMSW hydrolysate (ROF) 2.01 97.99 99.37 5.20 17.03 28.70 1.20

db, dry basis; n.d, not detected. *Data units are expressed by volume or weight according to residue physical characteristics.

FIGURE 6
Alternative feedstocks for SL production and yeast growth at 100 h using the optimal glucose:nitrogen ratio of 181.7:1.43. Concentration values were
calculated based on the working volume (0.18 L). Same letters indicate statistically insignificant differences at p-value <0.05 for yeast growth. DLA,
control group; RSC, sweet candywastewater; ROF, OFMSW hydrolysate; RHP, cosmetic sludge; RAC, clean house product sludge; and RSO, sweet candy
wastewater + OFMSW hydrolysate.
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with a global biosurfactant market of over 5.52 billion by 2022, with an
increasing rate of 5.5% per year (Markets and Markets, 2016; Singh
et al., 2019). Due to the high interest generated around this topic, several
techno-economic evaluations have been developed for biorefineries and
scaled-up processes using alternative feedstocks (Wang et al., 2020;
Martínez et al., 2022). As reported in the literature, glucose has been
recognized as the principal hydrophilic carbon source utilized in SL
industrial production.When supplemented with a hydrophobic source,
nitrogen source, and nutrients, it enhances process efficiency (Baccile
et al., 2017; Jiménez-Peñalver et al., 2019; Eras-Muñoz et al., 2022).
Nevertheless, it is evident that the utilization of pure substrates increases
production costs, environmental impacts, and even social impacts when
using food crops. Therefore, the identification of potential residues as
promising feedstocks assumes paramount importance for establishing a
sustainable process. Moreover, Shah et al. (2017) reported that the oil
composition influences the SL metabolic pathway, and the use of no-
conventional hydrophobic carbon sources could stimulate the
production of novel BS.

With the achieved optimal glucose:nitrogen ratio and time values,
pure substrate substitution was assayed using industrial organic
residues. Table 5 summarizes the characteristics of the different
industrial residues used in this study. Based on residue
characterization, RHP and RAC present potential to be used as a
nitrogen source. However, large differences were found for pH and TN
values related to their origin. RSC and ROF characteristics framed these
residues as potential hydrophilic carbon sources due to their glucose
content. Moreover, it is important to highlight that ROF could also be
used as a nitrogen source, making it a versatile residue, as reported by
Kaur et al. (2019) and To et al. (2023). Additionally, the combination
RSO was tested using sweet candy wastewater as a hydrophilic carbon
source and OFMSW hydrolysate as a nitrogen source.

As Figure 6 shows, the tested residues at 100 h allowed S. bombicola
growth and SL production. The literature reported that fermentations
using S. bombicola are associated with a pH decrease (Van Bogaert et al.,
2011; Jiménez-Peñalver et al., 2018). In these experiments, pH decreased
from an initial value of approximately 5.5 ± 0.25 to values of
approximately 2.6–3.0 after 100 h, except for RAC which had pH of
4.6. Initial samples do not present significant differences in CFU content,
as based on Tukey’s test (p-value >0.05). After fermentation, the control
group (DLA) achieved a total yeast growth of 7.50 × 1010 ± 0.87 × 1010

CFU. Moreover, when residues were compared, the combination RSC
presented the highest growth (7.24 × 1010 ± 1.15 × 1010 total CFU), while
the lowest was achieved by RAC (2.19 × 1010 ± 0.11 × 1010 total CFU).
Statistical Dunnett’s multiple comparison test showed that combinations
ROF (p-value 0.0070), RHP (p-value 0.0118), RAC (p-value 0.0003), and
RSO (p-value 0.0154) presented significant differences in yeast growth at
100 h compared with the control group.

Regarding SL production, statistical Tukey’s test showed that the
highest production of diacetylated lactonic C18:1 was achieved by RSC
(0.389 ± 0.024 total g) and RHP residues (0.379 ± 0.026 total g) with a
productivity of approximately 0.022 ± 0.001 g L-1 h-1 (p-value: 0.9869).
Furthermore, RAC presented the lowest production (0.043 ± 0.001 total
g). When comparing residues that used OFMSW (ROF and RSO), an
insignificant difference was observed (p-value: 0.2786). The obtained SL
production results do not agree with those reported by Kaur et al.
(2019), who used the OFMSW hydrolysate. For the ROF residue, the
glucose present in the hydrolysate was used as a carbon source, while
RSO is based on a combination of two residues: sweet candy wastewater

and OFMSW hydrolysate. Although these combinations kept the
evaluated nutrient ratio, it is clear that the hydrolysate also contains
other type of sugars, fatty acids, and nutrients due to its provenience
(Kaur et al., 2019; Pleissner and Peinemann, 2020). In this way, recent
literature reported that autoclaving hydrolysates can lead to the
formation of inhibitors in the media, which suggests that tangential
filtration could be considered as a potential option for future
investigations (Ingham et al., 2023).

In addition, SL crude extract production presented significant
differences (p-value <0.0001) between RSC (1.448 ± 0.023 total gram
with a yield of 0.117 ± 0.002 g g-1 DMi) and RHP (0.996 ± 0.051 total
gram with a yield of 0.085 ± 0.004 g g-1 DMi). As mentioned before,
SL congeners were present in the crude extract mix for RSC 0.38 and
for RHP 0.45 g of SL per gram of crude mix, with a diacetylated
lactonic C18:1 having relative areas of 71% and 84%, respectively.
When SL crude extract productivity was analyzed, the best result was
achieved by RSC, 0.080 ± 0.046 g L-1 h-1; this result aligned with that
obtained by Rashad et al. (2014), who achieved a titer of 10 g L-1 with
a productivity of 0.107 g L-1 h-1 on SSF.

One of the major drawbacks associated with low-cost substrates is
the selection of an appropriate waste with the precise balance of carbon
and nitrogen that allows significant growth and product formation.
Considering the context, the obtained results demonstrate the potential
of RSC as a hydrophilic carbon source and RHP as a nitrogen source for
diacetylated lactonic C18:1 production. Wadekar et al. (2012) used
sweet water supplemented with glycerol for SL production on SmF,
achieving an SL yield of 6.36 g L-1 composed of 18.9% acidic SL, 19.6%
lactonic C18:1, and 60.8% lactonic C18:2 SL. In the present study, the
quantification results were focused on diacetylated lactonic C18:1,
showing that in the optimized control group, this compound
constituted 53.5% of the SL crude extract mix, while for RSC and
RHP, it is around 38.9% and 37.9%, respectively. However, when the
total SL area is analyzed, the diacetylated lactonic C18:1 represents
76.9% for DLA, 70.9% for RSC, and 84.4% for RHP. This suggests that
the composition of the SL mixture is affected by the complex
composition of residues used as the hydrophobic and nitrogen sources.

The results that focused on the residues used as nitrogen sources
(RHP, RAC, and RSO) are congruent with those reported by Ma
et al. (2011), who reported that inorganic N sources such as
ammonium sulfate encourage the formation of acidic SL, while
organic N sources promote the production of lactonic SL, which is
confirmed with RHP results. The literature reports that there is a
knowledge gap regarding alternative nitrogen sources for BS
production (Solaiman et al., 2007; Wongsirichot et al., 2021). In
this context, our research outcomes contribute positively to waste
valorization in the SL production framework.

Although all residues showed a significantly lower production
(p-value <0.05) compared to the control group (DLA), it is important
to highlight that, when using residues, they contribute with glucose,
nitrogen, and micronutrients, thus potentially increasing the process
sustainability and reducing the amounts of pure substrates required.
References that report diacetylated lactonic C18:1 yield on SSF
processes could not be found in the literature. However, compared
with the results obtained by Rodríguez et al. (2020), who reported a
crude SL yield of 0.2 g g-1 DMi using WOC and molasses as feedstock
at 22 and 100 L, respectively, the SL yields achieved in this study are
lower. Nevertheless, it should be considered that the present
experiment was set up at a flask scale, and in this sense, the results
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could be improved in a scale-up process applying aeration and
agitation (Raghavarao et al., 2003; Oiza et al., 2022).

We would like to emphasize the challenge in comparing research
outcomes between SSF and SmF due to the presence of multiple
differing parameters that can significantly influence production
outcomes such as productivity and yield. Therefore, it is essential to
acknowledge that SSF and SmF could be complementary technologies
for SL industrial production when residue revalorization is the main
purpose. Nevertheless, it must be highlighted that the low water and
energy consumption of SSF suggests that it can be an effective and
economically feasible technology for BS production.

4 Conclusion

To sum up, with the aim of providing knowledge about SL
production through solid-state fermentation, a Box–Behnken design
and response surface methodology were applied. A quadratic model
was adjusted for the analyzed parameters, with glucose and time being the
influencing factors for diacetylated lactonic C18:1 production and
productivity, while nitrogen is the influencing factor for yeast growth,
achieving the highest productivity at 100 h. A productivity of 0.033 g L-1

h-1 was achieved with a glucose:nitrogen ratio of 181:1.43 (w w−1 initial
dry weight), reaching a yield of 0.047 g g-1 DMi for the diacetylated
lactonicC18:1 and 0.141 g g-1DMi for the SL crude extract.Moreover, the
time course comparison in a 0.5-L packed bed bioreactor using the
optimal combination showed a production increase in the SL crude
extract (22%) and diacetylated lactonicC18:1 (30%)when comparedwith
the reference medium combination. In addition, when using residues
instead of pure substrates under optimal conditions, sweet candy
wastewater and nitrogenous cosmetic sludge showed good potential as
alternative feedstocks. Finally, due to the outcomes achieved in the time
course comparison, future work on fed-batch and scale-up processes, in
addition to the evaluation of alternative hydrophobic carbon source
residues that can be exploited by SSF, is an open research field.

Data availability statement

The datasets for this article are publicly available in https://doi.
org/10.34810/data973.

Author contributions

EE, XF, and TG contributed to the conception, design, and result
discussion of the study. EE performed the experiments and wrote the
first draft of the manuscript. XF and TG contributed to funding
acquisition, manuscript revision, and proofreading and approved
the submitted version. All authors contributed to the article and
approved the submitted version.

Funding

The authors acknowledge the financial support from the Spanish
Ministerio de Ciencia e Innovación (Project PID 2020-114087RB-
I00). EE thanks Generalitat de Catalunya (AGAUR) for her
predoctoral scholarship (FI-SDUR 2020).

Conflict of interest

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

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1252733/
full#supplementary-material

References

Albrecht, A., Rau, U., andWagner, F. (1996). Initial steps of sophorolipid biosynthesis
by Candida bombicola ATCC 22214 grown on glucose. Appl. Microbiol. Biotechnol. 46
(1), 67–73. doi:10.1007/s002530050784

Al-Kashef, A. S., Nooman, M. U., Rashad, M. M., Hashem, A. H., and Abdelraof, M.
(2023). Production and optimization of novel sophorolipids from Candida parapsilosis
grown on potato peel and frying oil wastes and their adverse effect on mucorales fungal
strains. Microb. Cell Fact. 22 (1), 79. doi:10.1186/s12934-023-02088-0

Andersen, K. K., Vad, B. S., Roelants, S., Van Bogaert, I. N., and Otzen, D. E. (2016).
Weak and saturable protein-surfactant interactions in the denaturation of apo-alpha-
lactalbumin by acidic and lactonic sophorolipid. Front. Microbiol. 7, 1711. doi:10.3389/
fmicb.2016.01711

Baccile, N., Babonneau, F., Banat, I.M., Ciesielska, K., Cuvier, A.-S., Devreese, B., et al. (2017).
Development of a cradle-to-grave approach for acetylated acidic sophorolipid biosurfactants.
ACS Sustain. Chem. Eng. 5 (1), 1186–1198. doi:10.1021/acssuschemeng.6b02570

Box, G. E. P., and Behnken, D. W. (1960). Some new three level designs for the study
of quantitative variables. Technometrics 2, 455–457. doi:10.1080/00401706.1960.
10489912

Casas, J., and García-Ochoa, F. (1999). Sophorolipid production by Candida
bombicola: medium composition and culture methods. J. Biosci. Bioeng. 88 (5),
488–494. doi:10.1016/S1389-1723(00)87664-1

Chilakamarry, C. R., Sakinah, A. M., Zularisam, A. W., Sirohi, R., Khilji, I. A., Ahmad,
N., et al. (2022). Advances in solid-state fermentation for bioconversion of agricultural
wastes to value-added products: opportunities and challenges. Bioresour. Technol. 343,
126065. doi:10.1016/j.biortech.2021.126065

Christofi, S., Papanikolaou, S., Dimopoulou, M., Terpou, A., Cioroiu, I. B., Cotea, V.,
et al. (2022). Effect of yeast assimilable nitrogen content on fermentation kinetics, wine
chemical composition and sensory character in the production of assyrtiko wines. Appl.
Sci. 12 (3), 1405. doi:10.3390/app12031405

Claus, S., and Van Bogaert, I. N. (2017). Sophorolipid production by yeasts: a critical
review of the literature and suggestions for future research. Appl. Microbiol. Biotechnol.
101 (21), 7811–7821. doi:10.1007/s00253-017-8519-7

Daverey, A., Dutta, K., Joshi, S., and Daverey, A. (2021). Sophorolipid: a glycolipid
biosurfactant as a potential therapeutic agent against COVID-19. Bioengineered 12 (2),
9550–9560. doi:10.1080/21655979.2021.1997261

Frontiers in Bioengineering and Biotechnology frontiersin.org15

Eras-Muñoz et al. 10.3389/fbioe.2023.1252733

154

https://doi.org/10.34810/data973
https://doi.org/10.34810/data973
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1252733/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1252733/full#supplementary-material
https://doi.org/10.1007/s002530050784
https://doi.org/10.1186/s12934-023-02088-0
https://doi.org/10.3389/fmicb.2016.01711
https://doi.org/10.3389/fmicb.2016.01711
https://doi.org/10.1021/acssuschemeng.6b02570
https://doi.org/10.1080/00401706.1960.10489912
https://doi.org/10.1080/00401706.1960.10489912
https://doi.org/10.1016/S1389-1723(00)87664-1
https://doi.org/10.1016/j.biortech.2021.126065
https://doi.org/10.3390/app12031405
https://doi.org/10.1007/s00253-017-8519-7
https://doi.org/10.1080/21655979.2021.1997261
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1252733


Daverey, A., and Pakshirajan, K. (2010). Sophorolipids from Candida bombicola
using mixed hydrophilic substrates: production, purification and characterization.
Colloids surfaces B Biointerfaces 79 (1), 246–253. doi:10.1016/j.colsurfb.2010.
04.002

Dierickx, S., Castelein, M., Remmery, J., De Clercq, V., Lodens, S., Baccile, N., et al.
(2022). From bumblebee to bioeconomy: recent developments and perspectives for
sophorolipid biosynthesis. Biotechnol. Adv. 54, 107788. doi:10.1016/j.biotechadv.2021.
107788

Eras-Muñoz, E., Farré, A., Sánchez, A., Font, X., and Gea, T. (2022). Microbial
biosurfactants: a review of recent environmental applications. Bioengineered 13 (5),
12365–12391. doi:10.1080/21655979.2022.2074621

Gao, R., Falkeborg, M., Xu, X., and Guo, Z. (2013). Production of sophorolipids with
enhanced volumetric productivity by means of high cell density fermentation. Appl.
Microbiol. 97, 1103–1111. doi:10.1007/s00253-012-4399-z

Haber, A., and Runyon, R. P. (1973). General statistics.

Hommel, R. K., Weber, L., Weiss, A., Himmelreich, U., Rilke, O., and Kleber, H. P.
(1994). Production of sophorose lipid by Candida (Torulopsis) apicola grown on
glucose. J. Biotechnol. 33 (2), 147–155. doi:10.1016/0168-1656(94)90107-4

Hu, X., Subramanian, K., Wang, H., Roelants, S. L., Soetaert, W., Kaur, G., et al.
(2021). Bioconversion of food waste to produce industrial-scale sophorolipid syrup and
crystals: dynamic Life Cycle Assessment (dLCA) of emerging biotechnologies.
Bioresour. Technol. 337, 125474. doi:10.1016/j.biortech.2021.125474

Ingham, B., and Winterburn, J. (2022). Developing an understanding of sophorolipid
synthesis through application of a central composite design model. Microb. Biotechnol.
15 (6), 1744–1761. doi:10.1111/1751-7915.14003

Ingham, B., Wongsirichot, P., Ets, K., and Winterburn, J. (2023). A comprehensive
screening platform of wood-derived sugars for sophorolipid production: predictive
modelling, sterilization methods and analysis of feedstock composition. Biochem. Eng. J.
197, 108984. doi:10.1016/j.bej.2023.108984

Intasit, R., and Soontorngun, N. (2023). Enhanced palm oil-derived sophorolipid
production from yeast to generate biodegradable plastic precursors. Ind. Crops. Prod.
192, 116091. doi:10.1016/j.indcrop.2022.116091

Jadhav, J. V., Pratap, A. P., and Kale, S. B. (2019). Evaluation of sunflower oil refinery
waste as feedstock for production of sophorolipid. Process Biochem. 78, 15–24. doi:10.
1016/j.procbio.2019.01.015

Jiménez-Peñalver, P., Castillejos, M., Koh, A., Gross, R., Sánchez, A., Font, X., et al.
(2018). Production and characterization of sophorolipids from stearic acid by solid-state
fermentation, a cleaner alternative to chemical surfactants. J. Clean. Prod. 172,
2735–2747. doi:10.1016/j.jclepro.2017.11.138

Jiménez-Peñalver, P., Gea, T., Sánchez, A., and Font, X. (2016). Production of sophorolipids
fromwinterization oil cake by solid-state fermentation: optimization,monitoring and effect of
mixing. Biochem. Eng. J. 115, 93–100. doi:10.1016/j.bej.2016.08.006

Jiménez-Peñalver, P., Koh, A., Gross, R., Gea, T., and Font, X. (2020). Biosurfactants
from waste: structures and interfacial properties of sophorolipids produced from a
residual oil cake. J. Surfactants Deterg. 23 (2), 481–486. doi:10.1002/jsde.12366

Jiménez-Peñalver, P., Rodríguez, A., Daverey, A., Font, X., and Gea, T. (2019). Use of
wastes for sophorolipids production as a transition to circular economy: state of the art
and perspectives. Rev. Environ. Sci. 18 (3), 413–435. doi:10.1007/s11157-019-09502-3

Kashif, A., Rehman, R., Fuwad, A., Shahid, M. K., Dayarathne, H. N. P., Jamal, A.,
et al. (2022). Current advances in the classification, production, properties and
applications of microbial biosurfactants–A critical review. Adv. Colloid Interface Sci.
306, 102718. doi:10.1016/j.cis.2022.102718

Kaur, G., Wang, H., To, M. H., Roelants, S. L., Soetaert, W., and Lin, C. S. K. (2019).
Efficient sophorolipids production using food waste. J. Clean. Prod. 232, 1–11. doi:10.
1016/j.jclepro.2019.05.326

Kumar, V., Ahluwalia, V., Saran, S., Kumar, J., Patel, A. K., and Singhania, R. R.
(2021). Recent developments on solid-state fermentation for production of microbial
secondary metabolites: challenges and solutions. Bioresour. Technol. 323, 124566.
doi:10.1016/j.biortech.2020.124566

Liu, J., Li, J., Gao, N., Zhang, X., Zhao, G., and Song, X. (2020). Identification and
characterization of a protein Bro1 essential for sophorolipids synthesis in Starmerella
bombicola. J. Ind. Microbiol. Biotechnol. 47 (4-5), 437–448. doi:10.1007/s10295-020-02272-w

Liu, J., Zhao, G., Zhang, X., and Song, X. (2021). Identification of four secreted
aspartic protease-like Proteins associated with sophorolipids synthesis in Starmerella
bombicola CGMCC 1576. Front. Microbiol. 12, 737244. doi:10.3389/fmicb.2021.737244

Ma, X. J., Hui, L., Shao, L. J., Shen, J., and Song, X. (2011). Effects of nitrogen sources on
production and composition of sophorolipids byWickerhamiella domercqiae var. sophorolipid.
CGMCC 1576. Appl. Microbiol. Biotechnol. 91 (6), 1623–1632. doi:10.1007/s00253-011-3327-y

Markets and Markets (2016). Biosurfactants market by type (glycolipids,
sophorolipids, rhamnolipids), lipopeptides, phospholipids, polymeric biosurfactants),
application (detergents, personal care, agricultural chemicals, food processing), and
region global forecast to 2022.

Martínez, M., Rodríguez, A., Gea, T., and Font, X. (2022). A simplified techno-
economic analysis for sophorolipid production in a solid-state fermentation process.
Energies 15 (11), 4077. doi:10.3390/en15114077

Minucelli, T., Ribeiro-Viana, R. M., Borsato, D., Andrade, G., Cely, M. V. T., de
Oliveira, M. R., et al. (2017). Sophorolipids production by Candida bombicola ATCC
22214 and its potential application in soil bioremediation.Waste Biomass Valorization
8, 743–753. doi:10.1007/s12649-016-9592-3

Molina-Peñate, E., Sánchez, A., and Artola, A. (2022). Enzymatic hydrolysis of the
organic fraction of municipal solid waste: optimization and valorization of the solid
fraction for Bacillus thuringiensis biopesticide production through solid-state
fermentation. Waste Manage 137, 304–311. doi:10.1016/j.wasman.2021.11.014

Oiza, N., Moral-Vico, J., Sánchez, A., Oviedo, E. R., and Gea, T. (2022). Solid-state
fermentation from organic wastes: a new generation of bioproducts. Processes 10 (12),
2675. doi:10.3390/pr10122675

Pandey, A. (2003). Solid-state fermentation. Biochem. Eng. J. 13 (2-3), 81–84. doi:10.
1016/S1369-703X(02)00121-3

Pardhi, D. S., Panchal, R. R., Raval, V. H., Joshi, R. G., Poczai, P., Almalki, W. H., et al.
(2022). Microbial surfactants: a journey from fundamentals to recent advances. Front.
Microbiol. 13, 982603. doi:10.3389/fmicb.2022.982603

Parekh, V. J., and Pandit, A. B. (2012). Solid state fermentation (SSF) for the
production of sophorolipids from Starmerella bombicola NRRL Y-17069 using
glucose, wheat bran and oleic acid. Curr. Trends Biotechnol. Pharm. 6 (4), 418–424.

Pleissner, D., and Peinemann, J. C. (2020). The challenges of using organic municipal
solid waste as source of secondary raw materials. Waste Biomass Valorization 11 (2),
435–446. doi:10.1007/s12649-018-0497-1

Ponsá, S., Gea, T., and Sánchez, A. (2010). Different indices to express
biodegradability in organic solid wastes. J. Environ. Qual. 39 (2), 706–712. doi:10.
2134/jeq2009.0294

Raghavarao, K. S. M. S., Ranganathan, T. V., and Karanth, N. G. (2003). Some
engineering aspects of solid-state fermentation. Biochem. Eng. J. 13 (2-3), 127–135.
doi:10.1016/S1369-703X(02)00125-0

Rashad, M. M., Nooman, M. U., Ali, M. M., Al-Kashef, A. S., and Mahmoud, A. E.
(2014). Production, characterization and anticancer activity of Candida bombicola
sophorolipids by means of solid-state fermentation of sunflower oil cake and soybean
oil. Oil Fats 65 (2), e017. doi:10.3989/gya.098413

Rispoli, F. J., Badia, D., and Shah, V. (2010). Optimization of the fermentation media
for sophorolipid production from Candida bombicola ATCC 22214 using a simplex
centroid design. Biotechnol. Prog. 26 (4), 938–944. doi:10.1002/btpr.399

Rodríguez, A., Gea, T., and Font, X. (2021). Sophorolipids production from oil cake by
solid-state fermentation. Inventory for economic and environmental assessment. Front.
Chem. Sci. Eng. 3, 632752. doi:10.3389/fceng.2021.632752

Rodríguez, A., Gea, T., Sánchez, A., and Font, X. (2020). Agro-wastes and inert
materials as supports for the production of biosurfactants by solid-state fermentation.
Waste Biomass Valor 12, 1963–1976. doi:10.1007/s12649-020-01148-5

Roelants, S., Solaiman, D. K. Y., Ashby, R. D., Lodens, S., Van Renterghem, L., and
Soetaert, W. (2019). “Production and application of sophorolipids,” in Biobased
surfactants: synthesis, properties and applications. Editors H. G. Douglas and
R. D. Ashby (Elsevier Academic Press; AOCS Press), 65–119.

Saerens, K., Van Bogaert, I., Soetaert, W., and Vandamme, E. (2009). Production of
glucolipids and specialty fatty acids from sophorolipids by Penicillium decumbens
naringinase: optimization and kinetics. Biotechnol. J. 4 (4), 517–524. doi:10.1002/biot.
200800209

Shah, M. U. H., Sivapragasam, M., Moniruzzaman, M., Talukder, M.M. R., Yusup, S. B.,
and Goto, M. (2017). Production of sophorolipids by Starmerella bombicola yeast using
new hydrophobic substrates. Biochem. Eng. J. 127, 60–67. doi:10.1016/j.bej.2017.08.005

Singh, P., Patil, Y., and Rale, V. (2019). Biosurfactant production: emerging trends
and promising strategies. J. Appl. Microbiol. 126 (1), 2–13. doi:10.1111/jam.14057

Solaiman, D. K. Y., Ashby, R. D., Zerkowski, J. A., and Foglia, T. A. (2007). Simplified
soy molasses-based medium for reduced-cost production of sophorolipids by Candida
bombicola. Biotechnol. Lett. 29 (9), 1341–1347. doi:10.1007/s10529-007-9407-5

Thompson, W. H., Leege, P. B., Millner, P. D., and Watson, M. E. (2001). Test
methods for the examination of composting and compost. United States Compost.
Counc. Res. Educ. Found. U. S. Dep. Agric.

To, M. H., Wang, H., Miao, Y., Kaur, G., Roelants, S. L., and Lin, C. S. K. (2023). Optimal
preparation of food waste to increase its utility for sophorolipid production by Starmerella
bombicola. Bioresour. Technol. 379, 128993. doi:10.1016/j.biortech.2023.128993

Van Bogaert, I. N., Buyst, D., Martins, J. C., Roelants, S. L., and Soetaert, W. K. (2016).
Synthesis of bolaform biosurfactants by an engineered Starmerella bombicola yeast.
Biotechnol. Bioeng. 113 (12), 2644–2651. doi:10.1002/bit.26032

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

Van Bogaert, I. N., Zhang, J., and Soetaert, W. (2011). Microbial synthesis of
sophorolipids. Process Biochem. 46 (4), 821–833. doi:10.1016/j.procbio.2011.01.010

Van Renterghem, L., Clicque, H., Huyst, A., Roelants, S. L., and Soetaert, W. (2019).
Miniaturization of Starmerella bombicola fermentation for evaluation and increasing
(novel) glycolipid production. Appl. Microbiol. Biotechnol. 103, 4347–4362. doi:10.
1007/s00253-019-09766-3

Frontiers in Bioengineering and Biotechnology frontiersin.org16

Eras-Muñoz et al. 10.3389/fbioe.2023.1252733

155

https://doi.org/10.1016/j.colsurfb.2010.04.002
https://doi.org/10.1016/j.colsurfb.2010.04.002
https://doi.org/10.1016/j.biotechadv.2021.107788
https://doi.org/10.1016/j.biotechadv.2021.107788
https://doi.org/10.1080/21655979.2022.2074621
https://doi.org/10.1007/s00253-012-4399-z
https://doi.org/10.1016/0168-1656(94)90107-4
https://doi.org/10.1016/j.biortech.2021.125474
https://doi.org/10.1111/1751-7915.14003
https://doi.org/10.1016/j.bej.2023.108984
https://doi.org/10.1016/j.indcrop.2022.116091
https://doi.org/10.1016/j.procbio.2019.01.015
https://doi.org/10.1016/j.procbio.2019.01.015
https://doi.org/10.1016/j.jclepro.2017.11.138
https://doi.org/10.1016/j.bej.2016.08.006
https://doi.org/10.1002/jsde.12366
https://doi.org/10.1007/s11157-019-09502-3
https://doi.org/10.1016/j.cis.2022.102718
https://doi.org/10.1016/j.jclepro.2019.05.326
https://doi.org/10.1016/j.jclepro.2019.05.326
https://doi.org/10.1016/j.biortech.2020.124566
https://doi.org/10.1007/s10295-020-02272-w
https://doi.org/10.3389/fmicb.2021.737244
https://doi.org/10.1007/s00253-011-3327-y
https://doi.org/10.3390/en15114077
https://doi.org/10.1007/s12649-016-9592-3
https://doi.org/10.1016/j.wasman.2021.11.014
https://doi.org/10.3390/pr10122675
https://doi.org/10.1016/S1369-703X(02)00121-3
https://doi.org/10.1016/S1369-703X(02)00121-3
https://doi.org/10.3389/fmicb.2022.982603
https://doi.org/10.1007/s12649-018-0497-1
https://doi.org/10.2134/jeq2009.0294
https://doi.org/10.2134/jeq2009.0294
https://doi.org/10.1016/S1369-703X(02)00125-0
https://doi.org/10.3989/gya.098413
https://doi.org/10.1002/btpr.399
https://doi.org/10.3389/fceng.2021.632752
https://doi.org/10.1007/s12649-020-01148-5
https://doi.org/10.1002/biot.200800209
https://doi.org/10.1002/biot.200800209
https://doi.org/10.1016/j.bej.2017.08.005
https://doi.org/10.1111/jam.14057
https://doi.org/10.1007/s10529-007-9407-5
https://doi.org/10.1016/j.biortech.2023.128993
https://doi.org/10.1002/bit.26032
https://doi.org/10.1007/s00253-007-0988-7
https://doi.org/10.1016/j.procbio.2011.01.010
https://doi.org/10.1007/s00253-019-09766-3
https://doi.org/10.1007/s00253-019-09766-3
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1252733


Wadekar, S. D., Kale, S. B., Lali, A. M., Bhowmick, D. N., and Pratap, A. P. (2012).
Utilization of sweetwater as a cost-effective carbon source for sophorolipids production
by Starmerella bombicola (ATCC 22214). Prep. Biochem. Biotechnol. 42 (2), 125–142.
doi:10.1080/10826068.2011.577883

Wang, H., Roelants, S. L., To, M. H., Patria, R. D., Kaur, G., Lau, N. S., et al. (2019).
Starmerella bombicola: recent advances on sophorolipid production and prospects of waste
stream utilization. J. Chem. Technol. Biotechnol. 94 (4), 999–1007. doi:10.1002/jctb.5847

Wang, H., Tsang, C. W., To, M. H., Kaur, G., Roelants, S. L., Stevens, C. V., et al.
(2020). Techno-economic evaluation of a biorefinery applying food waste for
sophorolipid production–a case study for Hong Kong. Bioresour. Technol. 303,
122852. doi:10.1016/j.biortech.2020.122852

Wongsirichot, P., Costa, M., Dolman, B., Freer, M., Welfle, A., and Winterburn, J.
(2022). Food processing by-products as sources of hydrophilic carbon and nitrogen for
sophorolipid production. Resour. Conserv. Recycl. 185, 106499. doi:10.1016/j.resconrec.
2022.106499

Wongsirichot, P., Ingham, B., and Winterburn, J. (2021). A review of sophorolipid
production from alternative feedstocks for the development of a localized selection
strategy. J. Clean. Prod. 319, 128727. doi:10.1016/j.jclepro.2021.128727

Zhu, Z., Zhang, F., Wei, Z., Ran, W., and Shen, Q. (2013). The usage of rice straw as
a major substrate for the production of surfactin by Bacillus amyloliquefaciens XZ-
173 in solid-state fermentation. J. Environ. Manage. 27, 96–102. doi:10.1016/j.
jenvman.2013.04.017

Frontiers in Bioengineering and Biotechnology frontiersin.org17

Eras-Muñoz et al. 10.3389/fbioe.2023.1252733

156

https://doi.org/10.1080/10826068.2011.577883
https://doi.org/10.1002/jctb.5847
https://doi.org/10.1016/j.biortech.2020.122852
https://doi.org/10.1016/j.resconrec.2022.106499
https://doi.org/10.1016/j.resconrec.2022.106499
https://doi.org/10.1016/j.jclepro.2021.128727
https://doi.org/10.1016/j.jenvman.2013.04.017
https://doi.org/10.1016/j.jenvman.2013.04.017
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1252733


Tuning the antimicrobial activity
of microbial glycolipid
biosurfactants through chemical
modification
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Sophorolipids, glycolipid biosurfactants derived from microorganisms such as
Starmerella bombicola, possess distinctive surface-active and bioactive
properties, holding potential applications in cosmetics, pharmaceuticals and
bioremediation. However, the limited structural variability in wild-type
sophorolipids restricts their properties and applications. To address this,
metabolic engineering efforts have allowed to create a portfolio of molecules.
In this study, we went one step further by chemically modifying microbially
produced sophorosides, produced by an engineered S. bombicola. Twenty-four
new sophoroside derivatives were synthesized, including sophoroside amines
with varying alkyl chain lengths (ethyl to octadecyl) on the nitrogen atom and their
corresponding quaternary ammonium salts. Additionally, six different microbially
produced glycolipid biosurfactants were hydrogenated to achieve fully saturated
lipid tails. These derivatives, alongwithmicrobially produced glycolipids and three
benchmark biosurfactants (di-rhamnolipids, alkyl polyglucosides,
cocamidopropyl betaine), were assessed for antimicrobial activity against
bacteria (Bacillus subtilis, Staphylococcus aureus, Listeria monocytogenes,
Escherichia coli, Pseudomonas aeruginosa) and yeast (Candida albicans).
Results indicated that microbially produced glycolipids, such as bola
sophorosides, acidic sophorolipids and acidic glucolipids exhibit selective
antimicrobial activity against the test organisms. Conversely, lactonic
sophorolipids, sophoroside amines and quaternary ammonium salts display a
broad antimicrobial activity. N-octyl, N-dodecyl and N-octadecyl derivatives
exhibit the lowest minimal inhibitory concentrations, ranging from 0.014 to
20.0 mgmL−1. This study demonstrates the potential synergy of thoughtful
biotechnology and targeted chemistry to precisely tailor glycolipid
biosurfactants to meet specific requirements across applications.

KEYWORDS

microbial biosurfactants, sophorolipids, sophorosides, chemical modification,
antimicrobial activity
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1 Introduction

Sophorolipids (SLs) are a class of microbial glycolipid
biosurfactants produced by different non-pathogenic yeasts such
as Starmerella bombicola using renewable carbon sources that are
derived from first generation biomass (Jezierska et al., 2018; Rau
et al., 2001; Van Bogaert et al., 2011) as well as from side- or waste
streams (Takahashi et al., 2011; Kaur et al., 2019; Wang et al., 2019).
The major glycolipid species produced by the wild type S. bombicola
strain (i.e., the wild-type mixture 1) consist of open-chain acidic 2
and lactonic SLs 3 with various degrees of acetylation on the
sophorose head (Figure 1). The combination of the hydrophilic
sophorose head and the hydrophobic lipid tail makes these
glycolipids surface-active compounds. Additionally, they show
beneficial bioactive properties such as antimicrobial (Shah et al.,
2007), anti-cancer (Chen et al., 2006; Nawale et al., 2017),
dermatological, immunoregulatory (Shah et al., 2005) and
antiviral activities. With these favorable properties SLs are
currently one of the most represented microbial biosurfactants in
the market world-wide (Hayes and Smith, 2019).

Nevertheless, their application is currently mostly limited to
ecological cleaning and personal care products (Develter and
Lauryssen, 2010; Dierickx et al., 2022). Expanding their structural
variety is needed to pave the way towards further uses in
pharmaceuticals and personal care products, etc. To this end,
metabolic engineering efforts have already led to the
development of a portfolio of new-to-nature glycolipids, although
it still has a rather narrow range of structural variation and focus was
placed on uniform production (Van Renterghem et al., 2018a;
Castelein et al., 2023). The current production efficiencies of the
new-to-nature glycolipids are compound-specific, still quite variable
and generally lower when compared to wild type SLs. The
combination of genetic engineering and chemical modification of
both wild-type and new-to-nature glycolipids allows the generation
of a wider range of novel structures. Indeed, SLs and new-to-nature
glycolipids, especially the ones that are already produced with high
productivities, like sophorosides (SSs), are ideal candidates as
building blocks for chemical modification because of their rather
complex structure. Moreover, the biological activity of the
biosurfactants could be altered by generating such a new set of
derivatives. Literature shows that modified SLs have high potential
as antimicrobial agents (Azim et al., 2006; Totsingan et al., 2021), in
particular the SL derivatives with a cationic charge (Tang et al., 2021;

Delbeke et al., 2018; Delbeke et al., 2015a; Delbeke et al., 2019;
Speight et al., 2022). These studies revealed that the balance between
the cationic charge and the hydrophobic group plays a key role in the
lysis of bacterial cells. The cationic charge is necessary to create an
electrostatic interaction between the surfactant and the cell surface
while the hydrophobic group facilitates the insertion into the lipid
layer of the bacterial cell membrane. For example, in a recent study
of Delbeke et al., the quaternary ammonium SLs with a long alkyl
chain (i.e., dodecyl, pentadecyl and octadecyl) attached on the
nitrogen atom displayed better antimicrobial activities compared
to lactonic SLs against Gram-negative (E. coli LMG 8063, Klebsiella
pneumoniae LMG 2095 and Pseudomonas aeruginosa PAO1) and
Gram-positive (Staphylococcus aureus ATCC 6538 and S. aureus
Mu50) bacteria (Delbeke et al., 2019). Similarly, arginine conjugated
SL derivatives broaden the antimicrobial spectrum by showing a
high potency against Gram-positive (Bacillus subtilis, Bacillus cereus,
S. aureus) and Gram-negative (Escherichia coli) bacteria and two
fungal strains (Moesziomysces sp. and Candida albicans), with
improved antimicrobial activity compared to acidic SLs (Tang
et al., 2021). On the other hand, the hydrophobic leucine
conjugated SL derivatives did not inhibit the growth of any
bacterium or fungus, indicating that electrostatic interaction with
the cell membrane also plays a major role in the inhibition
of pathogens.

In this study, we aimed to diversify the class of SSs by
synthesizing a new set of SS amines (SS amines) with increasing
alkyl chain length on the nitrogen atom and their corresponding
sophoroside quaternary salts (SS quats), starting from novel
microbial biosurfactants, i.e., bola SSs (Figure 2). The
incorporation of an amine functionality into SSs renders them
pH-responsive, allowing them to change their charge in solution
depending on the acidity of the environment. The
pH responsiveness of amine-functionalized SSs makes them
particularly interesting for use in drug delivery, as they can be
designed to release their payload in response to changes in the pH of
the surrounding tissue. Additionally, the ability to change their
charge as a function of the pH could tune the effectiveness of
penetrating cell membranes. On the other hand, the
quaternization of SSs is useful in applications where a permanent
positive charge is needed, such as in the creation of antimicrobial
coatings or in the stabilization of emulsions in the food industry (Bai
et al., 2018). By adding a positively charged group to the molecule,
the resulting SS becomes attracted to negatively charged surfaces or

FIGURE 1
The wild-type mixture of sophorolipids (1) consisting of nonacetylated sophorolipid acid (2) and diacetylated sophorolipid lactone (3).

Frontiers in Bioengineering and Biotechnology frontiersin.org02

Pala et al. 10.3389/fbioe.2024.1347185

158

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1347185


particles, allowing the compound to form strong ionic bonds and
improve the overall stability of the system.

Furthermore, a second set of chemically modified glycolipids
was obtained via the hydrogenation of six different microbially
produced glycolipids. Such hydrogenation allows the synthesis of
fully saturated hydrophobic tails, which in turn allows to study the
effect of increased hydrophobicity.

Subsequently, the antimicrobial activities of the new sets of
glycolipid derivatives were investigated, next to the microbially
produced glycolipids for comparison, against Gram-positive
bacteria (B. subtilis, S. aureus, Listeria monocytogenes), Gram-
negative bacteria (E. coli, P. aeruginosa) and one yeast strain
(C. albicans).

This study can serve as a foundation for the development of
tailored glycolipids or derivatives possessing targeted
physicochemical and biological characteristics.

2 Materials and methods

The list of tested microbially produced glycoplipids, chemically
derived SSs, benchmark surfactants and their accompanying
specifications can be found in Table 1.

2.1 Microbially produced glycolipids (1–5),
benchmark surfactants and chemicals

Synthesis of the different (acetylated) C18:1 sophorolipids (SL)/
sophorosides (SS) has been previously reported through aerobic
fermentation with different strains of the yeast S. bombicola as
discussed in (Castelein et al., 2021; Baccile et al., 2016; Van
Renterghem et al., 2018b). Synthesis of the bola SS precursor has
been extensively described in (Van Renterghem et al., 2018b). The
wild type mixture of SL 1 (acidic and lactonic SL), non-acetylated
acidic SL 2, acetylated lactonic SL 3, non-acetylated bola SS 4a,
acetylated bola SS 4b, non-acetylated glucolipid (GL) 5a and mix
acetylated GL 5b were obtained from Bio Base Europe Pilot Plant
(BBEPP, Ghent) and used without further purification (purity above
97.6%). The non-acetylated acidic SL 2, non-acetylated 4a and
acetylated bola SS 4b and non-acetylated glucolipids 5a were
provided in solid powder form with a dry matter content of ca.
100%, while the wild type mixture 1 (dry matter of 55.0%),
acetylated lactonic SL 3 (dry matter of 64.8%) and mix acetylated

GL 5b (dry matter of 55.9%) were provided as a viscous aqueous
solution. The dry matter (DM) percentage was determined using an
Infrared Balance (105 °C) and was taken into account to obtain the
correct biosurfactant concentrations for the stock solutions. The
purity of the glycolipids was determined using ultra high-
performance liquid chromatography (UPLC) coupled to an
evaporative light scattering detector (ELSD) whereby residual
glucose, glycerol, free fatty acid and oil were taken into account.
These UPLC-ELSD analyses were performed on a Acquity H-Class
UPLC (Waters) and Acquity ELSD Detector (Waters) with an
Acquity UPLC CSH C18 column (130 Å, 1.7 μm, 2.1 mm ×
50 mm) (Waters) and a gradient elution system based on 0.5%
acetic acid in milliQ (A) and 100% acetonitrile (B) at a flow rate of
0.6 mL/min and the following method: initial concentration of 5% B
(95% A), linear increase for 6.8 min until 95% B (5% A) and
subsequent linear decrease to 5% B (95% A) during 1.8 min and
finally maintaining these concentrations until the end of the run
(10 min). Three commercially available benchmark non-ionic
biosurfactants (i.e., di-rhamnolipid BM1, alkyl polyglucosides
BM2 and cocamidopropyl betaine BM3) with antimicrobial
activity (Müller et al., 2017), (El-Sukkar et al., 2009) which are
derived from palm oil and/or produced through chemical synthesis
were chosen for comparative purposes. The benchmark surfactants
were provided to in the context of the Applisurf project. An aqueous
25% (m/v) di-rhamnolipid solution was provided by the
Pharmaceutical Science Research Group of the Biomedical
Science Research Institute, Ulster University, UK. Liquid
cocamidopropyl betaine (Euroquat HC47 VG) was provided by
EOC Surfactants and liquid alkyl polyglucoside was provided by
Flamac (Flanders Materials Centre). Ethanol, secondary amines,
MeI, and Pd/C were purchased fromMerck and Fisher Scientific and
used without further purification. Dry acetonitrile was obtained
using the MBraun SPS-800 solvent purification system.

2.2 Synthetic procedures

2.2.1 Hydrogenated glycolipids (6–9)
Hydrogenation reactions were performed in a hydrogenator that

in-situ generated H2 pressure of 5 bar. The C18:1 glycolipid was
dissolved in 50 mL of methanol and (5% w) Pd/C was added under a
N2 atmosphere. The reaction mixture was stirred under 5 bar H2

atmosphere for 18 h. Subsequently, the reaction mixture was filtered
over Celite and concentrated under reduced pressure.

FIGURE 2
Ozonolysis of (tetra acetylated) bola sophoroside 4 towards (di acetylated) C9 sophoroside aldehyde 10 and its subsequent reduction to (di
acetylated) sophoroside alcohol 11.
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TABLE 1 List of compounds tested during the antimicrobial assay. The dry matter of the compound was taken into account to prepare the stock solution of
200 g L−1. *The dry matter of chemical derivatives was considered to be 100%.

Code Glycolipid Fatty acid/fatty alcoholb Acetylation MW (g/mol) Solvent

Microbially produced glycolipids

Wild type sophorolipids

1 WT Wild type mix SLa C18:1 0–2 654 (av.) DMSO

2 NonAc acidic SL (C18:1) Non-acetylated acidic SL C18:1 0 622 DMSO

3 Ac lactonic SL (C18:1) Acetylated lactonic SL C18:1 1–2 646 DMSO

New-to-nature sophorosides

4a NonAc bola SS (C18:1) Non-acetylated bola SS C18:1 0 932 Milli-Q

4b Ac bola SS (C18:1) Acetylated bola SS C18:1 1–4 1,002 Milli-Q

5a NonAc acidic GL (C18:1) Non-acetylated GL C18:1 0 460 DMSO

5b Ac acidic GL (C18:1) Mix acetylated GL C18:1 0–1 470 Milli-Q

Chemically derived glycolipids

Hydrogenated glycolipids

6 NonAc acidic SL (C18:0) Non-acetylated acidic SL C18:0 0 934 DMSO

7 Ac lacton SL (C18:0) Acetylated lactonic SL C18:0 1–2 648 DMSO

8a Nonac bola SS (C18:0) Non-acetylated bola SS C18:0 0 934 DMSO

8b Ac bola SS (C18:0) Acetylated bola SS C18:0 1–4 1,004 DMSO

9a NonAc acidic GL (C18:0) Non-acetylated GL C18:0 0 462 DMSO

9b Ac acidic GL (C18:0) Mix acetylated GL C18:0 0–2 472 DMSO

Short chain sophorosides

10a NonAc aldehyde SS (C9:0) Non-acetylated aldehyde C9:0 0 482 Milli-Q

10b Ac aldehyde SS (C9:0) Acetylated aldehyde C9:0 2 566 Milli-Q

11a NonAc alcohol SS (C9:0) Non-acetylated alcohol C9:0 0 484 DMSO

11b Ac alcohol SS (C9:0) Acetylated alcohol C9:0 2 568 Milli-Q

Sophoroside Amines

12a NonAc SS amine (C2) Non-acetylated Amine C9:0-C2:0 0 525 Milli-Q

13a NonAc SS amine (C4) Non-acetylated Amine C9:0-C4:0 0 553 Milli-Q

14a NonAc SS amine (C6) Non-acetylated Amine C9:0-C6:0 0 581 Milli-Q

15a NonAc SS amine (C8) Non-acetylated Amine C9:0-C8:0 0 609 Milli-Q

16a NonAc SS amine (C12) Non-acetylated Amine C9:0-C12:0 0 665 Milli-Q

17a NonAc SS amine (C18) Non-acetylated Amine C9:0-C18:0 0 749 Milli-Q

12b Ac SS amine (C2) Non-acetylated Amine C9:0-C2:0 0 609 Milli-Q

13b Ac SS amine (C4) Non-acetylated Amine C9:0-C4:0 0 637 Milli-Q

14b Ac SS amine (C6) Non-acetylated Amine C9:0-C6:0 0 665 Milli-Q

15b Ac SS amine (C8) Non-acetylated Amine C9:0-C8:0 0 693 Milli-Q

16b Ac SS amine (C12) Non-acetylated Amine C9:0-C12:0 0 749 Milli-Q

17b Ac SS amine (C18) Non-acetylated Amine C9:0-C18:0 0 833 Milli-Q

Sophoroside quaternary ammoniums salts

18a NonAc SS quat (C2) Non-acetylated quat C9:0-C2:0 0 666 Milli-Q

(Continued on following page)
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2.2.2 Sophoroside alcohols (11)
In a 50 mL flask, 1 eq sophoroside aldehyde 10 was dissolved in

demineralized water (15 mL). To this solution 1 eq of 2-picoline-
borane was added. Themixture was acidified to pH 6 with acetic acid
and stirred overnight at room temperature. The aqueous solution
was washed three times with 15 mL of toluene and concentrated
under reduced pressure. The sophoroside alcohols 11 were obtained
as white powder.

2.2.3 Sophoroside amines (12a–17a)
In a 300 mL Parr reactor, non-acetylated sophoroside aldehyde

10a was dissolved in 40 mL of ethanol and 1 eq of the corresponding
secondary amine (i.e., N-ethylmethylamine, N-butylmethylamine,
N-hexylmethylamine, N-methyloctylamine, N-dodecylmethylamine
andN-methyloctadecylamine) was added subsequently to obtain the
sophoroside amines with the desired chain lengths. The reaction
mixture was stirred for 30 min at room temperature. To this solution
5 w% Pd/C was added and the reaction mixture was stirred
overnight (18 h) under 5 bar H2. The reaction mixture was
filtered over celite and concentrated under reduced pressure. The
non-acetylated sophoroside amines were obtained in high purity
without further purification.

2.2.4 Sophoroside quaternary salts (18a–23a)
In a 10 mL flame dried pressure resistant vial, non-acetylated

sophoroside amine 12was dissolved in dry acetonitrile. The solution
was cooled down to 0°C and methyl iodide (1.2 eq.) was added. The
vial was closed and heated to 80°C. After 24 h, the reaction mixture
was cooled down to room temperature and the sophoroside
quaternary ammonium salt was precipitated by the addition of

diethyl ether. The precipitate was filtered off and dried under
reduced pressure. The same procedure was repeated with each
sophoroside amine (i.e. 12a to 17a) to obtain the desired
sophoroside quaternary salt. In the absence of precipitation, the
reaction mixture was concentrated under reduced pressure and
recrystallized from diethyl ether if necessary. The sophoroside
quaternary salts were obtained in high purity without further
purification.

2.2.5 Sophoroside amines (12b–17b) and
sophoroside quaternary salts (18b–23b)

Synthesis of the acetylated sophoroside amines (12b—17b) and
corresponding quaternary salts (18b—23b) were described in a
previous study (Baccile et al., 2023).

2.3 Analytical characterization procedure

Nuclear Magnetic Resonance (NMR) spectra were recorded at
400 MHz (1H) and 100 MHz (13C) using a Bruker Avance III HD-
400 MHz spectrometer at room temperature. The samples were
dissolved in deuterated solvents (DMSO-d6). All spectra were
processed using TOPSPIN 3.2 and peaks were assigned with the
aid of 2D spectra (HSQC, H2BC and COSY). 1H and 13C chemical
shifts (δ) are reported in parts per million (ppm) downfield of TMS
and referenced to the residual solvent peak (DMSO-d6 δH = 2.50,
δC = 39.52). High-resolution mass chromatograms were obtained
with an Agilent 1,100 Series HPLC coupled to an Agilent 6,220 a
time-of-flight (TOF) mass spectrometer equipped with ESI/APCI-
multimode source.

TABLE 1 (Continued) List of compounds tested during the antimicrobial assay. The dry matter of the compound was taken into account to prepare the
stock solution of 200 g L−1. *The dry matter of chemical derivatives was considered to be 100%.

Code Glycolipid Fatty acid/fatty alcoholb Acetylation MW (g/mol) Solvent

19a NonAc SS quat (C4) Non-acetylated quat C9:0-C4:0 0 694 Milli-Q

20a NonAc SS quat (C6) Non-acetylated quat C9:0-C6:0 0 722 Milli-Q

21a NonAc SS quat (C8) Non-acetylated quat C9:0-C8:0 0 750 Milli-Q

22a NonAc SS quat (C12) Non-acetylated quat C9:0-C12:0 0 806 Milli-Q

23a NonAc SS quat (C18) Non-acetylated quat C9:0-C18:0 0 890 Milli-Q

18b Ac SS quat (C2) Non-acetylated quat C9:0-C2:0 0 750 Milli-Q

19b Ac SS quat (C4) Non-acetylated quat C9:0-C4:0 0 778 Milli-Q

20b Ac SS quat (C6) Non-acetylated quat C9:0-C6:0 0 806 Milli-Q

21b Ac SS quat (C8) Non-acetylated quat C9:0-C8:0 0 834 Milli-Q

22b Ac SS quat (C12) Non-acetylated quat C9:0-C12:0 0 890 Milli-Q

23b Ac SS quat (C18) Non-acetylated quat C9:0-C18:0 0 974 Milli-Q

BM1 Di-Rhamnolipid 651 Milli-Q

BM2 Alkyl polyglucosides 320 Milli-Q

BM3 Cocamidopropyl betaine 342 Milli-Q

aConsisting of 60% lactonic sophorolipids and 40% acidic sophorolipids.
bThe first carbon value refers to the chain length between the sophorose head group and the nitrogen while the second carbon value refers to the chain length of the alkyl chain on the nitrogen

atom. The number following the colon (:) shows the saturation degree of the compound (e.g., C9:0—C2:0).

SS, sophoroside; SL, sophorolipid; GL, glucolipid; Quats, quaternary ammonium salt; DMSO, dimethyl sulfoxide.
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2.4 Antimicrobial susceptibility testing

The antimicrobial activity of the compounds (listed in Table 1)
was assessed against B. subtilis LMG 2099, S. aureus LMG 8224, L.
monocytogenes LMG 23194, E. coli MG 1655, P. aeruginosa LMG
24986 and C. albicans SC 5314. The cultivation and testing method
was described earlier by De Clercq et al. (De Clercq et al., 2021).
Precultures of E. coli, P. aeruginosa and B. subtilis were grown in
lysogeny broth (10 g L−1 tryptone, 5 g L−1 yeast extract, and 5 g L−1

NaCl) while S. aureus and L. monocytogenes were cultivated in brain
heart infusion broth (Biokar diagnostics). C. albicans was cultivated
in 3C medium (100 g L−1 glucose, 10 g L−1 yeast extract, and 1 g L−1

urea). The bacterial precultures were grown in test tubes containing
4 mL of broth at 37°C and 200 rpm for 24–36 h whereas C. albicans
was grown in a test tube containing 4 mL of broth at 30°C and
200 rpm for 48–72 h.

The precultures were diluted in Mueller Hinton broth (MHB,
Biokar diagnostics) to a turbidity of the 0.5 McFarland standard,
which is approximately 1–2 × 108 colony forming units (CFU)
mL−1. For L. monocytogenes, BHI broth was used instead of MHB
due to poor growth in MHB. Stock solutions of each compound
were prepared at concentration of 200 g L−1 in MilliQ water or in
dimethyl sulfoxide (DMSO) in case of poorly water soluble
compounds. Therefore, a preliminary DMSO serial dilution test
(up to 10% v/v) was used to evaluate microbial viability upon
DMSO addition. The maximum concentration of the compounds
tested per microbial strain was chosen based on the highest DMSO
concentration that did not affect the growth of that strain. This
maximum DMSO concentration was also included in the assay in
parallel as an additional control for each strain. The minimum
inhibitory concentration (MIC) that inhibits the growth of the
microorganisms completely and the minimum lethal
concentration (MBC) at which no growth could be observed
after reinoculation were used as the measures of the
antimicrobial activity. MIC and MBC values were determined
in duplicates (n = 2) using a serial dilution method in 96-well
microtiter plates (MTPs) based on Clinical and Laboratory
Standards Institute (CLSI) guidelines (Weinstein et al., 2018;
Elshikh et al., 2016; Elshikh et al., 2017). In case of a different
result in between the replicates, the highest concentrations were
taken into account. Concentrations of the compounds
(i.e., microbially produced glycolipids, hydrogenated glycolipids,
alcohol and aldehyde sophorosides) tested during the first
screening ranged from 0.5 to 20 mg mL−1 while during the
screening of the second set of compounds (i.e., sophoroside
amines and sophoroside quaternary salts) the concentrations
ranged from 5 × 10−4–10 mg mL−1. The final volume of the
wells was 150 μL and 200 µL for the first and second screening,
respectively. The pH of the MHB was buffered to a pH of 4 and a
pH of 7 for C. albicans and for bacteria respectively using a citrate-
phosphate buffer. Negative controls (non-inoculated microtiter
wells) and positive controls, i.e., addition of antibiotics in known
inhibition concentrations were also included in the screening:
kanamycin (50 mg L−1) for E. coli, B. subtilis, P. aeruginosa and
S. aureus, nystatin (2 mg L−1) and ampicillin (100 mg L−1) for C.
albicans and L. monocytogenes, respectively (Lydon et al., 2017),
(Missiakas and Schneewind, 2013), (Nenoff et al., 2016), (Roedel
et al., 2019).

The plates were incubated for 24 h on a MTP shaker at 700 rpm
at 30°C for yeasts and 37°C for bacteria. Before and after cultivation
(24–36 h), the growth was monitored by optical density
measurements at 600 nm by using a multilabel microtiter plate
reader (FLUOstar OPTIMA FL, BMG Labtech). As (lactonic) SLs
interfere with OD600 measurements, and some biosurfactants
resulted in slightly turbid solutions at the highest concentrations,
growth was also assessed using a resazurin assay. This fluorometric/
colorimetric assay is based on the reduction of the blue dye resazurin
(absorbance at 600 nm) with a formation of the red fluorescent dye
resofurin (ex/em of 530–560 nm/590 nm) by metabolically active
cells. In practice, 30 µL of a 0.2 g L−1 filter sterilized resazurin
solution (Sigma-Aldrich) was added to the cell cultures in the
MTP after 24 or 48 h of cultivation and was incubated for an
additional 1–2 h. Microbial growth was verified by fluorescence
measurements of resorufin at 560 nm/590 nm a multilabel
microtiter plate reader (FLUOstar OPTIMA FL, BMG Labtech).

3 Results and discussion

3.1 Synthesis of new sophoroside derivatives

The C9 sophoroside aldehyde 10 was obtained according to the
previously described procedure for ozonolysis of bola sophoroside 4
in water (Pala et al., 2022). The subsequent reduction of the SS
aldehyde 10 with 2-picoline-borane yielded the SS alcohol
11 (Figure 2).

The set of SS amines 12–17 was synthesized by catalytic
reductive amination of C9 SS aldehyde 10 with selected
secondary amines using a reducing agent (Figure 3). To ensure
the success of the reductive amination process an appropriate
reducing agent that can selectively reduce imines over the SS
aldehyde (Sato et al., 2004) was carefully selected. NaBH3CN has
been commonly employed as a reducing agent for reductive
amination because it can selectively reduce the imine in the
presence of an aldehyde functionality (Delbeke et al., 2019).
However, it is toxic and significant health risks associated with
using it necessitate careful handling and disposal procedures.
Moreover, the work-up stream may contain highly toxic cyanide
salts. Thus, the toxicity and environmentally hazardous/unfriendly
nature of this reducing agent makes it less attractive for this study in
the context of a green synthesis. In contrast, molecular hydrogen is
readily available, cost-effective and atom-economical as a reagent,
producing only water as a by-product. Additionally, reduction with
catalytic hydrogenation is simple, less toxic and more sustainable in
comparison to reduction with agents such as borohydrides
(Nishimura, 2001). Therefore, in this study, catalytic
hydrogenation with H2 gas was preferred to obtain the desired SS
amines. Six different secondary amines with ethyl, butyl, hexyl, octyl,
dodecyl and octadecyl groups were selected to synthesize the desired
SS amines 12–17. As such, the influence of the alkyl chain length on
the nitrogen atom on the antimicrobial properties of the obtained
compounds could be evaluated. Initially, the SS aldehyde 10 and the
secondary amine weremixed in ethanol to allow the formation of the
intermediate SS imine. Subsequently, the SS imine was reduced to SS
amine via catalytic hydrogenation. Next, quaternary ammonium
sophorosides (SS quats) 18–23 were obtained via quaternization of
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FIGURE 3
Synthesis of sophoroside amines 12—17 and sophoroside quaternary ammonium salts 18—23 starting from sophoroside aldehyde 10 obtained from
bola sophorosides. The “a” suffix in the compound numbers represents nonacetylated analogues whereas the “b” suffix indicates the
diacetylated analogues.

FIGURE 4
The figure depicts a heatmap showing theminimum inhibitory concentrations (MIC) inmg mL−1 for variousmixtures, including a wild typemixture 1,
microbially produced biosurfactants 2–5, hydrogentated glycolipids 6–9, chemically modified sophorosides 10—23 (a: nonacetylated, b: acetylated) and
benchmark biosurfactants. The colors represent the level of antimicrobial activity, with darker blue indicating a lower MIC and thus higher activity.
Additional information about the hydrophobic chain length of the biosurfactants can be found in Table 1. The values reported were observed for
each replicate (n = 2). See Supplementary Table S1 for minimal bactericidal concentrations (MBC) in mg mL−1. Values marked with a “>” show
combinations for which no exact MIC value could be determined within the tested concentration range (i.e., maximum tested concentration did not
cause antimicrobial effects). Values marked with a “<” show combinations for which the MIC value is lower than the lowest tested concentration.
Combinations where no conclusive MIC value could be determined are shown by “n.d”.
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the SS amine 12–17 with 1.2 eq. methyl iodide (Figure 3). Even
though the synthesized SS amines showed low solubility in dry
acetonitrile, the complete conversion was observed after 24 h.
Methanol was also tested as an alternative reaction medium, but
resulted in a significantly lower reaction rate, requiring subsequent
addition of methyl iodide to achieve a complete conversion.

3.2 Evaluation of the antimicrobial activity

The antimicrobial activity of the microbially produced
biosurfactants 1–5 and their derivatives 6–23 was evaluated
against clinically relevant test organisms including the Gram-
positive bacteria B. subtilis, S. aureus and L. monocytogenes, the
Gram-negative bacteria E. coli and P. aeruginosa, and the yeast
species C. albicans. Both minimum inhibitory concentrations
(MICs) and minimum bactericidal/lethal concentrations (MBCs)
were determined for all the compounds listed in Table 1 and
compared to three different benchmark surfactants (BM1–BM3).
The MIC andMBC values are provided in Supplementary Tables S1,
S2 in the Supplementary Material. Additionally, a heatmap showing
MICs in mg mL−1 is displayed in Figure 4. No microbial growth was
observed after 24 h in the negative controls (non-inoculated MTP
wells). The results of the antimicrobial activity tests will be discussed
for two different groups (i.e., compounds 1–9 and compounds
10–23) in the following sections.

3.3 Inhibitory activity (MIC) of
(hydrogenated) microbially produced
surfactants (1–9)

MIC values of the wild-type SLs range between 0.47 mg mL−1

and 10 mg mL−1 for all the test organisms, except for the wild type
mixture 1 and lactonic SL 3 against P. aeruginosa (i.e., no MIC value
could be determined up to 10 mg mL−1) (Supplementary Table S1,
ESI). The latter is in accordance with literature, where the possibility
of SLs inhibiting P. aeruginosa at concentrations of 1% v/v and
higher is shown (Díaz De Rienzo et al., 2016). These observations
also fit well with previously reported antimicrobial activity of the
wild type SL mixture 1 against a wide range of micro-organisms and
with the natural antimicrobial action of SLs as secondary metabolites
in the Starmerella niche (De Clercq et al., 2021). The wild-type S.
bombicola mixture contains both acidic 2 and lactonic 3 SLs. It is
generally recognized that cell death is caused by integration of the
hydrophobic chain of the surfactant into the cell membrane, leading
to solubilization thereof (Dusane et al., 2012), (Dengle-Pulate et al.,
2014). This theory supports the motivation that the more
hydrophobic lactonic compound 3 possesses the highest
antimicrobial activity of the two, in accordance with our results.
The MIC values for the lactonic SL 3 for L. monocytogenes
(0.47 mg mL−1), S. aureus (0.47 mg mL−1), B. subtilis
(<0.47 mg mL−1) and E. coli (3.75 mg mL−1) are lower, or similar
in the case of C. albicans (7.70 mg−1) than for the acidic sophorolipid
2. The critical micellar concentration (CMC) (Supplementary Table
S3, ESI) of lactonic SL 3 (45.1 mg L−1) is much smaller than for the
acidic SL 2 (312 mg L−1). Therefore, the amount of free surfactants is
expected to be higher for acidic SL 2 compared to lactonic SL 3. The

latter could explain the fact that antimicrobial activity is observed for
the acidic SL 2 despite of its high hydrophilicity. The lower MIC
value of the wild-type mixture against E. coli (0.47 mg mL−1),
compared to the isolated acidic 2 or lactonic SL 3, does not rule
out more complex, synergistic effects when multiple surfactant
species co-exist in solution. For example, we have observed that
the solubility of lactonic SLs can be increased in the presence of
highly water-soluble acidic SLs during our preliminary tests (in-
house data). This would suggest higher MIC values for wild-type
mixtures. However, for E. coli, lower MICs are observed for the wild-
type mixture. It could also be hypothesised that acidic SL, consisting
of a hydrophilic sophorose head and a hydrophilic carboxyl function
at the other end of its structure, thus resembling a bola form, work as
a delivery system of lactonic SLs to the membrane structure,
explaining the lower MICs observed. It is however clear that
further research is warranted to fully elucidate these phenomena.

A negative correlation between water solubility and
antimicrobial activity is also noticeable when bola SSs 4 are
considered. These compounds are extremely water-soluble
(>500 mg mL−1 in H2O in a pH range from 2 to 10,
(Supplementary Table S3, ESI)), while at the same time they are
inactive against all test organisms in the concentration ranges tested,
except for the acetylated bola SS 4b against L. monocytogenes
(0.47 mg mL−1) and B. subtilis (15 mg mL−1). Considering the
difference in the CMC of the non-acetylated bola SS 4a
(224 mg L−1) and acetylated bola SS 4b (63 mg L−1), it seems that
the difference in the number of free molecules in solution appears to
be of secondary importance for the antimicrobial effect for bola SSs.

The acidic glucolipids (5a and 5b) showed antimicrobial activity
against most of the tested organisms in the concentration range
tested. Their lower water solubility (due to the presence of only one
saccharide unit) and high CMC values (2,245 mg L−1) could support
the antimicrobial activity. However, when the acidic GL 5a and
acidic SL 2 are compared, the removal of the glucose moiety does not
result in a consistent increased microbial activity for all tested
microorganisms. In another study, the acidic GLs even displayed
lower killing efficacy compared more hydrophilic acidic SL due to
less effective interactions with their molecular environment, such as
glucose and protein moieties in the cytoplasmatic membrane
(Valotteau et al., 2015).

Saturation of the hydrophobic aliphatic chain of microbially
produced biosurfactants, to form hydrogenated compounds (6–9),
can result in altered MIC values, but not for all compounds.
Saturated acidic 6 and lactonic 7 SLs did not have better
antimicrobial properties compared to their unsaturated analogues
(2 and 3), respectively. Hydrogenation resulted in higher
antimicrobial activity when considering C18:0 acidic glucolipids
9a and 9b compared to 5a and 5b, but this is not the case for E. coli.
Clearly, and as already indicated above and as repeated below, the
complex nature of amphiphilic compounds and the macromolecular
structures of surfactants together with complex interactions with
cellular systems necessitate a more in-depth investigation to reveal
the structural features that mainly determine antimicrobial activity.

In this study, both wild-type SLs (1–3) and novel microbially
produced glycolipids (4–5) together with their hydrogenated
counterparts showed selective behaviour, implied by different
MIC values against different microorganisms. For example, the
mix of acetylated glucolipid 5b inhibited E. coli and L.
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monocytogenes in a 1 mg mL−1 concentration, while the MIC values
for other test organisms were rather high (e.g., 15 mg mL−1 for B.
subtilis) or even above the highest concentration tested in this study
(>20 mg mL−1). Similar observations can be made for the acetylated
bola SS 4b. In the case of hydrogenated lactonic 7 and acidic SLs 9, a
higher antimicrobial effect was observed for L. monocytogenes and S.
aureus compared to the other test organisms. This selective activity
is undesired for food, cosmetic and pharmaceutical applications
where broad spectrum additives that inhibit a wide range of
microorganisms are required to extend the shelf-life. On the
other hand, this selective activity is an advantage in products
where viable microorganisms are added as an active ingredient,
such as probiotics for skin and gut health. It may also be preferred in
cases where certain opportunistic pathogens need to be inhibited
without disturbing the balance of a healthy microbiome. The
selective behaviour of the wild-type SLs 1 and 3 and novel
biosurfactants 4b, 5a, 5b, 7 and 9 sets these compounds apart
from other biosurfactants such as di-rhamnolipids (BM1), alkyl
polyglucosides (BM2) and cocamidopropyl betaine (BM3). While
the antimicrobial activity of microbially produced surfactants is
mainly selective and needs to be evaluated from one organism to
another, BM1 and BM2 are perhaps more suited to be used as broad
spectrum antimicrobials.

3.4 Inhibitory activity (MIC) of chemical
derivatives SS amines and quats (10a–23a
and 10b–23b)

The chemical modification of glycolipids provides an
opportunity to substantially expand the existing glycolipid
portfolio and to improve their biological activities (Delbeke et al.,
2015b), (Pala et al., 2023). In this context, the chemically derived
C9 SS alcohol and aldehyde (10a–11a and 10b–11b), SS amines
(12a–17a and 12b–17b) and corresponding SS quats (18a–23a and
18b–23b) were synthesized.

A significant difference in properties can already be noticed
between the SS aldehyde (10) and SS alcohol (11). While no MIC
values (MIC >20 mg mL−1) could be determined in the tested
concentration range for SS aldehyde 10a - 10b, the more polar
SS alcohols 11a (acetylated) and 11b (non-acetylated) showed clear
antimicrobial activities with MIC values against S. aureus of 10 and
5 mg mL−1, against P. aeruginosa of 5 and 10 mg mL−1, against E. coli
of 15 and 7.5 mg mL−1, respectively and against B. subtilis of
1.88 mg mL−1 for both 11a and 11b.

Among the SS amines, derivatives with long alkyl chains
(14a–17a, 14b–17b) on the nitrogen atom show modest to high
antimicrobial activities against all the tested microorganisms
(Figure 4). High antimicrobial activities were obtained with
N-octyl (15a, 15b), N-dodecyl (16a, 16b) and N-octadecyl (17a)
derivatives against C. albicans, with the lowest MIC value of
0.37 mg mL−1 for the later. While N-hexyl to N-octadecyl
(14a–17a, 14b–17b) SS amine derivatives inhibited the growth of
L. monocytogenes and B. subtilis, N-octadecyl (17a and 17b)
derivatives displayed the lowest MIC values in this group of SS
derivatives with the MIC of 0.04 and 0.37 mg mL−1 (17a
respectively) and of 0.01 mg mL−1 (17b) for both
microorganisms. Regarding S. aureus, the N-dodecyl derivative

(16b) showed the lowest MIC value (0.04 mg mL−1), not only in
the SS amine group, but among all tested compounds in this study. It
seems that the length of the alkyl chain on the nitrogen atom plays
an important role in the inhibition of S. aureus, which could also be
seen in literature (Delbeke et al., 2019), where N-dodecyl and
N-pentadecyl derivatives of SS quats also had the lowest MIC
values (1.71 μmol mL−1) of all tested derivatives. The highest
activities within the SS amines against the Gram-negative
bacteria (i.e., MIC values in between 10 and 1.11 mg mL−1) were
also obtained with N-hexyl (14b), N-octyl (15a and 15b) and
N-dodecyl (16a and 16b) derivatives. Moreover, it was observed
that slightly lower MIC values were obtained with the acetylated
amines compared to non-acetylated SS amines.

It was expected that SS quats would display good antimicrobial
activity at concentrations similar to the antibiotic gentamicin
sulphate (Delbeke et al., 2015c). Indeed, several of the SS quats
derivatives showed significant growth reduction compared to the
control. MIC values equal or below 20 mg mL−1 were obtained for all
tested microorganisms. Particularly, N-dodecyl (22a and 22b) and
N-octadecyl (23a and 23b) SS quats forC. albicans;N-octyl (21a),N-
dodecyl (22a and 22b) andN-octadecyl (23a and 23b) SS quats for L.
monocytogenes and B. subtilis and N-octyl (21b) and (22a and 22b)
N-dodecyl for E. coli performed the best in between the SS quats. A
comparison of the SS quats with the SS amines that have the same
alkyl chain on the nitrogen atom indicates that the activities of the SS
amines are similar to the SS quats, which was not yet described in
literature. This is promising, as the tertiary amines are not often as
toxic as the quaternary ammonium salts (Zhang et al., 2015).

Although a comparison remains delicate given the fact that
microbially produced or hydrogenated glycolipids (1–9) were tested
at rather limited concentration range, this does not undermine the
encouraging results of high antimicrobial activity observed for some
long chain SS amines (16b, 17a and 17b) and quats (22b, 23a and
23b), for which better antimicrobial activity compared to
microbially produced glycolipids is certainly plausible. The
antimicrobial activity of compounds 11a, 11b, 17a, 17b and 23a
is still microorganism-dependent. The other chemically modified
SSs however could be classified as either being biologically active
against the majority or even all of the test organisms (14a, 15a, 15b,
16a, 16b, 21a, 21b, 22a, 22b, 23b) or as being mainly inactive SS
derivatives (10a, 10b, 12a, 12b, 13a, 13b, 18a, 18b, 19a, 19b). Thus,
for the microbially SS derivatives where a certain antimicrobial
activity was observed, this activity is exhibited against the majority, if
not all, of the test organisms in the tested concentrations. Therefore
and unlike the microbially produced glycolipids, where none of the
compounds showed activity against all test organisms, some of the
modified SS derivatives seem to display a trend of more broad range
antimicrobial activity. Tang et al. reported a similar trend with the
arginine SL conjugates (Tang et al., 2021). For instance, the arginine
conjugated SL displayed efficient antimicrobial activities against all
eight tested microorganisms (i.e., multiple strains of B. subtilis, B.
cereus, S. aureus, C. albicans andMoesziomyces sp.) with MIC values
between 31 and 250 mg L−1, while acidic SL inhibited the growth of
only three (i.e., two B. subtilis strains and B. cereus) with MICs
between 250 and 500 mg L−1.

Compounds 15a, 15b, 16a, 16b, 17a, 17b, 21a, 21b, 22a, 22b,
23a, 23b distinguish themselves from the tested benchmark
surfactants (BM1—BM3) due to their particularly high biological
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activity combined with the outspoken broad spectrum effects. In
terms of absolute MIC values, minimum four and maximum nine
(i.e., against C. albicans and S. aureus, respectively) of the ten
aforementioned derivatives show an equal or even lower MIC
value compared to the benchmark with the lowest MIC for each
test organism. Furthermore, the SS amine and SS quaternary
derivatives with N-octyl, N-dodecyl and N-octadecyl alkyl chains
show comparable MIC values with benzalkonium chloride, a well-
known synthetically produced quaternary ammonium surfactant
used as preservative in pharmaceuticals. Perinelli et al. reportedMIC
values of 1, 4, 32 and 4 mg mL−1 against S. aureus, E. coli, P.
aeruginosa and C. albicans, respectively (Perinelli et al., 2019).
On the other hand, SS quats exhibited lower microbial activities
against above-mentioned microorganisms in comparison to
cetyltrimethylammonium bromide (Maneedaeng et al., 2018).

As explained above, it is generally recognized that cell death is
caused by integration of the hydrophobic chain of the surfactant into
the cell membrane, leading to altered membrane permeability and
leakage of ions, ATP and other vital cytoplasmatic components, but
also loss of the pH gradient and inactivation of membrane enzymes,
eventually causing rupture of membrane and lysis of the cells
(Dusane et al., 2012), (Dengle-Pulate et al., 2014), (Carmona-
Ribeiro and Carrasco, 2013). This theory can also be supported
here, by the lower absolute MIC values of the best performing
-surfactants (16b, 17a, 17b, 22a, 22b, 23a and 23b) against the three
Gram-positive bacteria tested (B. subtilis, L. monocytogenes, S.
aureus) compared to the Gram-negative bacteria (E. coli, P.
aeruginosa). We hypothesize that the outer membrane of the
Gram-negative bacteria, which mainly consists of
lipopolysaccharides and lipids, may act as a defensive barrier that
withholds the amphiphilic molecules before they can drastically
disrupt the cell-strengthening cytoplasmic membrane. Gram-
positive organisms do not dispose of such an outer membrane,
hence accumulation of the amphiphilic molecules will take place at
the cytoplasmic membrane. Still, the cell envelope remains complex
and next to the potential solubilization of the phospholipid cell
membrane, the (periplasmatic) peptidoglycan layer will also affect
translocation of surfactants towards the inner membrane. Few
studies have explored surfactant interaction with the bacterial cell
wall. Recent molecular dynamic simulations highlight the
significance of a surfactant’s CMC and the associated number of
free surfactants or small aggregates, influencing their translocation
frequency and survival time (Sharma et al., 2022). The
peptidoglycan cell wall serves more as a passive filter, more
effectively controlling the translocation of surfactant aggregates
than single surfactant molecules due to size differences. As
indicated above, further exploration of supramolecular structures
of the modified surfactants and their interaction with peptidoglycan
and other cellular systems could enhance the preliminary
retention models.

The increasing acetylation degree of the SS amines and quats
generally has a positive impact on inhibitory concentrations.
Additionally, a clear trend can be observed in the antimicrobial
activity of the SS amines (12a–17a and 12b–17b) and SS quats
(18a–23a and 18b–23b) with respect to the alkyl chain length
attached to the nitrogen atom. The antimicrobial activity of both
SS amines and quats were positively affected by the increased
alkyl chain length. For example, SS derivatives with the N-octyl,

N-dodecyl and N-octadecyl alkyl chains on the nitrogen atom
showed higher antimicrobial activities against the Gram-positive
and Gram-negative bacteria tested as well as the yeast (i.e., C.
albicans). The latter is consistent with what has been reported
regarding the parabolic effect of MIC values as a function of
increasing alkyl chain length (Delbeke et al., 2019), (Birnie et al.,
2000). The hydrophobicity of the chain length affects the
penetration into the lipid layer and therefore increases the free
volume that is created in the lipid layer as well as the partitioning
coefficient between the lipid and aqueous layers. Therefore, the
aliphatic chain should be neither too long nor too short. The
optimal chain length requires a balance between the ability to
penetrate the membrane, the solubility and the free volume
created into the lipid layer after penetration causing
membrane thinning. This optimum chain length varies
between different bacteria due to different properties of
bacterial membrane lipids, such as different lipid chain length,
degree of unsaturation and fluidity. However, from these results it
could be concluded that at least a range of the alkyl chain length
can be selected (i.e. 8 < n < 18) with optimal antimicrobial activity
for all organisms tested. More specifically, based on the results of
this study, the suggested alkyl chain length range could be 12 <
n < 18 for C. albicans, 8 < n < 18 for L. monocytogens and 8 < n <
12 for S. aureus, P. aeruginosa as well as E. coli. Besides the
hydrophobicity, the electrostatic interaction between the
positively charged derivatives and negatively charged lipid
layer plays a prominent role in the disruption of the cell
membranes. Therefore, a balance should be found between the
positive charge and the hydrophobicity as well.

3.5 Lethal activity (MBC)

Lethality of the compounds was investigated through
determination of the minimum bactericidal concentration
(MBC), for which values are shown in Supplementary Table S1
(ESI). P. aeruginosa, which was not lethally affected by any of the
components at tested concentrations, is not represented in this table.
In the case of S. aureus, lethal effects could only be observed for SS
amine 16b and SS quats 22a, 21b, 22b with an MBC of at
10 mg mL−1. These compounds are the only ones able to
approximate the lethal activity of the benchmarks (5 mg mL−1).
In contrast to P. aeruginosa and S. aureus, B. subtilis has MBC
values as low as 0.94 mg mL−1 for microbially produced SLs (1, 3, 5a)
and 0.014—0.04 mg mL−1 in the case of SS amines (16b, 17b) and SS
quats (23a, 23b). For the organisms tested, theMBC values are in the
same concentration range with the MIC values. For the other test
organisms (C. albicans, E. coli, L. monocytogenes) the MBC values of
the microbially produced glycolipids were observably similar to or
higher than the MIC values. For example, for L. monocytogenes the
MBC values equal the MIC values (1, 21a, 23b), but typically the
MBC amounted to values up to a factor of 10–100 (e.g., 17b) higher
than the MIC values. This corresponds to the higher MBC values
also for E. coli and C. albicans. For E. coli, the lowest MBC values of
7–10 mg mL−1 could be observed for the aldehyde SS (9b) or long
chain amine and quat SS (15b, 16a, 16b, 22a). For C. albicans, the
lowest MBC values even reached 0.37—1.88 mg mL−1 with SS
amines (15a, 16b) and SS quats (23a, 22b, 23b). The results
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show the ability of microbially produced glycolipids and especially
chemical derivatives such as SS amines and quats, not only to inhibit
growth, but also lethally affect subjected microorganisms. Although
bacteriostatic activity will be sufficient in most applications to
prevent starting or ongoing growth of food spoiling
microorganisms, it is generally not satisfactory in agricultural and
(bio)medical applications where sterilizing effects are crucial
(Naughton et al., 2019). For these circumstances, the potential
bactericidal effect of glycolipids shown here can be very useful.

4 Conclusion

The useful surface-active features and the green nature (high
biodegradability, biobased production and mild properties) of
wild-type sophorolipids have paved the way for the generation
of green business-to-consumer products for cleaning. Although
this green transition has already been initiated, the sophorolipid
industry is still subject to relatively high prices (20–30 €/·kg in
Europe). Therefore, it is of utmost importance to discover
promising and especially effective compounds that allow
lower dosages to minimize their application costs. Also, the
current production costs could be justified by increasing the
structural diversity to enhance their properties and to pave the
way towards further uses in high-value applications such as
pharmaceuticals, personal care products, etc. In this regard, the
structural variation of the sophorolipid platform has been
increased via metabolic engineering efforts, chemical
derivation or the successful combination thereof. In this
study, microbially produced bola sophorosides were
chemically modified into novel sophoroside amines and
sophoroside quaternary ammonium salts via an intermediate
sophoroside aldehyde. Additionally, the double bond on the
microbial surfactants was saturated via catalytic hydrogenation.
In the end, all available SS derivatives and microbially produced
biosurfactants were evaluated in terms of antimicrobial
properties.

In this study, both wild-type SLs and novel microbially
produced glycolipids and the latter’s hydrogenated
counterparts showed selective antimicrobial behaviour, implied
by different MIC values against different microorganisms.
Interestingly, the antimicrobial activity can considerably be
altered after chemical modification, where a general trend
towards broad-spectrum activity was observed. However,
elucidating the structure-function relations is a complex
process. Still, a trend can be seen among the SS amines and
quaternary salts with increasing alkyl chain length, which might
be due to its influence on the partitioning of the compound into the
microbial membrane bilayer. Finding the optimal balance between
the cationic charge and the hydrophobic chain length of SS amine
and SS quats results in chemical derivatives that are effective
towards all tested organisms, in concentrations as low as
0.0137 mg mL−1. Future research opportunities exist in fully
complementing the existing models regarding antimicrobial
mode of action and subsequently revealing the observed
specificity of compounds. Factors such as steric hindrance due
to surfactant or aggregate size, phase behaviour and interaction of
supramolecular structures with the cell environment, the

organism-specific cell envelope and the extracellular
metabolome of test organisms may all impact the efficacy of
these compounds in terms of biological activity. Following the
determination of the end-application area, a techno-economic
analysis would be required to clarify the necessity of the
chemical modification of SLs/SSs. Nonetheless, the combination
of the observed selective antimicrobial nature of the microbially
produced glycolipids and the broad-spectrum activity of novel
chemical derived surfactants has potential to be applied in a wide
range of applications where specific inhibition or total inhibition
is required. Even the applications where only physicochemical
parameters are important while the antimicrobial activity needs to
be avoided can be achieved by, for example, using the (un)
saturated bola sophorosides or short-chain SS amines and SS
quats (i.e., N-ethyl and N-butyl derivatives). In conclusion, the
use of selective or broad-spectrum antimicrobial glycolipids
with their beneficial physicochemical characteristics in
various formulations such as pharmaceutical, medical, food
and crop protective products cannot only reduce the number
of required ingredients, but also lower the production costs,
thus bringing sophorolipid containing products closer to
commercialization. This research highlights that the strategic
integration of biotechnology and chemistry enables precise
customization of biosurfactants within the glycolipid
portfolio, rendering them highly adaptable to meet diverse
application needs.
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Introduction: This study assesses the environmental impacts of
mannosylerythritol lipids (MELs) production for process optimization using life
cycle assessment (LCA). MELs are glycolipid-type microbial biosurfactants with
many possible applications based on their surface-active properties. They are
generally produced by fungi from the family of Ustilaginaceae via fermentation in
aerated bioreactors. The aim of our work is to accompany the development of
biotechnological products at an early stage to enable environmentally sustainable
process optimization.

Methods: This is done by identifying hotspots and potentials for improvement
based on a reliable quantification of the environmental impacts. The production
processes of MELs are evaluated in a cradle-to-gate approach using the
Environmental Footprint (EF) 3.1 impact assessment method. The LCA model
is based on upscaled experimental data for the fermentation and purification,
assuming the production at a 10 m³ scale. In the case analyzed, MELs are
produced from rapeseed oil and glucose, and purified by separation, solvent
extraction, and chromatography.

Results: The results of the LCA show that the provision of substrates is a major
source of environmental impacts and accounts for 20% of the impacts onClimate
Change and more than 70% in the categories Acidification and Eutrophication.
Moreover, 33% of the impacts on Climate Change is caused by the energy
requirements for aeration of the bioreactor, while purification accounts for
42% of the impacts respectively. For the purification, solvents are identified as
the main contributors in most impact categories.

Discussion: The results illustrate the potentials for process optimization to
reduce the environmental impacts of substrate requirements, enhanced
bioreactor aeration, and efficient solvent use in downstream processing. By a
scenario analysis, considering both experimental adaptations and prospective
variations of the process, the laboratory development can be supported with
further findings and hence efficiently optimized towards environmental
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sustainability. Moreover, the presentation of kinetic LCA results over the
fermentation duration shows a novel way of calculating and visualizing results
that corresponds to the way of thinking of process engineers using established
environmental indicators and a detailed system analysis. Altogether, this LCA study
supports and demonstrates the potential for further improvements towards more
environmentally friendly produced surfactants.

KEYWORDS

biosurfactant, mannosylerythritol lipids (MELs), life cycle assessment (LCA), fermentation,
downstream processing, biotechnology, prospective LCA

Introduction

Motivation and background

The production of sustainable and low impact products is
essential, in order to face environmental challenges, such as
climate change. The European Commission is committed to
achieving climate neutrality by 2050 and has therefore presented
the European Green Deal (European Commission, 2019), with the
European Bioeconomy strategy contributing to these ambitious
plans (European Commission, 2012). Biosurfactants can
contribute to achieve these aims, due the use of exclusively
biobased raw materials for their production. While traditional
surfactants are synthesized chemically from either petrochemical
or oleochemical resources, the term biosurfactant usually refers to
surfactants that are produced biotechnologically, either by
enzymatic or microbial synthesis from renewable resources.
Microbial biosurfactants, which are produced by fermentation of
bacteria or fungi in a bioreactor, are commonly divided into high
molecular weight and low molecular weight biosurfactants, with the
former including lipoproteins and lipopolysaccharides, and the
latter including lipopeptides or glycolipids. Prominent examples
of microbial biosurfactants are the glycolipid-type rhamnolipids and
sophorolipids or the lipopeptide surfactin (Sarubbo et al., 2022).

Biosurfactants share many properties with their synthetic
counterparts, such as surface tension reduction, foaming, wetting,
emulsification, and phase formation, but the specific properties of a
particular class of biosurfactant always depend on its chemical
structure. They are readily biodegradable, due to their exclusively
bio-based raw materials and catalysts (Klosowska-Chomiczewska
et al., 2011; Rodríguez-López et al., 2020; Briem et al., 2022). In
addition, biosurfactants offer further advantages for
environmentally friendly surfactant production, such as low
reaction temperatures, due to their microbial or enzymatic
synthesis. The variety of structures and functional properties of
microbial biosurfactants allow for a wide range of possible
applications for these surface-active agents, for example, their use
in detergents and cleaners, in the food industry, cosmetics, medicine
and pharmaceuticals, nanotechnology, agriculture or
bioremediation (Marchant and Banat, 2012b; Kosaric and
Vardar-Sukan, 2015; Hayes et al., 2019; Sarubbo et al., 2022;
Zibek and Soberón-Chávez, 2022).

As such, microbial biosurfactants could contribute to a
functioning bioeconomy, although their superior sustainability over
established chemical surfactants, whose production routes have often
been optimized for a long time, still needs to be proven (Marchant and

Banat, 2012a). In order tomake a reliable statement regarding product
sustainability, it is thus necessary to assess several sustainability aspects
using a systematic assessment method. LCA thus serves as a method
for systematically determining and evaluating the environmental
sustainability aspects based on mass and energy balances. The
European Platform on LCA (EPLCA) promotes LCA as an
essential integrated environmental assessment method to support
the goals of the European Green Deal and the EU policy making
process (European Commission, 2019), including various initiatives
and programs, such as the Circular Economy Action Plan, the Farm to
Fork strategy, the Biodiversity strategy, the Chemical strategy, and
many more (European Union, 2023). Consequently, only if
biosurfactants offer measurable environmental benefits are they
preferable to established conventional or petrochemical-based
products. LCA studies on biosurfactant production can therefore
contribute to understanding their essential environmental
sustainability aspects and to obtain a clearer picture of their
product sustainability. Although the benefits of life cycle
assessments are obvious and they are widely accepted and applied
in R&D, industry and politics, there are hardly any complete and
comprehensive life cycle assessments for biosurfactants to be found in
the literature (Briem et al., 2022).

Production and properties of
mannosylerythritol lipids

A particularly interesting class of microbial biosurfactants are
mannosylerythritol lipids (MELs). MELs are microbially produced
non-ionic surfactants and are classified as glycolipid-type microbial
biosurfactants. They contain a polar 4-O-β-d-mannopyranosyl-d-
erythritol head group and several lipophilic fatty acid groups. The
most commonMELs have two fatty acid chains at C2’ and C3’ of the
mannose moiety and a variable degree of acetylation at C4’ and C6’
(Figure 1). Variations in the position, number, chain length and
degree of saturation of the fatty acid groups affect the chemical
structure and therefore the properties of the surfactants. Like all
microbial biosurfactants, MELs are produced as a mixture of the
different congeners, the composition of which is mostly strain-
specific (Beck et al., 2019a). By using different microorganisms and
substrates, surfactant properties can be tuned and optimized for a
specific application. The microbial species used for MEL
production belong to genera such as Moesziomyces or Ustilago
sp. within the family of Ustilaginaceae fungi. The most effective
substrates for MEL production are vegetable oil, such as soybean,
rapeseed or olive oil. Glucose or other sugars can also be used to
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promote microbial growth, but the addition of vegetable oils is
always necessary to achieve high MEL concentrations. The
production process has so far been demonstrated in many shake
flask cultivations (for an overview see (Beck et al., 2019b), but also
in some bioreactor studies (Rau et al., 2005; Kim et al., 2006;
Goossens et al., 2016; Beck et al., 2022).

The special structure of MEL biosurfactants leads to a variety
of interesting properties and possible applications. As
surfactants, they reduce the surface tension of water to about
24–31 mN/m at a critical micelle concentration of 2.7–6.0 ×
10−6 mol/L, depending on the type of MEL (Morita et al.,
2015). Their phase behavior and self-assembly properties have
been studied in detail (Kitamoto et al., 2009). In addition, MELs
have been shown to induce cell differentiation in mammalian
cells (Isoda et al., 1997; Wakamatsu et al., 2001), to interact with
proteins (Kitamoto et al., 2000; Konishi et al., 2007), and even to
have anti-microbial activity against Gram-positive bacteria
(Kitamoto et al., 1993; Shu et al., 2020). Due to their surface-
wetting ability, they have been proposed as agrochemicals
(Fukuoka et al., 2015). Perhaps the most interesting
application is their use in cosmetics and personal care, where
they can moisturize and repair damaged hair and skin (Morita
et al., 2009; Morita et al., 2010).

State of the art of LCA on biosurfactants

Implementing LCA-based process optimization in an early product
development stage allows to minimize later efforts for extensive
adaptations of an industrial process to achieve an overall
environmentally friendly process. This way, process optimization can
improve the environmental performance of a product more easily than
implementing environmental protection measures in the mature
process. This applies to the production of MEL, as these are
currently being produced on a pilot scale and the upscaling is
currently under development. For this reason, environmental
hotspots can be identified with tools, such as LCA, and a scenario
analysis highlights potentials for optimizations and serves as a decision-
making tool to prioritize optimization measures.

In 2013, the European Commission started to develop the
Product Environmental Footprint Category Rules (PEFCR) for
shampoos to establish the basis for comparable life cycle
assessment within this product category (Golsteijn et al.,
2015). This presented the challenge of providing sufficiently
reliable and representative life cycle inventory (LCI) data for
the production of surfactants to achieve adequate comparability.
A study by ERASM (Schowanek et al., 2018) provides well-
founded LCA data for a number of widely used conventional
surfactants. Some of these surfactants are produced entirely or
partly from biobased precursors, however no biotechnologically
produced surfactants are considered in this study.

A recent literature review on LCA of microbial biosurfactants
found that there is limited availability of complete and
comprehensive LCA studies on biosurfactants publicly available
and, therefore, research needs were identified in this field (Briem
et al., 2022). The studies available differ in biosurfactant type,
production scales and raw material input, but also in the
definition of goal and scope, system boundaries, geographical
reference, and impact assessment methods (Briem et al., 2022).
For these reasons, the results of these studies are often not
comparable. Besides three studies on alkyl polyglycosides (APGs)
(Guilbot et al., 2013; Brière et al., 2018; Lokesh et al., 2019), which
are counted as biosurfactants depending on the definition as
mentioned above, only a very limited number of published
studies on microbially produced biosurfactants were identified.
Baccile et al. (2017) assessed the environmental impacts of a
sophorolipid in a hand washing application. They used upscaled
data from a pilot plant for the production phase, however the whole
product life cycle is included in their LCA study. Aru and Onwurah
Ikechukwu, (2018) discussed the impacts of a biosurfactant, which is
not further specified. Kopsahelis et al. (2018) performed a cradle-to-
gate LCA of sophorolipids and rhamnolipids from waste oil and
sugar, based on data from a pilot plant. Balina et al. (2023)
conducted a prospective cradle-to-gate LCA for the production of
sophorolipids to identify potentials for process optimization, while
Schonhoff et al. (2022) performed an LCA on rhamnolipids and
MELs production from different sugar substrates. Despite the
limited number of studies, the authors of the literature review on
biosurfactants concluded that the main influence on the
environmental impacts in the production phase of the
biosurfactants is due to the raw material production and the
energy demand for the fermentation processes.

Well-founded life cycle assessments with a robust database
provide helpful and meaningful information for optimizing
production processes and contribute to making biosurfactant
production environmentally sustainable. This is where this work
goes beyond the state of the art of LCA on biosurfactants and
addresses these needs, offering a much more detailed look at the
environmental aspects of production and identifying optimization
potentials that bioprocess developers can use to optimize their
processes and products’ sustainability.

In order to obtain an understanding of the environmental
aspects of bioprocesses using the case of MEL production, the
performed LCA study with scenario analysis highlights potential
improvements for the MEL production. It can, thus, support the
development work of process designers. Moreover, by combining
the LCA model with a kinetic model, an innovative approach was

FIGURE 1
General structure of di-acylated mannosylerythritol lipids (MEL).
The different variants MEL-A, -B, -C and -D (MEL-A: R1 = R2 = Ac;
MEL-B: R1 = Ac, R2 =OH;MEL-C: R1 =OH, R2 = Ac, MEL-D: R1 = R2 =
OH) with varying length of fatty acid side-chains at C2’ and C3’
(m = 2–16, n = 2–10) depend on the microorganism used for their
production (Beck et al., 2019a).
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developed to determine the environmental optimum for the process
duration from an environmental point of view. This novel approach
and type of analysis gains new insights and supplements static
LCA results.

Materials and methods

LCA is an internationally recognized scientific method and
environmental management tool used to evaluate the
environmental impacts of a product or service based on mass
and energy balances. For this purpose, material and energy flows
including use of resources and emissions are assessed along the
product´s life cycle following a standardized approach according to
ISO 14040 and ISO 14044 (ISO 14040:2006, 2006a; ISO 14044:2006,
2006b). LCA can be used as a decision-making tool to identify
environmental hotspots in an early design stage and help to optimize
product design to enhance the environmental performance of the
investigated system.

Goal of the study, system boundary and
functional unit

The LCA performed in this study aims to identify relevant
process steps and raw materials in the production and downstream
processing (DSP) of MEL for overall process optimization. Based on
the results of the LCA, hotspots can be identified so that priorities
and measures for process optimizations can be derived to improve
the environmental performance of the overall production process.
The system analyzed consists of the provision of raw materials
(substrates), the fermentation in the bioreactor and the necessary

purification steps for the production of the pure MEL biosurfactant.
A process flowchart of the MEL production is presented in Figure 2.

At present, no reliable assumption can be made about the use
phase of the biosurfactant, due to the early stage of development and
the wide range of potential areas of application. The use strongly
depends on the properties, and research on future applications and
formulations of final products need to be carried out to make well-
founded assumptions about the use and disposal phase.
Accordingly, the functional unit for the goal of this study was
defined as “1 kg of pure MEL” and the system boundaries were
defined as cradle-to-gate. This includes the production processes for
MEL with fermentation and downstream processing respectively,
including all upstream chains from the mining and cultivation of
raw materials, the production of intermediate products, such as
substrates, operating materials, and energy supply.

Inventory and data collection

The production system is based on the prospective upscaling
of experimental data from a laboratory scale bioreactor. A
detailed description of the laboratory experiments on the
fermentation of MEL and the measurement of experimental
data can be found in the publication of Beck et al. (2022). The
LCA scenarios analyzed in this study either represent the
laboratory results described by Beck et al., or are hypothetical
projections based on these. The theoretical upscaling for LCA
purposes, transferring the experimental laboratory scale to a pilot
scale bioreactor with 10 m³ total volume, is based on kinetic
models and dimensionless process metrics. A schematic process
diagram of the MEL fermentation with relevant parameters for
the LCA is shown in Figure 3.

FIGURE 2
Process flow chart for MEL fermentation and purification with system boundaries.

Frontiers in Bioengineering and Biotechnology frontiersin.org04

Bippus et al. 10.3389/fbioe.2024.1347452

173

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1347452


The analyzed system for the base case scenario includes the
following process steps. First, a 500 L seed culture of Moesziomyces
sp. is prepared in a 1-m³-seed reactor by addition of culture medium,
glucose, and inoculum. For the production culture in the 10-m³-
fermenter, substrates, and culture medium (nutrients, pH buffer and
water) are added to a bioreactor and inoculated with the seed culture to
a total volume of 5 m³. The fermentation occurs under controlled
environmental parameters like stirring, aeration, as well as temperature

and pH control, thus consuming electricity, water, steam and air.
Sulfuric acid and sodium hydroxide are added during the
fermentation to maintain the pH. The fermentation is designed as a
fed-batch growth phase with a subsequent production phase, in which
the oil substrate is added batch-wise in several steps over the total
fermentation duration of 336 h. The final volume of materials in the
reactor ultimately amounts to 7.1 m3. Additionally, cleaning and
sterilization of the reactor and substrates were taken into account,

FIGURE 3
Schematic illustration of the bioreactor used for MEL production with main material flows representing the base case (scenario 3) and the process
parameters that were varied during the scenario analysis.

FIGURE 4
Process steps of MEL purification, mass flows are normalized to the production of 1 kg pure MEL.
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for which the mass and energy consumption are based on calculations
and simulations implemented in SuperPro Designer (Oraby et al.,
2022). The CO2 emissions resulting from the microbial conversion
of the substrates in the reactor was also included in the model. An
additional inventory list for the presented fermentation can be found as
Supplementary Material.

The culture broth is then passed on to the downstream
purification process, schematically shown in Figure 4. After an
initial dewatering step to reduce the processed volume, the
purification is carried out as solvent extraction with ethyl
acetate followed by flash chromatography with n-heptane,
isopropanol and ethanol, as described by (Beck et al., 2019a).
For the solvents used, recycling of the solvents by recovery
through distillation was assumed with a recycling rate of 95%.
Solvent losses by fate in waste streams of processing, e.g., by
dissolution in the aqueous phase are considered (Schuster, 2021).
The value of 5% for solvent losses is an assumption based on these
chemical boundaries and the experience of the laboratory
partners. An overview of the process streams during
purification is given in Figure 4.

The life cycle inventory (LCI) represents the material and
energy flows associated with the production system. To set up the
LCI, the software “LCA for Experts (GaBi)” Version 10.7.183 was
used for modeling the foreground system and for performing the
life cycle inventory analysis (LCIA) (Sphera Solutions GmbH,
2023a). Sphera´s Managed LCA Content (formerly known as
GaBi Professional databases, content version 2023.1) provided
data for the background system including production of
substrates and processes related to material and energy supply
used for MEL production (Sphera Solutions GmbH, 2023b). The
fermentation was assumed to take place in Germany and,
therefore, the German electricity grid mix (21% wind, 19%
lignite, 15% natural gas, 12% nuclear, 9% hard coal, 8%
photovoltaics, 7% biomass, 5% hydro, 3% other energy
sources) for 2019, the most recent available reference year, is
considered (Sphera Solutions GmbH, 2023c).

Chosen impact categories and impact
assessment methodology

The impact assessment was performed for selected
environmental impact categories following the EF 3.1 impact
assessment methods. The EF 3.1 set of methods was selected due
to the geographical scope of the LCA, and recent development
and recommendation of the EU, and the relevance of the
methodology. From this, the following indicators were selected
as being sufficiently robust and particularly relevant for the
studied product system:

• Acidification,
• Eutrophication, freshwater,
• Eutrophication, marine ecosystems,
• Eutrophication, terrestrial,
• Climate Change, total,
• Ozone Depletion,
• Resource use, fossil, and
• Resource use, minerals and metals.

Additionally, due to particular relevance for analysis of the
studied product system, the inventory indicator for primary
energy demand from renewable and non-renewable resources,
was assessed.

Process optimization scenarios

The scenario analysis was carried out to identify the potentials
for process optimization during the fermentation step and to
quantify the effect on the environmental impacts of MEL
production. Scenario 3 was defined as the reference scenario, as
it provides a basis for experimental improvements accompanied by
LCA, and for which a kinetic model is available (Beck et al., 2022).
The scenarios were sorted chronologically to show the progress in
experimental process development, which was accompanied by LCA
and complementary theoretical projections. Here, scenarios 1 and
2 base on a chronologically earlier realized experiment compared to
the base case scenario, while others have been performed afterwards.
The respective parameters for each scenario are presented in Table 1,
with the parameters that vary from the base case scenario FB1-Exp
(scenario 3) shown in bold. The descriptions of the scenarios and the
corresponding experimental or projective hypothetical changes
compared to the base scenario are described in the following section.

The base case scenario FB1-Exp, which is analyzed inmore detail in
the contribution analysis, refers to the upscale of data from laboratory
experiments, where the fermentation was carried out as a repeated fed-
batch fermentation. A glucose fed-batch was used during the growth
phase to increase the microbial biomass concentration, which in turn
led to a higher productivity during the production phase, where the
vegetable oil is converted into MEL. In scenario FB1-Exp, a large
amount of oil (21% v/v) was fed to the reactor, which could not be fully
converted by the microorganisms, so that at the end of the process a
significant amount of impurities, mainly fatty acids, was left.

The first type of alternative scenarios are experimental scenarios
(denotedwith “-Exp”). They are based on actual experimental changes to
the process in the laboratory, e.g., using modified process operation
strategies compared to the base case scenario with adjusted feeding
schemes and amounts of substrate added. Scenario B2-Exp describes an
experimental fermentation chronologically preceding to the base case
scenario experiment FB1. It represents a batch growth phase with lower
biomass concentration, leading to a lower MEL yield, lower substrate
conversion and therefore higher residual substrate lipids compared to the
already enhanced base case scenario. The experimental fermentation
scenario B1-Exp is also performed with a batch growth phase, but with a
reduced oil feed (6% v/v) compared to B2-Exp (21% v/v), in order to
achieve a higher substrate conversion and lower concentration of by-
products and unconverted substrate, although at the cost of a lowerMEL
concentration. Finally, the experimental fermentation FB3-Exp
combines a glucose fed-batch operation during growth phase to
achieve higher biomass concentrations, and an adapted oil feeding
(12% v/v) to achieve high substrate conversion and low
concentration of unconverted substrate during the MEL production
phase, while at the same timemaintaining a highMEL concentration. As
a result of the increased amount of oil compared to B1-Exp, the scenario
shows a higher product concentration in the culture broth. Themodified
process operations and experimental process optimization approaches
for B1, B2, FB1 and FB3 are described in detail by Beck et al. (2022).
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TABLE 1 Process parameters for scenario analysis, variation of the parameters is based on the identified hotspots for the fermentation. B = batch growth, FB = fed-batch growth, Exp = experimental scenario, Pro =
projection, Opt = optimistic projection, renew = renewable energies.

Parameter

scenario [with reference no. for
experiments according to (Beck
et al., 2022)]

No. Scenario
code

Process
duration
[h]

Power of
fermenter
[kW/m³*]

Aeration
rate [vvm]

Energy demand
for compressed
air [MJ/Nm³]

Substrate type and
quantity (see Figure 3)

MEL
yield
from
oil
[g/g]

Concen-
tration of
MEL/
impurities in
broth [g/L]

Glucose
[g/L]

Oil [mL
oil/L
culture
broth]

B2 Experimental 1 B2-Exp 336 1.0 0.5 0.3 30 Rapeseed, 210 0.20 29/103

B Enhanced projection 2 B2-Pro 240 0.8 0.25 0.2 30 Rapeseed, 210 0.35 50/100

FB1 Experimental, base case 3 FB1-Exp 336 0.8 0.5 0.3 65 Rapeseed, 210 0.20 50/83

FB1 Enhanced projection 4 FB1-Pro 240 0.8 0.25 0.2 90 Rapeseed, 210 0.35 70/63

B1 Experimental 5 B1-Exp 168 0.8 0.5 0.3 30 Rapeseed, 60 0.20 10.4/1.9

FB3 Experimental 6 FB3-Exp 168 0.8 0.5 0.3 65 Rapeseed, 120 0.39 35.2/4.5

FB3 Soy 7 FB3-Soy 168 0.8 0.5 0.3 65 Soy, 120 0.39 35.2/4.5

FB3 Hermetia 8 FB3-Hm 168 0.8 0.5 0.3 65 Hermetia, 120 0.39 35.2/4.5

FB3 Enhanced projection 9 FB3-Pro 168 0.6 0.25 0.2 65 Rapeseed, 120 0.39 35.2/4.5

FB3 Optimistic projection 10 FB3-Opt 168 0.6 0.1 0.2 65 Rapeseed, 120 0.39 35.2/4.5

FB3 Optimistic projection with renewable energies 11 FB3-Opt-
renew

168 0.6 0.1 0.2 65 Rapeseed, 120 0.39 35.2/4.5

Values in bold represent variations from the base case (scenario 3).
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Taking these experimental scenarios as a starting point, further
theoretical improvements in selected process parameters aim to show
the influence of these variable settings on the overall results of the
fermentation process. The theoretical projection scenarios for the
respective experimental fermentation scenario (denoted with “-Pro”)
are defined to assess the implementation of prospective optimizations in
the fermentation processes during the development stage and represent
optimistic yet realistic assumptions. They represent variations in the
fermentation duration, the specific energy demand for stirring and
supply of compressed air for aeration, the aeration rate, the oil substrate
types and amount, thus influencing the MEL yield and the
concentration of impurities in the fermentation broth. Projective
scenario for B2-Pro and FB1-Pro assume a reduction of
fermentation duration to 240 h, reduced power consumption of the
fermenter of 0.8 kW/m³ and 0.2 MJ/Nm³ for compressed air
generation, and a reduced aeration rate of 0.25 vvm. The
hypothetical enhanced process parameters for each scenario are
shown in Table 1 in detail. Moreover, alternative substrate scenarios
were defined based on the experimental values of the base scenario FB3-
Exp. They consider the use of a different oil substrate instead of rapeseed
oil in the base scenario. These are soybean oil andHermetia oil from the
insect larvae of the black soldier fly (Hermetia illucens). The latter
represents a secondary feedstock that can be obtained from agro-
industrial byproducts. The LCI of the production of Hermetia oil is
based on upscaledmeasurement and planning data from a pilot plant of
a Hermetia oil producer in Germany (Bippus, 2021; Briem et al., 2021).
Larval growth was assumed to occur on Dried Distillers Grains with
Solubles (DGSS), a by-product of bioethanol production from wheat.
Economic allocation was applied for the feeding substrate DDGS and
bioethanol. The LCI for larvae breeding and processing into oil, such as
mass flows and energy requirements, are based on feeding trials,
upscaling using dimensionless process parameters, and planning
data for equipment of an industrial rearing facility. Mass allocation
is applied to Hermetia oil and its co-product protein meal. In an
experimental fermentation series described by Beck et al. (2019a), the
researchers investigated the influence of plant oils on MEL production
and showed, that substitution of the oil substrate does not significantly
change the yield and structure of MEL. For this reason, the MEL yield
was assumed to be constant for the scenarios with substitution of
described oil substrates. Though minor structural changes in the
biosurfactant side chains may occur depending on the oil used, it
was shown that the structure of the biosurfactants produced is mainly
determined by the producing organisms and less by the substrates (Beck
et al., 2019a).

Ultimately, the optimistic scenarios (denoted with “-Opt”) are
based on further enhanced hypothetical but realistic assumptions for
aeration rates, energy efficiency of equipment and increased product
yields. They thus provide an outlook for evaluating the potentials for
optimization in the future. The parameter values for the respective
lower aeration rates, energy requirements for fermenter and
compressed air supply, as well as the assumed improved MEL yield
are given in Table 1.

Kinetic LCA model

A kinetic model of the fermentation process forMEL production
was previously developed based on experimental data measured in

the bioreactor, which was then fitted to Monod kinetics to simulate
the conditions in the bioreactor over the process duration and to
estimate the substrate turnover and product concentration (Beck
et al., 2022). The kinetic model for the MEL production phase is
described by ordinary differential equations. Numerical solutions for
substrate and product concentrations were implemented on an
explicit Euler method in Microsoft Excel. The complete details of
the model equations and input parameters can be found in Beck
et al. (2022). The idea of combining the kinetic model with LCA
results allows further analysis beyond the options provided by
scenario analysis. This makes it possible to derive a method for
calculating progressions and optima of time-dependent process
parameters and environmental impacts under consideration of
substrate conversion and product formation dynamics. It is
expected that this approach will allow to determine, e.g., an
improved understanding for the optimal fermentation time under
certain boundary conditions. Taking the time course of substrate
and product concentrations from the Monod kinetics model as the
starting point, a kinetic LCA model was developed in this work. In
the kinetic LCA model, process conditions over time are considered
in 0.2-h steps to calculate LCA results over the process duration.
This includes the respective concentrations of MEL, concentrations
of unconverted substrate, the amounts of oil substrates, and energy
consumed for stirring and aeration for the fermentation process up
to each point in time. On the input side, the preculture and fed
substrates are added cumulatively up to the respective analysis time.
The impacts proportional to the fermentation time, e.g., energy
consumption for agitation and aeration, are scaled over the runtime
of the production culture from the static result. This way, a life cycle
inventory is calculated for each point in time over the fermentation
duration, with the respective substrate and energy inputs and MEL
output. The kinetic LCA analysis is carried out for the experimental
scenarios FB1-Exp and B2-Exp. To scale the results to 1 kg MEL for
each point in time, first the impacts of substrates and energy
required up to that point are calculated, and then scaled with the
current amount of MEL produced in the fermenter up to this point.
Thus, the results of the kinetic LCA analysis are normalized to the
“static end point” of each experiment, which is defined at 100%, to
visualize the process optimization potentials at each point in time.

Results

LCIA contribution analysis for the base
case scenario

The results of the contribution analysis of the MEL production,
including fermentation and purification, for base case scenario FB1-
Exp in the impact category Climate Change are shown in Figure 5.
Overall, the fermentation section contributes to about 58% and the
purification section to 42% of the total production impact.

The processes for operating the bioreactor, specifically
aeration and stirring, as well as the provision of substrates,
have the highest contribution to the fermentation and are
therefore identified as hotspots. The environmental impacts
for the operation of the reactor can be attributed to the
generation of electrical energy for aeration and stirring, which
together account for about 33% of the total impact in the category
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Climate Change. More precisely, about 23% is caused by
electricity consumption for generating pressurized air for the
aeration of the reactor, and about 10% is attributed to providing
electricity for other equipment to run the reactor, i.e., mainly
agitation. In terms of feedstock, a large share of about 20% of the
potential environmental impact on Climate Change is related to
substrates, mainly the provision of vegetable oil (15%) and, to a
lesser extent, glucose (5%). These impacts are primarily caused by
the cultivation of the feedstock crops, in this case rapeseed, e.g.,
through emissions from machine use during cultivation, and the
production and application of fertilizers. The processing of
rapeseed into vegetable oil also contributes to a certain extent.
The preculture and the components of the culture medium have a
minor influence in this impact category and account only for
approximately 1% of the overall result. Other processes

contribute to 4% of the impacts in this category. These
include, for example, media sterilization, cleaning-in-place and
sterilization-in-place of the reactor, and supply of cooling water
for the bioreactor.

The purification, consisting of a solvent extraction followed
by flash chromatography, significantly contributes to the
potential impacts of the overall MEL production in the
category Climate Change. The purification steps account for
about 42% of the total impact in the category Climate Change
in the cradle-to-gate analysis of MEL production, of which 27%
are attributed to the extraction step with ethyl acetate, and 15%
for the following flash chromatography. The use of solvents for
both extraction and chromatography has a noticeable influence
on the potential environmental impacts of the purification.
Although the solvent recycling rate was assumed to be at 95%,

FIGURE 5
Results of the contribution analysis for the fermentation and purification processes forMEL production for base case scenario FB1-Exp (scenario 3) in
the impact category EF 3.1 Climate Change, total.

FIGURE 6
Results of the contribution analysis for the fermentation and purification processes for MEL production for base case scenario FB1-Exp (scenario 3)
for selected EF 3.1 impact assessment categories and primary energy demand.
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the provision of 5% fresh solvents to compensate the inevitable
loss of solvents, e.g., through dissolution in the aqueous phase
during extraction, contributes significantly to the potential
environmental impacts. The provision of thermal energy for
evaporating the solvents during distillation also has a
significant impact. Other operating materials used in the
purification steps, as well as electricity used for the agitation
of stirred reactors for mixing during the extraction, have a
comparatively low contribution to the impacts on
Climate Change.

Figure 6 shows the contribution analysis for selected impact
categories in addition to the previously discussed impact category
Climate Change. It can be seen that the different process steps
have differing relative impacts, depending on the respective
impact category. In the impact category Acidification (AP),
and the three categories Eutrophication (EP) freshwater,
marine, and terrestrial, the main contributions are linked to
the provision of substrates for MEL fermentation. This is due
to the agricultural processes used to cultivate the crops, such as
the use of fertilizers. The contribution to Climate Change is
composed of a variety of processes and steps and has already been
presented in detail in the previous section. The impacts in the
category Ozone Depletion are mainly attributed to electricity
consumption and thus the electricity-intensive processes of
providing compressed air for aeration and stirring of the
fermenter contribute significantly. In the category Resource
Use, minerals and metals, the substrates are identified as the
main contributor as well. These impacts are also attributable to
the agricultural processes to provide the substrates for the
impacts. The purification steps contribute most to the impact
category Resource Use, fossil due to the solvent use, but to some
extent also due to the energy consumption of energy-intensive
process steps in the purification section, such as distillation. With
regard to the Primary Energy Demand (PED), not only the
substrates, but also the compressed air generation, i.e., the
underlying electricity, are relevant processes in the
fermentation of MEL. For the purification, about one-third of
the impacts of MEL production on PED is attributable to
extraction and chromatography steps. These are mainly
attributed to the compensation of solvent losses and the
energy-intensive processing steps, such as solvent evaporation
and the corresponding thermal energy consumption. Hence, the
different process steps for MEL production are of varying
importance in each of impact categories considered. While the
impacts for AP, EP, and Resource Use, minerals and metals, are
dominated by the agricultural cultivation processes for
substrates, the production of solvents and the provision of
electrical and thermal energy are essential for the potential
impacts in the other impact categories.

LCIA results for process
optimization scenarios

The scenario analysis for optimization strategies described in
this section, focusses on the fermentation process only, while
purification is not considered further. Since many different
purification processes are conceivable, which strongly depend on

the composition of the broth at the end of the fermentation, a
scenario analysis for purification, especially in connection with
different fermentation scenarios, would go beyond the scope of
this work. The topic of applying LCA to biosurfactants purification
optimization is subject of continuing research and therefore future
publication. In contrast, the aim of this scenario analysis is the
identification of optimization options only for the fermentation
process, without the restriction to combine the optimized
fermentation processes with the previously investigated
purification route of solvent extraction and chromatography of
the base case. The presented scenarios depict the potential of
various realized process improvement measures in the bioreactor
with regards to their environmental benefits. At the same time, they
also reflect the progress of the development work in the laboratory.
In addition to the scenarios based on experimental data, several
hypothetical prospective scenarios, in which some parameter
variations are based on optimistic but realistic assumptions, show
the optimization potential of intermediate or future process
improvements. The scenario analysis generally shows that the
variation of the product yield, the duration of the fermentation,
the aeration rate, the energy efficiency of equipment used, e.g.,
compressors and agitation, significantly influences the results of the
LCA. For both the hypothetical and the experimentally realized
scenarios, product yield is identified as the most important
parameter, as the product quantity per batch scales the impacts
of all material and energy inputs. The results of the scenario analysis
in the category Climate Change are presented in Figure 7. Scenario 3
(FB1-Exp) represents the base case scenario and is accordingly
scaled to 100%. The results of the scenario analysis are presented
for the impact category Climate Change.

Scenario 1 (B2-Exp) is the chronologically first of the
investigated scenarios and represents the upscaled experimental
laboratory data for experiment B2. A batch growth phase
followed by repeated oil addition was modelled here, leading to a
MEL concentration of 29 g/L with a very high residual impurities
concentration. Aeration, electricity consumption of the fermenter,
and substrates provision were identified as main contributions.
Based on those findings, a hypothetic but realistic projection was
drawn to investigate prospective improvements, resulting in
scenario 2 (B2-Pro). The optimistic projection B2-Pro shows
significant impact reductions in all fermentation process steps.
The reductions in the optimistic projection scenarios can mostly
be seen in the process steps dominated by energy demand compared
to the respective experimental scenario and demonstrates the
significant potential for environmental improvement associated
with these process steps.

With this analysis of the hypothetical projection of the first
experiment B2, the first experimental optimization activities in the
laboratory to improve the fermentation process are implemented in
experiment FB1, represented by scenario 3. The first optimization
activities in the laboratory, like implementing a fed-batch growth
phase for higher biomass concentration and thus higher
productivity, leading to a higher MEL concentration of around
50 g/L, have shown to already reduce the impacts of scenario 3
(FB1-Exp) compared to the early laboratory state of scenario 1 (B2-
Exp) by about 40%.

Again, hypothetical process improvements, which are mostly
based on more efficient stirring and aeration and a reduced
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fermentation time, were then defined for experiment FB1,
represented in scenario 4 (FB1-Pro). With the hypothetical
assumptions analogously of B2-Pro, Scenario 4 also shows
significant reductions compared to the corresponding
experimental scenario 3. The difference between the experimental
and the projective scenario is smaller here than in for B2 (scenario
1 and 2), as significant optimizations have already been
implemented in the respective experimental reference scenario FB1.

In experimental fermentation B1 represented with scenario 5
(B1-Exp), a batch growth fermentation with a single oil feed was
applied with the goal of converting the substrate as completely as
possible while having the lowest possible amounts of impurities in
the culture broth. Due to this focus in the process design, which is
characterized by a lower substrate addition, a lower product
concentration of only 10.4 g/L was achieved. The impacts per kg
of pure MEL due to the processes for operating the reactor, as well as
the process steps for the preculture and substrate to the grow
biomass, are particularly high in this case compared to the other
scenarios. This underlines the importance of the product yield per
batch as an important process optimization parameter. However,
this process design could have advantages if the high purity allows a
simplified purification for specific MEL applications. However, this
still needs to be determined in further experiments and
environmental assessment.

The experiment for scenario 6 (FB3-Exp) represents the most
developed laboratory development status from the experimental
perspective described by Beck et al. (2022). The experimental
improvements, e.g., a higher product concentration in the culture
broth, but also the shorter fermentation duration through fed-
batch growth and thus higher biomass concentration lead to a
reduction of environmental impacts. On the one hand, this is due
to the higher product quantity per batch, which means that the
impact of the required inputs per kg MEL is respectively lower.
On the other hand, the energy-related impacts are reduced due to
the shorter operating time of the reactor and equipment.

In the alternative substrate scenarios 7 and 8 (FB3-Soy and
FB3-Hm), it is assumed that a different oil source is used as

substrate instead of rapeseed oil. In scenario 7 with soy oil, a
reduction in the potential impacts in the category Climate
Change of 13% to scenario 6 (FB3-Exp) can be seen due to
the substitution of rapeseed oil. In the scenario with Hermetia oil,
which is based on an LCA model of an upscaled pilot plant for
Hermetia rearing and processing, 23% higher impacts in the
category Climate Changeare attributed to MEL production due to
the oil substrate substitution. Here, further optimizations in
rearing and scale effects offer potentials to reduce the impact
of Hermetia oil production in the future and potentially offer an
alternative oil source based on secondary raw materials. Overall,
the oil substitution scenarios demonstrate that the change of
substrates can lead to significant variations in environmental
performance. For this reason, the investigation of secondary raw
materials as substrates for bioprocess production provides a
strategy to reduce impacts by using more environmentally
advantageous feedstocks. Scenarios 9, 10 and 11 give an
optimistic yet realistic outlook on the experimentally achieved
conditions of FB3-Exp. Through hypothetical optimistic
adaptions and optimized process assumptions, such as a
reduced and demand-oriented optimization and agitation, a
reduction of the impact by 34% for scenario 10 (Fb3-Opt)
compared to the base case would be achieved. If additionally,
electricity from renewable sources was used for the operation of
the fermenter, the impact could even be reduced by 49% in
scenario 11 (FB3-Opt-renew) compared to the base case
scenario. In this case, if the energy-intensive process-related
impacts of the fermentation are assumed to be largely
optimized, mainly the substrates would contribute to the
impacts of the fermentation of MEL. Consequently, the use of
secondary materials would become increasingly relevant.

Kinetic LCIA results for fermentation

To determine the time course of the environmental impacts
during the fermentation process, a kinetic LCA model was

FIGURE 7
Scenario analysis for process optimization scenarios for the fermentation and purification processes for MEL production in the impact category EF
3.1 Climate Change, total, impacts are normalized to the base case scenario FB1-Exp (scenario 3).
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developed and applied for two different scenarios, the base case
scenario 3 (FB1-Exp) and the enhanced experimental scenario 5
(FB3-Exp). The kinetic LCA results for the base case scenario 3
(FB1-Exp) are shown in Figure 8.

Figure 8A shows the concentration profiles of oil added to the
fermenter, as well as the concentration of fatty acids as an
intermediate product, and the concentration of MEL formed
over the process time since the first oil feed (in scenario FB1-
Exp after 55 h). This point represents the transition from the
growth phase to the production phase and is thus set as the origin
of the time axis in Figures 8A, B. Figure 8B shows the resulting
impacts in the category EF 3.1 Climate Change attributed to 1 kg
of MEL, if the fermentation was to be stopped at the
corresponding time. Thus, all fermentation impacts that have
occurred up to the respective point in time are scaled to the
amount of product in the broth at that point in time. At the
beginning of the MEL production phase, the environmental
impacts are asymptotically infinite, since at this time there is
no product yet and therefore the impacts per batch are divided by
a small amount of product.

The initially high environmental impacts at the beginning of the
production phase (resulting from pre-culture and addition of
glucose in the previous growth phase) become continuously
lower as the MEL concentration increases. This is reflected in the
graph in Figure 8B with a continuous decrease of the specific
environmental impacts of the pre-culture and growth phase over
time. Since the process is designed as a fed-batch fermentation with
four oil feedings, four peaks for the impacts of batch-wise added oil
input can be seen accordingly whenever fresh oil is added to the
fermenter. On the other hand, the environmental impacts of
aeration and agitation increase linearly over time in relation to
the batch. However, by scaling the impacts to the product quantity,
hence taking into account the specific impacts for 1 kg of MEL, these
impacts initially decrease as the product quantity increase outweighs
the effect of additional electricity consumption. When in the further

progression of the fermentation the product formation rate
decreases, and the additional product quantity formed slows
down, then the impacts for electricity use approaches a plateau.
At the point, where the effect of additional product formation no
longer exceeds the impacts of additional impacts for electricity
consumption, the optimal fermentation duration is reached. For
the case illustrated in Figure 8B, this minimum is reached after 437 h
in the production phase, which equals a total fermentation duration
of 492 h in the production reactor.

The second case, illustrated in Figures 9A, B, represents the
optimized experiment FB3-Exp (scenario 6) For this second case,
a fed-batch experiment with only two oil feeds is considered, in
order to shorten the process time and to fully convert the
substrate. The production phase is started with the first oil
feed after a growth phase of 51 h, which is again set as the
origin of time axis in Figures 9A, B. In this experiment, the
process was continued for a longer time after the substrate was
fully consumed to obtain a sufficiently long time series for
concentrations (compare Figure 9A), and to ensure that the
optimum fermentation time was clearly exceeded to visualize
the progression after the environmental minimum (compare
Figure 9B). The qualitative curve of the specific impacts per
product quantity is analogous to the description in the above
examined experiment. Due to adapted oil feeding, however, the
substrate is consumed earlier, and MEL formation stagnates
accordingly. Therefore, the environmental minimum is also
reached earlier, after 113 h in the production phase, which
equals a total process duration of 164 h in the production
reactor. Due to the changes in the process parameters in FB3-
Exp, the substrate is used up much earlier in this case and the
environmental minimum is therefore reached earlier compared
to FB1-Exp. After a plateau in the area of the minimum, the
impacts then rise again almost linearly, due to the continuous
power consumption for operating the bioreactor, without any
additional MEL being produced after the substrate has been used

FIGURE 8
Concentration of oil, fatty acids, and MEL (A) and kinetic presentation of LCA results in the impact category EF 3.1 Climate Change, total (B) over
process duration of the production culture for a fed-batch fermentation of MEL using a kinetic substrate conversion model for FB1-Exp (scenario 3).
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up. Hence, the point of minimum environmental impact could be
clearly determined, as visible in Figure 9B.

Discussion

Data quality

The overall data quality is considered high regarding
technical representativeness. For most datasets, country-
specific and temporally up-to-date datasets are used that
represent the current situation for MEL production in
Germany at the present time well. Some uncertainties may
derive from assumptions and upscaling of laboratory processes
compared to the use of industrial primary data for purification.
Despite these potential uncertainties associated with the LCA
results, the relevant process steps for fermentation optimization
can be identified. The methodological approach for determining
the optimal time to terminate a fermentation using
environmental indicators is based on kinetic models. The
underlying Michaelis-Menten kinetics matches well with the
measured experimental data and seems to describe the culture
behavior sufficiently accurately to be used for this purpose.

Comparison with results of other
biosurfactant LCA studies

The general results and trends are found to be in line with the few
existing LCA studies on biosurfactant production, while certain
variations occur due to the different product systems, as well as
different methods applied. A shared finding with Kopsahelis et al.‘s
study on LCA of sophorolipid and rhamnolipid production is that
substrates have a significant contribution to the overall results in many

impact categories (Kopsahelis et al., 2018). The fermentation processes
have also been shown in other studies tomake a significant contribution
in the category Climate Change. Kopsahelis et al. (2018) found
considerable differences in the environmental impacts of the two
biosurfactants, due to the different fermentation duration. This
aligns with the influence of fermentation duration on the results of
the scenario analysis for MEL fermentation in this case. As far as
purification was considered, the downstream processing of the culture
broth was also identified as relevant for environmental sustainability
(Baccile et al., 2017). However, the specific processes of biosurfactant
purification with extraction and flash chromatography considered in
our study, have not yet been considered in other published and reviewed
LCA studies so far.

For the environmental evaluation of biotechnological processes,
Lima-Ramos et al. and Meissner and Woodley propose a set of
indicators and metrics to use in process development (Lima-Ramos
et al., 2014; Meissner and Woodley, 2022). However, Lima-Ramos
et al. do not recommend using LCA-based indicators for evaluation
at an early stage due to not yet fully defined and optimized process,
but at a late development stage (Lima-Ramos et al., 2014). The
general questions of at what point in process development LCA
should be carried out and in what way, is currently subject of
research activities in the LCA community. Although there is usually
few data available at an early stage of development, and therefore
setting up an inventory is more complex and the results less
accurate, the degrees of freedom for eco-design can still be
exploited to the maximum in the early product development
stages. In general, dimensionless process metrics can be used to
simulate an upscaled process and many environmentally beneficial
scale effects can be integrated into early-stage sustainability
assessment this way. However, mature processes tend to have
lower environmental impact due to decades of optimized
efficiency, integrated systems, and synergies with other processes
or sectors compared to laboratory or pilot-scale bioprocesses. These

FIGURE 9
Concentration of oil, fatty acids, and MEL (A) and kinetic presentation of LCA results in the impact category EF 3.1 Climate Change, total (B) over
process duration of the production culture for an optimized fed-batch fermentation of MEL using a kinetic substrate conversion model for FB3-Exp
(scenario 6).
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can often not be addressed adequately at an early stage, which
practically hinders comparisons to established processes, but reveal
optimization potentials and allow to derive further optimization
strategies. In our case, the detailed investigation of specific
environmental aspects of process design using LCA could be
achieved at a quite early development stage in close collaboration
with the laboratory process development and the respective
upscaling models.

Identified fields of action for process
optimization for MEL fermentation

This study shows that both fermentation and downstream
processing make an important contribution to the environmental
impacts of MEL production. The LCA results point out the
opportunities to reduce environmental impacts through various
possible process optimization options. Increased yield during
fermentation strongly affects the LCA results, as the amount of
MEL produced scales the impacts assigned per product quantity.
Aeration causes high impacts in the impact category Climate
Change and Ozone depletion, due to the electricity use for the
compressed air supply, especially for the scenarios representing the
early stages of development of MEL fermentation. The results of the
scenario analysis with optimistic projections indicate that the major
potentials for reducing the impact of aeration are, on the one hand,
the introduction of a demand-based air supply. Advanced sensor
systems like dissolved oxygen measurement and off-gas analysis
may help to determine the oxygen demand according to the current
state of the cells and to supply only the required amount of air to the
reactor (Beck et al., 2022). In addition, the use of renewable energies
for the operation of the bioreactor holds considerable savings
potential regarding greenhouse gas emission reduction. Moreover,
a decrease in process duration results in a further potential for
lowering the impacts due to aeration and agitation. This can be
achieved by an increased space-time yield, so that the conversion of
the substrate to product can occur in a shorter time.

Substrate provision is also a major source of environmental
impacts in the fermentation in several impact categories. Therefore,
the use of low impact substrates can reduce environmental impacts
significantly. Especially after considering the process-related
optimizations for fermentation conditions like aeration and
stirring, the cultivation and provision of oil substrates, such as
rapeseed oil, remains the most relevant process in the
fermentation relevant impact categories. Regarding alternative oil
substrate sources, the results show that different vegetable oils
suitable for MEL production with specific environmental profiles
affect the results in a range of 13% lower to 23% higher impacts for
MEL production for the assessed oil substitutions, and therefore
offer an opportunity to reduce the impact of the MEL through
appropriate selection. Despite the higher impact of Hermetia oil in
the impact category Climate Change relative to rapeseed oil the
comparability here is limited due to the development stage and the
production scaling of Hermetia oil, as described in the materials
section. The valorization of low cost and low impact second and
third generation feedstock that do not directly compete with food
crops, e.g., agro-industrial by-products and residues, will be
necessary to lowering the impacts from substrate provision for

biosurfactants. Mohanty et al. (2021) and Miao et al. (2024)
provide an overview over various secondary feedstock for
biosurfactants and discuss the challenges of raw material
availability, large scale production, and requirement of pre-
treatments and downstream processing. Since second and third
generation feedstocks have been studied more extensively with
LCA for the production of biofuels than for the production of
biosurfactants, findings and methodological approaches could also
be transferred, e.g., regarding allocation approaches. The results
based on the not yet fully optimized production processes indicate
that alternative oil sources should also be considered as an
opportunity to reduce the impact from substrate provision and
should therefore be further investigated.

In addition, the purification was identified as an important
section of the MEL production and, in particular, solvent use as
the most important factor influencing the environmental impacts of
the purification. Therefore, in further research and development
activities for MEL, the substitution of the currently used solvents
with environmentally friendly alternatives, or the use of a different
purification process, need to be investigated. The sensitivity of the
assumption for the solvent recovery rate is likely high, however, as
this article focuses on the fermentation process and optimization,
this has not been investigated further in this study and can be
considered a limitation. However, future analyses should investigate
this further and in context with the purification steps and their
optimization potentials. Consequently, purification optimizations
should also be evaluated with LCA simultaneously to the
experimental process development, to identify the most
environmentally optimized option at an early stage. The
developed LCA model for fermentation of purification route of
this case will serve as a good base for these investigations.

Additionally, the progress made in the laboratory process
development could be tracked and presented with LCA, while
projections serve as outlook for future optimization potentials
and guide process development. Here, especially the scenario
analysis serves as basis for accompanying the experimental
adaptions made to the laboratory process and supporting
possible future developments to increase the environmental
performance of biosurfactants. This way, LCA contributes to the
monitoring of progress and ensures that process improvements are
accompanied by improved environmental performance.
Additionally, when moving from laboratory to industrial scale,
environmental advantages from upscaling can be expected.
Furthermore, integrated systems with energy recovery will then
become more feasible, leading to further energy efficiency
improvements for MEL production. However, as these are very
plant-specific and difficult to estimate with sufficiently high
accuracy at the current development stage, they are therefore not
assessed for this case of early-stage process optimization.

In general, changes in process control that lead to an increase in
yield but involve additional energy or material input should always
be evaluated to balance the additional environmental impacts with
the savings. As a relevant example, fermentation and DSP cannot be
considered isolated from one another, because fermentation
parameters influence the culture broth to be purified. Therefore,
the coupling of the relevant fermentation parameters to the DSP
parameters can provide further valuable findings. A detailed system
analysis for this interaction using LCA will support addressing the
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issue of how to find the environmentally most favorable
combination of fermentation and DSP variants and parameters
and must hence be tackled in the future to enable the production
of environmentally sustainable biosurfactants.

LCA as a tool in biotechnological process
development

LCA can both be used to assess optimization potentials by using
projections, but also to quantify the experimental improvements to
the process. The results show that optimization potentials identified
in the LCA can be used for experimental process optimization in the
laboratory, and that the progress of experimental process
development can be tracked with LCA to evaluate process design
options from an environmental perspective. It can also be noted that
the experimental fermentation scenarios reflect the chronological
progression of the process optimizations implemented to the MEL
fermentation process in the laboratory. Although the optimistic
projections B2-Pro did not have a measured value basis for the
assumptions made, they represented optimistic assumptions and
targets, of which, e.g., the assumed MEL concentration was achieved
in the follow-up experiment FB1 (FB1-Exp). The same applies for
the projection of the respective experiment, FB1-Pro, which could
mostly be reached or even surpassed by the following experimental
scenario FB3. On the one hand, the scenario analysis provides many
valuable insights for the system analysis. On the other hand,
however, LCA can also be used to address very specific problems
for process optimization by combining it with additional domain-
specific models, as it was shown with the combination of LCA results
with kinetic models. LCA usually provides static results that apply
precisely to a defined state. However, biotechnological processes are
dynamic processes. In the case of fermentation in particular, the
fermentation time has proven to be a sensitive parameter for the
environmental impacts. Based on time resolved experimental data,
such as information on the concentration of MEL and impurities in
the reactor and substrate inputs and energy inputs over time. This
provides the possibility of finding environmental optima for specific
process parameters, such as in this case the fermentation duration of
the MEL production phase. For the case of MEL fermentation, it is
demonstrated that the process conditions, such as the optimal
process duration to terminate a fermentation, can be determined
based on environmental, LCA-based indicators. With the novel
kinetic presentation of the LCA results it is shown that there is a
plateau around the optimal duration with an almost similar
minimum environmental impact. This point in time coincides
with the measurable stagnation of the product concentration or
with the consumption of the substrate and intermediate product in
the example of MEL fermentation. Moreover, process-specific
variables, such as the feeding scheme, but also site-specific
conditions, such as the consideration of a certain electricity mix,
can be considered with this approach. Summing up, this approach
provides a novel way to calculate an optimal fermentation time
based on an environmental indicator, instead of the usual estimation
via process-related, but non-environmental measures. With
measurements of substance concentrations alone, this system
analysis would not have been possible in terms of environmental
sustainability.

The environmental assessment of the particularly detailed
process data at this stage of development goes beyond the state-
of-the-art assessment of bioprocesses in early development stages.
By the close cooperation with the partners’ data collected from
experimental and bioprocess modeling, the LCA consequently
provides better knowledge on the process chain through its depth
of detail, as well as understanding the relevance and improvement
potential for individual steps of the process chain. The assessment of
several impact categories generates versatile environmental data. It
allows a differentiated analysis of the production system and makes
tradeoffs between indicators visible. Furthermore, a wider range of
LCA cases will help to establish LCA in the development of
biosurfactans, as data for individual process steps of biosurfactant
production can be used in a modular way. Therefore, this case of
LCA of MEL production also contributes to it. Also, the
establishment of dedicated process libraries for bioprocesses
enables LCAs to be carried out more efficiently. The LCA models
and process libraries can be used for further research issues and
transferred to related (bio)processes. In addition, process engineers
will be informed about the environmental consequences of their
optimizing activities, which helps them to optimize their processes
efficiently and unlocking the full potential of early-stage evaluations.
Besides, with more detailed LCAs on biosurfactants being carried
out, the better process developers and engineers know what kind of
data is necessary for a meaningful LCA, and what kind of results can
be obtained. Altogether, this LCA study demonstrates the potential
for further improvements and supports development towards
environmentally friendly produced biosurfactants.

Conclusion

This detailed LCA study on MEL fermentation provides a valuable
system analysis for a bioprocess and hence useful information for
process engineers to support their decisions. The results and
interpretation highlight the important parameters to address for
process optimizations from an environmental perspective. The
optimization potentials for both experimental and projective process
adaptations are assessed, and the improvement potential is determined
for the individual steps in the process chain and for each scenario.
Hence, the most important process steps and field of action for
environmental sustainability optimization can be determined.

The combination of LCA with kinetic models makes it possible to
find by quantitative solutions for specific problems of bioprocess design,
e.g., for determining the environmentally optimal fermentation
duration. This novel kinetic presentation of LCA results can be used
to calculate the optimal time to stop fermentation in terms of
environmental impact, which had to be done based on other, non-
environmental indicators previously. Moreover, this representation
enables a better understanding of the influence of this parameter, as
the course also makes the plateau of the specific environmental impact
visible and thus comprehensible.

Further development potentials for MEL optimization models
include the combination of LCA models for fermentation with DSP,
which has turned out to be an important part of the process for
environmental optimization. The combination of fermentation and
DSP for dynamic analysis would be very beneficial in this case.
Optimizations in fermentation aimed at simplifying purification can
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only be environmentally assessed to a limited extent in this case studied.
Adjustments to the fermentation are only assessed selectively, but not as
a continuous representation of fermentation parameter variations. This
could be achieved by specifically extending the LCAmodel by including
the interdependencies of fermentation and DSP and would provide
process developers with additional information on the overall process.
In the future, combining this approach with data from inline
measurements or models used for process automation could be a
further development of sustainability assessment for process
optimization. Automatically generated or collected data could be co-
used for environmental optimization to streamline data collection and
setting up fermentation models. In addition, combining process
simulation software with LCA could be a further step to providing
environmental information for process design decisions more
efficiently. The approach of combining LCA with kinetic models
could also be transferred to economic models. Vice versa, output
quantities from economic process models could be used for further
LCA considerations or eco-efficiency analysis. In conclusion, this work
represents a detailed environmental analysis of the bioprocess for MEL
production and purification, that should be used in further research to
support and guide the development of sustainable biosurfactants.
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Does regulation hold the key to
optimizing lipopeptide
production in Pseudomonas for
biotechnology?
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Lipopeptides (LPs) produced by Pseudomonas spp. are specialized metabolites
with diverse structures and functions, including powerful biosurfactant and
antimicrobial properties. Despite their enormous potential in environmental
and industrial biotechnology, low yield and high production cost limit their
practical use. While genome mining and functional genomics have identified a
multitude of LP biosynthetic gene clusters, the regulatory mechanisms
underlying their biosynthesis remain poorly understood. We propose that
regulation holds the key to unlocking LP production in Pseudomonas for
biotechnology. In this review, we summarize the structure and function of
Pseudomonas-derived LPs and describe the molecular basis for their
biosynthesis and regulation. We examine the global and specific regulator-
driven mechanisms controlling LP synthesis including the influence of
environmental signals. Understanding LP regulation is key to modulating
production of these valuable compounds, both quantitatively and qualitatively,
for industrial and environmental biotechnology.

KEYWORDS

Pseudomonas, specialized metabolites, lipopeptides, biosurfactants, antibiotics,
regulation, bioengineering, bioprocessing

1 Introduction

The climate and environmental challenges we face today are immense. Novel solutions
encouraging the development of sustainable processes are urgently needed to support
the green transition and contribute to the circular economy. One promising strategy to
drive green technologies is the exploitation of microbes and their natural
product diversity.

Pseudomonas species represent a large and diverse group of bacteria of significant
importance for numerous biotechnological applications owing to unique characteristics of
rapid growth, versatile utilization of sustainable carbon sources, high metabolic diversity
and tolerance to extreme environments (Wang et al., 2020). Ubiquitous in nature, they
perform key functions in complex ecosystems, e.g., plant surfaces, the rhizosphere, water,
insects, humans and soils, including those with a history of chemical waste pollution (Nikel
et al., 2014). Pseudomonas therefore possess an extensive application potential in some of
the most challenging fields of industrial and environmental biotechnology, e.g.,
environmental restoration, plant growth promotion and protection, and the production
of specialized metabolites (Nikel et al., 2014; Wang et al., 2020).
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Bacterial specialized metabolites (SM), also called secondary
metabolites or natural products, are high-value bioactive
compounds with vast biotechnological potential. A significant
challenge in the development of these compounds is the
activation of SM pathways under laboratory conditions. Synthesis
is catalyzed by mega-enzymatic complexes encoded by portions of
bacterial genomes known as biosynthetic gene clusters (BGCs).
Under standard laboratory conditions BGCs are often expressed
at low levels or not at all, termed “silent” (Gram, 2015), so that
bacterial genome sequences reveal a larger number of SM gene
clusters than indicated by chemical analysis of culture extracts
(Sanahuja et al., 2011; Reddy and Saravanan, 2013; Monfil and
Casas-Flores, 2014). This complicates the lab-based isolation and
characterization of SMs and hinders the development of
bioprocesses for their production at scale.

Pseudomonas species are natural producers of a vast number of
high-value bioactive compounds including biosurfactants such as
rhamnolipids, and linear and cyclic lipopeptides (CLPs).
Rhamnolipids and LPs are powerful biosurfactants and
antibiotics with enormous potential for applications in medicine
(e.g., antibiotics, antitumor, immunosuppressants, and cytotoxic
agents acting on cancer cells), food and beverage (e.g., anti-
spoilage agents, emulsifiers, foaming agents), cosmetics (e.g.,
antiaging and moisturizing products), textiles (e.g., preparation of
fibers), cleaning products (e.g., household detergents and personal
care products), bioremediation (e.g., degradation of xenobiotics,
heavy metal removal from polluted soil) and agriculture (e.g.,
bioprotectants). They are attractive ecofriendly alternatives to
chemical surfactants owing to their high specificity,
biodegradability, low toxicity and effectiveness at extreme
temperatures, pH and salinity (Abdel-Mawgoud et al., 2010).
Pseudomonas biosurfactants have so far mainly been used in oil
recovery and production, including as dispersants in the
bioremediation of oil spills (Banat et al., 2000; De Almeida
et al., 2016).

While LPs are produced by other bacteria, e. g., Bacillus species
in addition to fungi, Pseudomonas-derived LPs in comparison
represent a structurally and functionally large, and diverse group
of compounds with broad-spectrum antimicrobial, antitumor,
cytotoxic, immunosuppressant and surfactant properties
(Raaijmakers et al., 2006; Geudens and Martins, 2018). LPs share
a common structural blueprint consisting of a fatty acid tail coupled
to the N-terminal of a short oligopeptide. In the case of CLPs, a
lactone ring is formed between two amino acids resulting in a cyclic
structure (Raaijmakers et al., 2006). The diverse structures and
biological activities of linear lipopeptides (LLPs) and CLPs result
from differences in fatty acid tail length and modifications in
addition to the number, type, order and configuration of amino
acids in the peptide moiety and lactone ring. LPs belong to the SM
family of non-ribosomal peptides (NRPs) which unlike ribosomal
peptides (RPs) are synthesized by enzymes capable of incorporating
and subsequently modifying both proteinogenic and so called
unusual non-proteinogenic amino acids into the oligopeptide. As
a result, LPs display an increased level of diversity and
multifunctionality.

High cost of production and low yields are major bottlenecks
restricting the development and application of LPs. We propose that
unravelling the regulatory networks of global and specific regulators

underpinning LP synthesis in Pseudomonas holds the key to
unlocking production for biotechnology. While numerous
regulatory genes have been identified in several LP-producing
strains, knowledge of the regulatory mechanisms and critically,
the environmental signals controlling production remains in
its infancy.

In this review, we summarize the structure and function of
Pseudomonas-LPs and examine the regulatory mechanisms and
environmental signals, i.e., biotic and abiotic factors influencing
their synthesis. Finally, the challenges and opportunities of
exploiting regulation to optimize LP production in Pseudomonas
will be discussed. A graphical summary of the review is presented
in Figure 1.

2 Structural diversity and phylogeny

The two main lineages of the genus Pseudomonas (Pseudomonas
aeruginosa and Pseudomonas fluorescens lineages) both naturally
produce biosurfactants, but strains belonging to the P. aeruginosa
lineage produce rhamnolipids whereas members of the P. fluorescens
lineage produce LPs. Based on their structures Pseudomonas LPs can
be divided into at least 14 different families that differ in
oligopeptide length (L) ranging from 8 to 25 amino-acids and
macrocycle length (M) ranging from 0 in LLPs to 4 to 9 amino
acids in CLPs (Table 1).

Within the P. fluorescens lineage, LP producers reside in the P.
fluorescens, Pseudomonas putida and Pseudomonas syringae groups
(Cesa-Luna et al., 2023). The P. fluorescens group is further divided
into nine major subgroups (P. mandelii, P. jessenii, Pseudomonas
koreensis, Pseudomonas corrugata, P. fluorescens, P. gessardii,
Pseudomonas chlororaphis, and Pseudomonas protegens) (Girard
et al., 2021) comprising both beneficial bacteria and plant
pathogens. The P. syringae group, harboring many plant
pathogens, is further divided into 13 phylogroups (Berge et al.,
2014). LP producers are found in phylogroups 2, 8, 10 and 11 and
they typically produce two types of CLPs, respectively from the
Mycin and Peptin families, in addition to a LLP from the Factin
family. Single Factin producers are found in various other P. syringae
phylogroups (Bricout et al., 2022) (Table 1). Strains producing
Mycin and Peptin variants are also found in the P. fluorescens
group, notably in the P. asplenii, P. mandelii and P. corrugata
subgroups (Girard et al., 2020). Most other strains belonging to
the P. putida and P. fluorescens group are LP mono-producers, and
they produce one or more LP variants that belong to a single LP
family. There is a strong correlation between LP type produced and
species diversification (Cesa-Luna et al., 2023) with a few notable
exceptions, strains that have obtained an LP biosynthetic gene
cluster by horizontal transfer. To date, roughly 120 LPs have
been described in strains inhabiting diverse environments, but LP
producers are often associated with plants.

3 Function and applications

Pseudomonas LPs display an incredible architectural and
chemical diversity and consequently exhibit a range of different
biological activities. Here, we briefly present the various biological

Frontiers in Bioengineering and Biotechnology frontiersin.org02

Zhou et al. 10.3389/fbioe.2024.1363183

188

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1363183


properties and functions of LPs and discuss their potential
biotechnological applications. More detailed information on the
natural functions and roles of Pseudomonas LPs is provided in
various reviews (D’Aes et al., 2010; Raaijmakers et al., 2010; Geudens
and Martins, 2018; Girard et al., 2020; Götze and Stallforth, 2020).

3.1 LPs as biosurfactants

LPs are surface-active molecules also called biosurfactants.
Biosurfactants help to condition the producing strain’s
environment by supporting various processes including bacterial
motility, attachment and colonization of surfaces, biofilm
development and access to nutrients and water (Nybroe and
Sorensen, 2004; D’Aes et al., 2010; Raaijmakers et al., 2010;
Geudens and Martins, 2018; Bricout et al., 2022).

Various lab-based studies show a strong correlation between LP
production and swarming motility when comparing wild-type and
LP-deficient mutant strains (de Bruijn et al., 2008; de Bruijn and
Raaijmakers, 2009; Geudens and Martins, 2018). The ability of LPs
to alter surface tension and viscosity is determined by their
structural properties (D’Aes et al., 2010). In the amphisin
producer Pseudomonas sp. DSS73, amsY and gacS mutant strains
are unable to swarm on soft agar and as expected swarming motility
is restored by the addition of amphisin but also viscosin, tensin and
serrawettin from Serratia liquefaciens (Andersen, 2003). In contrast,
synthetic surfactants were unable to complement the non-motile
phenotype indicating that unique physiochemical properties

relating to the chemical structure of LPs contribute to bacterial
movement (Andersen, 2003). The diverse structures and
physiochemical properties of LPs make them attractive
alternatives to chemical surfactants for numerous industrial
applications (Ceresa et al., 2023).

One of themost effective biosurfactants reported to date is surfactin
from Bacillus subtilis capable of lowering the surface tension of water
from 71 to 27 mN/n at a critical micelle concentration (CMC) of 20 µM
(Yeh et al., 2005). Viscosin also shows strong surface activity reducing
water surface tension to 25 mN/n at CMC of 4 μg/mL (Nybroe and
Sorensen, 2004). Similarly, viscosinamide reduces water surface tension
to 27 mN/n however no CMC values are available (Nybroe and
Sorensen, 2004). Syringomycin and syringopeptin reduce water
surface tension in ranges of 31–35 mN/n comparable to values of
31.5 mN/n and 38 mN/n recorded for putisolvin II and tolaasin,
respectively (Hutchison and Johnstone, 1993; Nybroe and Sorensen,
2004; Janek et al., 2010). For most Pseudomonas LPs however
information on physiochemical properties, e.g., surface reduction
activities and CMC values, foaming capacity, emulsifying activity and
compound stability are lacking.

In situ studies support the role of LPs in motility and
colonization of specific habitats, e.g., plant material or fungal
tissues. Massetolide A contributes to colonization of tomato roots
by P. lactis (fluorescens) SS101, viscosin is required for colonizing
broccoli florets by a pectolytic strain of P. fluorescens, cichofactin
is essential for Pseudomonas cichorii to colonize lettuce leaves,
while Pseudomonas sp. DSS73 uses amphisin to colonize sugar
beet seeds and roots (Hildebrand et al., 1998; Nielsen and

FIGURE 1
Graphical abstract showing strategies to exploit the regulatory pathways controlling lipopeptide production in Pseudomonas for applications in
industrial and environmental biotechnology. Created with BioRender.com.
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Sorensen, 2003; Tran et al., 2007; Pauwelyn et al., 2013). Other
LPs, for example, poaeamide from Pseudomonas poae RE*1-1-
13 and putisolvin from P. putida 257 do not positively contribute
to rhizosphere competence as no differences in plant root
colonization are observed between WT and biosurfactant
deficient mutant strains (Kruijt et al., 2009; Zachow et al., 2015).

For many plant-associated LP-producers, biosurfactant-assisted
motility is a key determinant for successful rhizosphere and
phyllosphere colonization, where in addition to plant material,
LPs also mediate interactions with fungi. In the phytopathogen
Ralstonia solanacearum, the LP ralsolamycin (RM) facilitates fungal
tissue invasion by inducing the formation of fungal survival

structures known as chlamydospores in Aspergillus flavus
(Spraker et al., 2016). An RM deficient rmyA mutant cannot
induce chlamydospore formation and shows reduced hyphal
invasion (Spraker et al., 2016). Subsequently (Venkatesh et al.,
2022), demonstrated that compared to the rmyA mutant, WT R.
solanacearum is internalized in chlamydospores during co-culture
with A. flavus and shows increased fitness under starvation and cold
stress. Phylogenetically distinct bacteria (not associated with
endofungal lifestyles) including the nitrogen-fixing bacterium
Herbaspirillium seropedicae were also shown to colonize
chlamydospores of A. flavus when treated with WT supernatants
further confirming the role of RM in facilitating fungal invasion

TABLE 1 Structural diversity of Pseudomonas lipopeptides and producing taxonomic groups and subgroups.

Structure TAXONOMYb

Family L:M
taga

Type Group Subgroup Lipopeptidesc

Factin 8:0 lineair syringae phylogroup 1, 2, 5, 6, 10 syringafactin

phylogroup 7, 8, 9, 11 cichofactin

fluorescens asplenii virginiafactin

fluorescens corrugata thanafactin

putida vranovensis, cremoricolorata cichofactin, syringafactin

Bananamide 8:6 cyclic fluorescens koreensis bananamide A-C, bananamide D-G, MDN-0066, prosekin, pseudofactin

Viscosin 9:7 cyclic fluorescens fluorescens, chlororaphis, gessardii viscosin, WLIP, viscosinamide, pseudodesmin, pseudophomin, massetolide

putida wayambapalatensis, xanthosomae WLIP

Mycin 9:9 cyclic fluorescens corrugata, mandelii, asplenii cormycin, syringomycin, thanamycin, syringotoxin, nunamycin, keanumycin

syringae phylogroup 2, 8, 10, 11 syringomycin, syringotoxin, syringostatin, pseudomycin

Poaeamide 10:8 cyclic fluorescens fluorescens Poaeamide, PPZPM

Orfamide 10:8 cyclic fluorescens protegens orfamide A-G

Cocoyamide 11:5 cyclic fluorescens koreensis cocoyamide/gacamide

Amphisin 11:9 cyclic fluorescens koreensis arthrofactin, lokisin, anikasin, amphisin, hodersin, milkisin, tensin, nepenthensin,
oakridgin

Putisolvin 12:4 cyclic putida reidholzensis, capeferrum,
vlassakiae

putisolvin I-III

Asplenin 13:8 cyclic fluorescens asplenii asplenin

Entolysin 14:5 cyclic putida mosselii entolysin

Xantholysin 14:8 cyclic putida mosselii xantholysin

Tolaasin 18:5 cyclic fluorescens fluorescens, protegens tolaasin I, tolaasin F, sessilin A

Peptin 19:5 cyclic fluorescens asplenii fuscopeptin, jessinipeptin

22:5 cyclic fluorescens corrugata, mandelii corpeptin, nunapeptin, thanapeptin, braspeptin

22:0 lineair fluorescens corrugata sclerosin

22:5 cyclic syringae phylogroup 2 syringopeptin SP22

22:8 cyclic syringae phylogroup 8, 11 cichopeptin, cichorinotoxin

25:8 cyclic syringae phylogroup 2, 10 syringopeptin SP25

aL: number of AA, in the oligopeptide, M: number of AA, in the macrocycle.
bSee (Girard et al., 2021) for a recent update on Pseudomonas taxonomy.
cSee (Girard et al., 2020; Götze and Stallforth, 2020; Cesa-Luna et al., 2023) and https://rhizoclip.be/for chemical structures.
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(Venkatesh et al., 2022). Such knowledge could be translated to
stimulate diverse endofungal interactions for improved ecosystem
services, e.g., nitrogen fixation (Venkatesh et al., 2022). While a
number of other LPs including the Pseudomonas CLPs
viscosinamide and tensin can induce fungal survival structures,
their role in fungal invasion and endosymbiosis is currently
unknown (Nielsen et al., 1999; Nielsen et al., 2000; Venkatesh
et al., 2022). More information on interactions with fungi is
described in Section 3.2.2.

Biosurfactants also regulate biofilm development with a number
of CLPs shown to promote biofilm formation (massetolide A,
sessilin and xantholysin) and others involved in biofilm dispersal
(arthrofactin, orfamide and putisolvin) (Kuiper et al., 2004;
Bonnichsen et al., 2015). In P. sessilinigenes CMR12a, orfamides
are indispensable for swarming motility, while sessilin is important
for biofilm formation (D’aes et al., 2014). Based on contrasting
studies, viscosin is proposed to mediate both biofilm formation and
dispersal (de Bruijn et al., 2007; Bonnichsen et al., 2015). Viscosin-
mediated biofilm dispersal is dependent on carbon starvation and by
microscopic analysis it was observed that cells exhibiting high viscA
(required for viscosin biosynthesis) expression levels were leaving
biofilms, further supporting the role of LPs in motility. However,
information on the mechanisms of LP-mediated biofilm
development and dispersal, particularly in situ is limited and
could benefit from more temporal studies examining LP function
during biofilm lifecycles. For the producing bacteria, the ability to
disperse is an important escape function under unfavorable nutrient
conditions to support their spread throughout the environment and
enable the colonization of new niches. From an industrial
perspective, LPs displaying roles in biofilm formation could be
used for bulk chemical production using biofilm fermentations
whereas dispersal functions could be exploited as surface-coating
agents or used in disinfectant formulations (Bonnichsen et al., 2015;
Leonov et al., 2021).

Additional biological properties of LPs include the chelation of
metal ions and xenobiotic degradation, e.g., petroleum
hydrocarbons and pesticides (Nybroe and Sorensen, 2004;
Raaijmakers et al., 2010; de Cássia et al., 2014; Raj et al., 2021).
Research on biosurfactants as bioremediation agents to clean up
contaminated soils is largely limited to rhamnolipids or
Pseudomonas-leachates containing uncharacterized LPs (Sekhon
Randhawa and Rahman, 2014; Sun et al., 2021). The CLPs
viscosin, amphisin, massetolide A and putisolvin can emulsify
alkane hydrocarbons such as n-hexadecane (Bak et al., 2015).
Viscosin was also shown to stimulate alkane mineralization by a
diesel-degrading bacterial consortium however the activity of the
CLP was short-lived due to rapid (likely microbial) degradation (Bak
et al., 2015). While LPs are proposed to chelate heavy metals and
degrade insoluble hydrocarbons to increase their bioavailability and/
or detoxify polluted soils for protection against toxicants, roles of
LPs in such processes remain unclarified (Raaijmakers et al., 2010;
Gutiérrez-Chávez et al., 2021).

3.2 LPs as antimicrobial compounds

Pseudomonas-CLPs display broad-spectrum antimicrobial
properties exerting effects against bacteria, fungi, oomycetes and

viruses as previously reviewed by (Nielsen et al., 2002; Geudens and
Martins, 2018; Girard et al., 2020; Oni et al., 2022).

3.2.1 Antibacterial activity
Pseudomonas-LPs show antagonistic activities against diverse

Gram-positive and Gram-negative bacteria including human, plant
and animal pathogens (Raaijmakers et al., 2006; Geudens and
Martins, 2018). In general, Gram-positive bacteria are more
susceptible, for example; viscosin, massetolide A and
syringomycins 22A and E inhibit Mycobacteria spp,; amphisin,
syringopeptins 22A and 25A in addition to corpeptin and WLIP
are active against Bacillus spp.; syringopeptins also display
inhibitory effects active against Rhodococcus spp., and
Micrococcus spp. (Nybroe and Sorensen, 2004; Geudens and
Martins, 2018), while viscosin and tensin are active against
Streptomyces scabies (Pacheco-Moreno et al., 2021). Medipeptin
A, produced by Pseudomonas mediterranea EDOX is active
against Staphylococcus aureus and Bacillus cereus with a MIC of
8 μg/mL and against Micrococcus flavus with a MIC of 2 μg/mL
(Zhou et al., 2021). Medipeptin A exerts its activity against S. aureus
by binding to the cell wall polymer lipoteichoic acid and the cell wall
precursor lipid II and by forming pores in membranes (Zhou et al.,
2021). Jessenipeptin and mupirocin (a polyketide antibiotic), co-
produced by Pseudomonas sp. QS1027, show synergistic activity
against methicillin-resistant S. aureus (Arp et al., 2018).

Fewer LPs show activity against Gram-negative bacteria possibly
due to the inability of LPs to access the outer membrane or
peptidoglycan layer of Gram-negative cell walls (Nybroe and
Sorensen, 2004). For example, syringomycins E and
syringopeptin 25A show inhibitory effects against P. syringae but
only upon treatment with lysozyme (Fogliano et al., 2002). Tolaasin
I and WLIP show low inhibition of Gram-negatives whereas LPs of
the xantholysin group are active against various Gram-negative and
Gram-positive bacteria (Li et al., 2013). Interestingly, Rainey et al.
(1991) reported tolaasin resistant Gram-negative bacteria
(Pseudomonas reactans, P. putida and E. coli) become sensitive to
the toxin when challenged by tolaasin and polymyxin B, highlighting
the importance of synergistic activities of compounds during
antagonism.

3.2.2 Antifungal and anti-oomycete activities
Extensive research has focused on the inhibitory activities of

Pseudomonas-LPs against numerous fungi, oomycetes and yeasts
(Nybroe and Sorensen, 2004; Raaijmakers et al., 2006; Geudens
and Martins, 2018; Omoboye et al., 2019b; Oni et al., 2022). One
of the most active compounds is tolaasin, and 18:5 CLP produced by
the mushroom pathogens Pseudomonas tolaasii and P. costantinii
(Scherlach et al., 2013). These bacteria cause brown blotch disease
characterized by dark brown lesions on the fruiting bodies of various
mushroom species including the buttonmushroomAgaricus bisporus,
the oyster mushroom Pleurotus ostreatus and shiitake (Lentinula
edodes) (Soler-Rivas et al., 1999; Osdaghi et al., 2019). Tolaasin I is
the main virulence factor of P. tolaasii and toxic towards mushrooms
(Rainey et al., 1991; Lo Cantore et al., 2006; Andolfi et al., 2008).
Tolaasin disrupts the fungal membrane by forming trans-membrane
pores, allowing the producing bacteria access to cell nutrients.
Tolaasin I is most active and also shows strong antimicrobial
activity against other Basidiomycetes (Bassarello et al., 2004; Lo
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Cantore et al., 2006), a variety of Ascomycetes (Lo Cantore et al., 2006;
Andolfi et al., 2008; Ferrarini et al., 2022a), and Oomycetes (Lo
Cantore et al., 2006; Andolfi et al., 2008; Ferrarini et al., 2022a),
with minimum inhibitory quantities (MIQs) ranging from 0.08 µg for
R. solani and A. bisporus to 0.64 µg for some plant pathogenic
Ascomycetes. Yeast-like fungi that cause diseases in animals and
humans were less sensitive to tolaasin I (Andolfi et al., 2008). Ferrarini
et al. (2022a) recently showed that within the Oomycetes P. nicotianae
(EC50 = 5.6 µM) is considerably less sensitive to tolaasin I than
Pythium myriotylum (EC50 = 0.30 µM in the absence of sterols).

A variant of tolaasin, called sessilin, is made by the well-studied
biocontrol strain P. sessilinigenes CMR12a. This strain, isolated from
cocoyam roots in Cameroon, also produces the 10:8 CLP orfamide
(D’aes et al., 2014). Sessilin and orfamide contribute to the control of
the cocoyam root rot disease caused by the Oomycete pathogen P.
myriotylum, with sessilin showing the strongest inhibitory activity
(Oni et al., 2019b).

Members of the Viscosin, Orfamide, Poaeamide and Putisolvin
family (see Cesa-Luna et al. (2023) and Supplementary Table S1 for
producing strains) cause immobilization and lysis of zoospores
produced by oomycetes at concentrations around 25 µM (Gross
et al., 2007; Raaijmakers et al., 2010; Zachow et al., 2015; Ma et al.,
2016a). Microscopy studies show that various LPs of the Viscosin,
Bananamide and Amphisin family induce morphological changes in
fungi and oomycetes; viscosinamide increases branching, hyphal
swelling and rosette formation in R. solani in addition to reduced
mitochondria activities and changes in mitochondria morphology
(Nielsen et al., 1999; Raaijmakers et al., 2006). Comparable
microscopic observations have been made for viscosinamide
against Pythium ultimum (Nielsen et al., 1999), while P.
myriotylum challenged by pseudodesmin, viscosinamide and
WLIP at concentrations ranging from 100 nm to 50 µM shows
hyphal disintegration with pseudodesmin showing reduced
hyphal branching at 1 and 50 µM while viscosinamide distorts
fungal hyphae causing lysis at concentrations below 50 µM (Oni
et al., 2020a). Increased branching and swelling also occurs for
fungal hyphae treated with tensin (Nielsen et al., 2000).
Bananamides target P. oryzae causing extensive hyphal
branching, leakage and vacuolation (Omoboye et al., 2019a).
Entolysin A and B permeabilize the membranes of Pyricularia
oryzae and B. cinerea spores and mycelium as revealed by
propidium iodide assays, starting at concentrations of 32 μM,
with entolysin B being more active than entolysin A
(Muangkaew et al., 2023). Antifungal activity of xantholysin has
been tested using mutants, suggesting some activity against
Ascomycetes, but this remains unconfirmed with pure
compounds (Li et al., 2013).

Mycin and Peptin variants produced by specific strains from
the P. syringae and the P. fluorescens group show interesting
antifungal and anti-oomycete activity (Girard et al., 2020).
Activity has mainly been shown by using mutants impaired in
LP production. Only a few studies have used pure compounds,
reflecting the difficulties in obtaining enough pure compound for
biological assays. Keanumycin A, from Pseudomonas sp. QS1027,
shows strong antifungal activity against human fungal pathogens
including Candida spp. (MIC = 0.86 µM) and was extremely
effective against B. cinerea (0.07 µM, 80 μg/L) (Götze et al.,
2023). Also syringomycin E, syringotoxin B and syringostatin

A, produced by strains of P. syringae pv. syringae, show
fungicidal activity against Candida spp. (Sorensen et al., 1996).
Nunamycin and nunapeptin are produced by P. nunensis In5,
isolated from a potato soil suppressive against R. solani AG3 in
southern Greenland (Michelsen and Stougaard, 2011; Ntana et al.,
2023). Nunamycin production is required to inhibit R. solani
growth in co-culture on agar plates and in a soil microcosm
where disease incidence in tomato seedlings was significantly
increased in a nunamycin mutant strain compared to the WT
(Michelsen et al., 2015b). By using purified CLPs it was shown that
nunamycin is more active against R. solani compared to Pythium
aphanidermatum which appears more sensitive to nunapeptin.
Thanamycin and thanapeptin are produced by Pseudomonas
sp. SH-C52, a well-studied biocontrol agent isolated from sugar
beet plants grown in a soil naturally suppressive to R. solani (Van
Der Voort et al., 2015). Thanamycin has antimicrobial activity
against R. solani and a range of other fungi, while some derivatives
of thanapeptin have anti-oomycete activity. Sclerosin, a 22:0 LLP
from the Peptin family made by Pseudomonas brassicacearum
DF41 isolated from canola roots, has activity against the fungal
pathogen Sclerotinia sclerotiorum (Berry et al., 2012). Mutant
analysis has revealed activity against Botryosphaeria dothidea
for braspeptin, made by Pseudomonas sp. 11K1 (Zhao et al.,
2019). Other Peptin family members such as syringopeptins
show strong activity against various yeasts (Grgurina et al.,
1996; Lavermicocca et al., 1997), while Fuscopeptin A and
syringopeptin 22-A are toxic to B. cinerea at 20 µM.

Synergistic activities of LP product mixtures and/or with other
molecules appear key to fungal antagonism. For example, P. syringae
pv. syringae strain B359 secretes syringomycin E and syringomycin
25A in tandem with cell-wall degrading enzymes to inhibit fungal
growth (Fogliano et al., 2002). The toxins show inhibitory activity
against numerous fungi whereby antifungal activity is enhanced by
the addition of purified enzymes and in vivo during co-culture with
Trichoderma atroviride. Interestingly, syringomycin 25A is more
potent against fungi in the presence of hydrolytic enzymes whereas
syringomycin E shows greater inhibition of fungal growth and spore
germination without hydrolytic enzymes (Fogliano et al., 2002).
Other examples of antifungal synergism include orfamide and
sessilin production in P. sessilinigenes CMR12a as well as
nunamycin and nunapeptin production in P. nunensis In5 where
co-production of the compounds increases inhibition of fungal
growth. Crude extracts of P. nunensis In5 show greater inhibition
against R. solani and P. aphanidermatum than pure compounds
indicating the importance of synergistic activities of CLPs during
interactions with pathogens and likely other organisms (Michelsen
et al., 2015a). Moreover, sessilin and orfamide act additively in the
biological control of the basidiomycete pathogen R. solani in bean
and cabbage (Olorunleke et al., 2015). Interestingly, orfamide A and
sessilin show no antifungal activity against R. solani when applied
individually whereas nunamycin and nunapeptin target R. solani
and P. aphanidermatum respectively (Michelsen et al., 2015a;
Olorunleke et al., 2015).

More recently, viscosin-like CLPs produced by P. cichorii
(identification based on 16S rRNA gene and probably not
correct) demonstrated antagonistic activity against the human and
vertebrate pathogens Aspergillus fumigatus and Batrachochytrium
dendrobatidis (Martin et al., 2019). Using chemical imaging viscosin
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and massetolide were detected at the fungal inhibition zone suggesting
synergistic activities may enhance their antifungal properties. Lab-based
assays showing inhibition effects against both pathogens were however
only reported for purified viscosin (Martin et al., 2019). In general, the
mechanisms underlying synergistic interactions of LPs remain
largely unknown.

3.2.3 Antiviral activity
Antiviral activity is documented for viscosin against bronchitis

virus and human-pathogenic viruses but the mechanism of viral
inactivation is unknown (Raaijmakers et al., 2006). An analogue of
xantholysin (MA026) from Pseudomonas sp. RtlB025 suppresses
infectious hematopoietic necrosis virus (IHNV) and displays
antiviral activity against hepatitis C virus (HCV) infection
(Shimura et al., 2013). Following the global corona pandemic
there has been considerable interest in developing diverse
antiviral drugs. Xia et al. (2021) modelled the ability of diverse
LPs to target coronavirus replication and transcription machinery
and found Pseudomonas-derived ferrocin A and iron-chelating
ferrocin A to be the best performing molecules (Xia et al., 2021).
However, no studies examining the biological activities of
Pseudomonas LPs against COVID-19 and SARS-CoV-2 exist.

3.3 LPs as cytotoxic agents

LPs also possess anti-proliferative activities against different
cancer cell lines including viscosin (breast and prostate cancer
cell lines) (Siani et al., 2008), xantholysin A (Pascual et al., 2014)
and MDN-0066 (Cautain et al., 2015) (kidney tumor cell lines),
pseudofactin II (melanoma cell lines) (Janek et al., 2013) and
nunamycin/nunapeptin (mantle cell lymphoma, melanoma cell
lines, T-cells leukemia) (Michelsen et al., 2015a). Accurate
comparison of LP cytotoxic activities is challenged by the lack of
standardization across assays. Similar to antimicrobial testing crude
extracts over purified compounds are often used making the
interpretation of results difficult as the bioactivities observed may
derive from other compounds or synergistic activities between
compounds. This has been observed in P. nunensis In5, where
increased cytotoxic activity was seen when purified nunamycin
and nunapeptin are mixed instead of applied individually
(Michelsen et al., 2015a).

3.4 Interactions with plants

Pseudomonas LP producers are implicated in both positive and
negative interactions with plants. Phytopathogenic strains typically
co-produce phytotoxic CLPs from the Mycin and Peptin family,
which act as virulence factors and form pores in plant membranes
causing electrolyte leakage and necrosis. They usually also co-
produce a third LLP or CLP not directly involved in virulence
but instead aiding in plant tissue colonization. Phytopathogenic
Pseudomonas LP producing strains taxonomically belong to the P.
syringae group, or to the P. asplenii and P. corrugata subgroup of the
P. fluorescens group (Girard et al., 2020). Phytotoxic CLPs from the
Mycin and Peptin family also have strong antimicrobial activity (see
above), demonstrating a dual role in pathogenicity and antagonism

against competitors. Strains belonging to the P. corrugata subgroup
can behave as plant pathogens, causing pit necrosis on tomato and
pepper, but also show strong biological control activity against plant
pathogens. They are often isolated from the roots and rhizosphere of
non-diseased plants and from bulk soil (Catara, 2007; Gislason and
de Kievit, 2020). Cormycin and corpeptin produced by P. corrugata
double up as phytotoxic compounds and antimicrobial molecules
against bacterial and fungal pathogens. Pseudomonas sp. SH-C52
(Mendes et al., 2011) (see above) also belongs to the P. corrugata
subgroup and produces Mycin and Peptin-type CLPs with
antifungal and anti-oomycete activity, indicating that there is no
clear-cut line between plant pathogens and beneficials in these
groups (Girard et al., 2020).

Disease suppressive soils are a rich source of LP-producing
Pseudomonas strains. The potent biocontrol agents P. nunensis In5
(Michelsen and Stougaard, 2011) and Pseudomonas sp. SH-52 have
been obtained from R. solani suppressive soils. Irrigation is known to
protect potato tubers against the scab pathogen S. scabies.
Microbiome analysis revealed that irrigated potato field had a
larger proportion of Pseudomonadales bacteria than a non-
irrigated potato field and that the presence of biosynthetic gene
clusters encoding CLPs was positively correlated with disease
suppression. Tensin, an 11:9 amphisin family CLP proved to be
key determinant of in planta inhibition of potato scab in glasshouse
trials (Pacheco-Moreno et al., 2021). Likewise, Pseudomonas strains
able to produce CLPs belonging to 11 different families are
dominant in the rhizosphere of cocoyam plants grown in a
tropical soil suppressive to the cocoyam root rot disease caused
by P. myriotylum (Oni et al., 2019a; Oni et al., 2020b).

Pseudomonas LP-producers demonstrating fungal and/or
oomycete antagonism have gained considerable interest as
candidates for controlling plant diseases. A detailed overview of
Pseudomonas LP-mediated biocontrol is given by (D’Aes et al., 2010;
Raaijmakers et al., 2010; Höfte, 2021; Oni et al., 2022). However, it is
important to note that many studies are centered on the collection of
data from lab-based experiments with only a handful of reports linking
lab data to microcosm- or field-based studies. For example, for the
viscosinamide producer P. fluorescens DR54 (Nielsen and Sorensen,
2003) a strong correlation between the ability of DR54 to inhibit growth
of R. solani and P. ultimum in co-culture and during colonization of the
rhizosphere of germinating sugar beet using plant-soil microcosms was
observed. The study highlights the multifunctionality of CLPs with
antibiotic and surfactant properties enabling the producing strain to
condition its environment for successful rhizosphere colonization.

As wetting agents LPs can increase the solubility of nutrients and
hydrophobic substrates for the producing strain (Nybroe and
Sorensen, 2004; D’Aes et al., 2010; Mavrodi et al., 2010). For
example, Bunster et al. (1989) reported that compared to a non-
surface active Pseudomonas strain, surface-active isolates of P.
fluorescens and P. putida increased the wetness of wheat leaves.
Likewise, syringafactins are strong biosurfactants exerting
hygroscopic activities to attract water vapor from the atmosphere
increasing water availability and reducing water stress in P. syringae
pv. syringae B728a on dry leaves and the apoplast of bean (Burch
et al., 2014). Increasing the availability of nutrients and water
potentially offers LP-producers a competitive advantage against
other microbes including phytopathogens and thus may
indirectly contribute to plant disease management by reducing
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pathogen growth delaying disease onset in the host plant (Nybroe
and Sorensen, 2004).

A number of CLPs including massetolide A (Tran et al., 2007),
sessilin, orfamide (Ma et al., 2016b; Ma et al., 2017), WLIP, lokisin
and entolysin (Omoboye et al., 2019b) are involved in the induction
of systemic resistance in plants. This type of resistance is
systemically expressed rendering plants less susceptible to
subsequent infection with pathogens (Pršić and Ongena, 2020).
These studies are typically conducted with CLP mutants and CLP
crude extracts with only a few studies demonstrating induction of
ISR by pure compounds. Application of purified massetolide A at a
concentration of 44 µM to tomato leaves or roots reduced the lesion
area caused by Phytopthora infestans, but did not reduce disease
incidence (Tran et al., 2007). Pure orfamide triggered ISR against R.
solani web blight in bean at concentrations ranging from 0.001 to
0.1 µM (Ma et al., 2016b), while 25 µM orfamide was needed to elicit
resistance to Cochliobolus miyabeanus in rice (Ma et al., 2017)
suggesting different mechanisms involved.

3.5 Interactions with other eukaryotes

While protists stimulate beneficial plant-microbe interactions
and contribute important functions, e.g., nutrient cycling and
pathogen removal they are major bacterial predators (Gao et al.,
2019; Bahroun et al., 2021; Guo et al., 2021; Hawxhurst et al., 2023).
One predation defense mechanism used by bacteria involves LPs.
Using a combination of wild-type and mutant P. fluorescens strains,
Mazzola et al. (2009) showed that massetolide and viscosin protect
bacteria against predation by the amoeba Naegleria americana, with
the predator showing a greater sensitivity to viscosin. LP-producers
showed better persistence and protection in soil against the predator
but the effect was only temporal (Mazzola et al., 2009). P. nunensis
4Aze was co-isolated with the social amoeba Polyspondyllium

pallidum RM1 from forest soil. This strain produces keanumycin
D, and nunapeptin B and C with suppressive activities against
amoebal predators and the bacterivorous nematode Oscheius
myriophilus, highlighting the broad-spectrum activity of LPs and
underexplored anti-predator function of these compounds (Pflanze
et al., 2023) Also the keanumycins produced by Pseudomonas
sp. QS1027 have strong amoebicidal activity (Götze et al., 2023).
More information on the influence of predator interactions and
predator-derived molecules on LP regulation is needed.

Antiparasitic activities are documented for viscosin against the
human parasitic protozoan Trypanosoma cruzi, the causal agent of
Chagas disease. A viscosin-like LP from Pseudomonas sp. H6 was active
against the fish parasitic ciliate Ichthyophthirius multifiliis and showed
inhibitory effects against green algae, crustaceans, cyanobacteria and
zebrafish embryos (Raaijmakers et al., 2006; Korbut et al., 2022).

LPs also mediate insect interactions with orfamides, sessilin and
viscosin shown to possess insecticidal properties (Geudens and
Martins, 2018). Insecticidal activity appears a multifactorial
process involving LPs and other metabolites, e.g., Fit toxin,
rhizoxin and HCN wherein the role of LPs appears to be strain-
specific (Jang et al., 2013; Flury et al., 2017).

3.6 Mode of action

The main mode of action of LPs is membrane disruption
through pore-formation causing membrane leakage and cell
death (Geudens and Martins, 2018). The majority of mechanistic
studies rely on model cell membranes that enable simpler and well-
controlled experiments however they lack the complexity of real
biological membranes. Consequently, the detailed mechanism of
action underlying LP pore-formation including membrane selectivity,
is largely unknown. As biological organisms are capable of altering their
lipid membrane composition in response to external signals in order to

FIGURE 2
General overview of the organization of lipopeptide biosynthetic gene clusters in lipopeptide mono-producers.
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adapt to their physical environment (Chwastek et al., 2020), it is likely
that LPs have not one butmultiplemodes of action and display context-
dependent activities. This may also contribute to the low resistance
towards LPs in the environment despite their ubiquitous nature
(Peschel and Sahl, 2006; Steigenberger et al., 2023). Future work
should determine the influence of basic membrane parameters, e.g.,
membrane thickness in addition to physical membrane properties and
lipid composition of different membrane types, e.g., bacterial, fungal
and mammalian on LP activity. This was recently highlighted by
(Ferrarini et al., 2022a) wherein the bioactivities of tolaasin and
sessilin were reduced against oomycetes when membrane sterol
composition is altered.

4 Biosynthesis

In Pseudomonas, LPs are synthesized by large BGCs encoding
multi-modular nonribosomal peptide synthetases (NRPSs) (see
Götze and Stallforth (2020); Roongsawang et al. (2011) for a
detailed overview). These enzymes recognize, activate, modify,
and link amino acid intermediates to the product peptide and
can synthesize peptides with unusual amino acids including
D-amino acids. A typical module comprises a condensation
domain, an adenylation domain and a thiolation domain. A
specialized condensation starter domain (Cs) with N-acylation
activity attaches the fatty acid to the first amino acid. The
adenylation (A) domain is responsible for amino acid recognition
and adenylation, the thiolation (T) domain binds the adenylated
amino acid to a phosphopantetheine carrier. A regular condensation
(C) domain catalyzes the formation of a peptide bond between two

consecutively bound L-amino acids. A condensation domain with
built-in epimerization capacity (C/E domain) located downstream
of D-amino acid incorporating modules catalyzes the conversion of
L-amino acids to D-isomers. Separate epimerization domains as
described in NRPSs of Bacillus and Streptomyces are lacking in
Pseudomonas NRPSs (Götze and Stallforth, 2020). Cyclization and
release of the peptide are carried out by a tandem of thioesterase
(TE) domains associated with the last module. The order of modules
is usually co-linear to the peptide sequence. CLPs in mono-
producers are usually synthesized by NRPS systems encoded by
three large open reading frames that are either organized in one
operon or are split, with the first NRPS gene typically composed of
two modules, located elsewhere in the genome. The NRPS genes are
flanked by one or two luxR-type regulatory genes and three genes
encoding a tripartite PleABC export system. LLPs are synthesized by
NRPS systems encoding by two large open reading
frames (Figure 2).

The chlorinated 9:9 CLPs belonging to the Mycin family are
synthesized by one or two NRPSs and separate enzymes encoded by
syrB1, syrB2, syrC and syrP homologues located upstream of the
Mycin BGC (Figures 3, 4). All Mycin family members have the
unusual amino acids 3-hydroxy-aspartic acid at position 8 and 4-
chlorothreonine at position 9 in the peptide (see Girard et al. (2020)
for an overview). SyrB1 is a separate enzyme with an A-T module
that activates and loads threonine. SyrB2 is a non-heme FeII

halogenase that chlorinates threonine. SyrC is an
aminoacyltransferase that shuttles the threonyl moiety in trans
between the T domain of SyrB1 and the T domain of the last
module of the NRPS (Bender et al., 1999; Singh et al., 2007). SyrP is
an aspartyl hydroxylase that hydroxylates L-Asp after selection,

FIGURE 3
Organization of the lipopeptide biosynthetic gene clusters in non-quorum sensing lipopeptide poly-producers. Representative strains are shown.
See Supplementary Table S1 for strain and sequence information.
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activation and installation of L-Asp on the T domain of the eighth
module of the NRPS cluster (Singh et al., 2008). A pleC transporter
gene is usually located downstream of the Mycin BGC preceded by a
luxR-type regulatory gene called syrF in P. syringae pv. syringae
(Figure 3). CLPs belonging to the Peptin family are usually
synthesized by three NRPSs composed of in total 19, 22 or
25 modules. PleAB and pseABC transporter genes and a dab gene
are usually located downstream of the Peptin NRPS genes (Figures 3,
4), while A syrD transporter gene (Quigley et al., 1993; Quigley and
Gross, 1994) is positioned upstream of the Peptin BGC. DAB is
involved in the synthesis of 2,4-diaminobutyric acid, a non-protein
amino acid present in all peptins and most mycins (Girard et al.,
2020). In Pseudomonas fuscovaginae, the dab gene is located
upstream of the asplenin BGC and flanked by two luxR-type
regulatory genes (Figure 3). In P. cichorii, pleAB transporter
genes and three luxR-type regulatory genes are located
downstream of the cichopeptin BGC, but dab and pseABC

transporter genes are located upstream of the cichopeptin
BGC (Figure 3).

5 Regulation

Information on the regulatory mechanisms and environmental
signals controlling LPs is lacking but key to modulating LP
production both quantitatively and qualitatively in the lab or in
the environment for industrial and environmental biotechnology
applications. Here, we present what is known so far.

5.1 Global regulation of LP-associated genes

The best studied global regulatory system associated with LP
production is the Gac/Rsm signal transduction pathway (Haas and

FIGURE 4
Organization of lipopeptide biosynthetic gene clusters in quorum sensing lipopeptide poly-producers. Representative strains are shown. See
Supplementary Table S1 for strain and sequence information.
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Défago, 2005) (Figure 5). The cascade is initiated by the GacS/GacA
two-component system composed of the membrane-bound GacS
sensor kinase and the cognate GacA response regulator located in
the cytoplasm. The GacS sensor kinase, initially called LemA, was first
described in the bean pathogen P. syringae pv. syringae strain B728a
and found essential to produce the CLP syringomycin (Hrabak and
Willis, 1992; Hrabak and Willis, 1993). At high cell densities

autophosphorylation of the GacS sensor kinase is triggered by an
unknown chemical signal in the periplasm and the phosphate group is
then transferred to the GacA response regulator via a phospho-relay
mechanism. Phosphorylated GacA triggers the expression of small
RNA genes. The resulting small RNAs (rsmX, rsmY, rsmZ) specifically
bind to post-transcriptional repressor proteins (RsmA, RsmE) thereby
relieving the translation repression exerted by these proteins at the

FIGURE 5
Regulation of lipopeptide production in the massetolide mono-producer P. lactis SS101. Massetolide production is under the control of the Gac/
Rsm signal transduction pathway. The sensor kinase GacS is triggered by unknown environmental signals in the periplasm resulting in
autophosphorylation. The phosphate group is transferred to the GacA response regulator via a phospho-relay system. Phosphorylated GacA binds to the
GacA box in the promoter region of the rsmY and rsmZ genes encoding small RNAs. The resulting small RNAs RsmY and RsmZ bind to the repressor
proteins RsmA and RsmE, relieving translational repression at the ribosomal binding site of the mRNAs of the luxR1 (massAR) gene. LuxR1 (MassAR) and
LuxR2 (MassBCR) activate transcription of the massetolide biosynthetic gene cluster. The serine protease ClpP and its chaperone ClpA additionally
regulate massetolide production via LuxR1, the heat shock proteins DnaK and DnaJ, and proteins involved in the citric acid cycle. DnaK and DnaJ may be
required for proper folding of LuxR proteins or for assembly of the NRPS complex. Phgdh: D-3 phosphoglycerate dehydrogenase involved in the
biosynthesis of the amino acid L-serine. Serine makes up two of the nine amino acids in massetolide. PrtR: antisigma factor which interacts with extra-
cytoplasmic function sigma factors and affects the transcription of both luxR1 and luxR2 by an unknownmechanism. Secretion of massetolide occurs by
the ABC transporter PleABC. Motifs: GacA-binding box see (Humair et al., 2010), Rsm box, see (Olorunleke et al., 2017). Created with BioRender.com.
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ribosomal binding site of mRNAs encoding genes (Sonnleitner and
Haas, 2011) involved in the biosynthesis or regulation of bioactive
molecules including LPs. In most LP-producing strains mutations in
gacS or gacA lead to a complete loss of LP production (Koch et al., 2002;
de Bruijn et al., 2007; de Bruijn et al., 2008; Song et al., 2014; Olorunleke
et al., 2017). Likewise, a rsmXYZ mutant in P. protegens CHA0 is no
longer able to produce the CLP orfamide (Sobrero et al., 2017).
Mutations in both rsmY and rsmZ resulted in loss of massetolide
production in P. lactis SS101, while a double mutation in rsmE and
rsmA restored massetolide production in a gacSmutant. In this strain,
the most likely target of the RsmE and RsmA repressor proteins is the
LuxR-type regulator MassAR (Song et al., 2015b).

Targeting global regulators is an effective strategy to activate
silent gene clusters as demonstrated in several Streptomyces studies.
In P. fluorescens Pf0-1, a silent gene cluster encoding a novel CLP
(gacamide) was identified by genome mining and subsequently
activated by repairing a defective gacA through complementation
(Jahanshah et al., 2019).

5.2 Regulation of lipopeptide production in
mono-producers (Figure 5)

LP mono-producers are found in the P. fluorescens, P. putida
and P. syringae group and possess roles in surface motility, biofilm
formation or break down, solubilization of nutrients, protection
against competitors and predators, induction of systemic resistance
in plants, and interactions with insects (D’Aes et al., 2010;
Raaijmakers et al., 2010; Götze and Stallforth, 2020; Oni et al., 2022).

The organization of the BGCs encoding CLPs in mono-
producers is very well conserved with usually three NRPS genes
arranged in either one operon, or in a split configuration in which
the first NRPS gene is located elsewhere in the genome (Cesa-Luna
et al., 2023) (Figure 6).

The genomic regions flanking the NRPS gene clusters encoding
CLPs typically containwell conserved regulatory and transporter genes.
Pseudomonas CLPs are secreted by the PleABC tripartite efflux system,
homologous to the MacAB-TolC ABC-type multidrug efflux pump
that is found in many Gram-negative bacteria (Fitzpatrick et al., 2017).
The PleABC machinery is composed of the inner membrane protein
PleB (MacB), the periplasmic adapter PleA (MacA) and the outer
membrane protein PleC (TolC) (Girard et al., 2022) (Figure 5). The
pleC gene is usually located upstream of the first NRPS gene and
preceded by a regulatory gene (luxR1) encoding a protein of the LuxR
family. These LuxR proteins contain a typical DNA-binding helix-turn-
helix (HTH) motif but lack an N-acylhomoserine lactone (N-AHL)-
binding domain. The pleA and pleB genes are positioned downstream
of the third NRPS gene and are often, but not always, followed by a
luxR-type regulatory gene (luxR2) transcribed in the opposite direction
(Figure 6). Recently is was shown that PleB is suitable as a diagnostic
sequence for genome mining allowing the detection and/or typing of
Pseudomonas LP producers (Girard et al., 2022).

Mutation of either luxR1 (viscAR) or luxR2 (viscBCR) results in
loss of viscosin production in P. fluorescens strain SBW25 (de Bruijn
and Raaijmakers, 2009). A viscAR mutation in this strain could be
complemented with the luxR1 (massAR) regulatory gene of the
massetolide producer P. lactis (fluorescens) SS101 (de Bruijn and
Raaijmakers, 2009). Mutation of luxR1 (arfF) in Pseudomonas

sp. MIS38 likewise leads to loss of arthrofactin production
(Washio et al., 2010). Mutation of psoR1 leads to loss of
putisolvin production in P. putida PCL1445, while mutation of
pleA (macA) or pleB (macB) in this strain leads to reduced putisolvin
production (Dubern et al., 2008). In P. protegens CHA0 it has been
shown that translation of the LuxR-type regulatory genes orfR1 and
orfR2 located up- and downstream of the orfamide BGC are under
the direct control of the Gac/Rsm pathway (Sobrero et al., 2017).

LuxR2-type regulatory proteins are lacking in BGCs encoding
xantholysin (Li et al., 2013) and entolysin (Vallet-Gely et al., 2010),
while the situation is variable for WLIP producers (Figure 6). A luxR2
gene is present downstream of the WLIP BGC in P. yamanorum
LMG27247 (wlyR2), P. fluorescens LMG5329 (wipR2) and two WLIP
producers from the P. putida group (P. xanthosomae COR54 (wlfR2)
and P. fakonensisCOW40 (wlfR2)), but absent in P. wayambapalatensis
RW10S2 (Rokni-Zadeh et al., 2012) (Figure 6). The LuxR1 regulators
XltR, EltR, WlpR andWipR are required for xantholysin, entolysin and
WLIP production in the respective strains P. mosselii BW11M1,
Pseudomonas entomophila L48, P. wayambapalatensis RW10S2, and
P. fluorescens LMG5329 (Vallet-Gely et al., 2010; Rokni-Zadeh et al.,
2012; Li et al., 2013; Rokni-Zadeh et al., 2013). Intriguingly, all LP BGCs
that lack luxR2 are produced by strains that taxonomically belong to the
P. putida group (Girard et al., 2021). The reason for this is unknown but
could symbolize a different ecological role.

Mono-producers of the LLPs syringafactin and cichofactin are
described in various phylogroups of the P. syringae group (Bricout
et al., 2022; Cesa-Luna et al., 2023) and in some isolates of the P.
putida group (Cesa-Luna et al., 2023). LLPs are encoded by two
NRPS genes arranged in an operon. Homologues of luxR1 and luxR2
are present upstream and downstream of the BGC encoding
syringafactin in P. syringae DC3000, and cichofactin in P. putida
4A7, but the pleC transporter gene is absent in P. syringae DC3000
(Berti et al., 2007) and no transporter genes are present in the BGC
encoding cichofactin in P. putida 4A7 (Figure 6). Mutation of luxR1
(also called syfR), but not of luxR2 (pspto2833) leads to loss of
syringafactin production in P. syringae DC3000 (Berti et al., 2007).
P. bijieensis L22-9 is a thanafactin mono-producer. The thanafactin
BGC lacks regulatory genes, and a major facilitator superfamily
(MFS) transporter is located downstream of the BGC (Figure 6).

Phylogenetic analysis shows that LuxR1 and LuxR2 proteins
from CLP and LLP mono-producers form two distinct phylogenetic
groups (Figure 7).

Regulation of LP production in mono-producers in response to
cell density by autoinducers, also called quorum sensing regulation
(Venturi, 2006), has to our knowledge only been described for the
viscosin producer P. fluorescens 5064 (Cui et al., 2005) and in the
putisolvin producer P. putida PCL1445. P. fluorescens 5064, an
opportunistic soft rot pathogen of broccoli, produces the 9:7 CLP
viscosin that is important for plant surface colonization. The N-acyl
homoserine lactone (HSL) quorum sensing signal 3-OH-C8-HSL
regulates viscosin production in this strain (Cui et al., 2005). P.
putida PCL1445 was isolated from grass roots grown in soil polluted
with polyaromatic hydrocarbons. The strain produces the 12:4 CLPs
putisolvin I and II. These compounds inhibit biofilm formation and
break down existing Pseudomonas biofilms (Kuiper et al., 2004). The
ppuI-rsaL-ppuR quorum sensing system is involved in putisolvin
production and mutants impaired in either ppuI or ppuR show a
severe reduction in putisolvin production (Dubern et al., 2006). The
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quorum-sensing signals 3-oxo-C10-N-acyl homoserine lactone (3-
oxo-C10-AHL) or 3-oxo-C12-AHL induce expression of the
biosynthesis genes activating production of putisolvin I and II in
this strain (Dubern et al., 2006).

Additional compounds involved in LP regulation in mono-
producers include heat shock proteins, Clp proteases and enzymes
involved in amino acid metabolism (Figure 5). The Hsp70 class heat
shock protein DnaK regulates putisolvin production together withDnaJ
at low temperature in P. putida PCL1445 (Dubern et al., 2005). DnaK is
also involved in the regulation of massetolide in P. lactis SS101 (Song
et al., 2014). Mutation of the gene encoding the Hsp90 class heat shock
protein HtpG leads to loss of arthrofactin synthesis, while arthrofactin
biosynthesis genes are normally expressed suggesting a role in
posttranscriptional processes (Washio et al., 2010). Heat shock
proteins may be required for the proper folding of positive (LuxR-
type?) transcription factors or for assembly of the NRPS complex (Song
et al., 2014). In P. putida, DnaK is under the control of the Gacs/GacA
regulatory system, but this may not be the case in P. lactis SS101. In P.
lactis SS101 the serine protease ClpP and its chaperone ClpA are

required for massetolide biosynthesis. ClpP is an ATP-dependent
serine protease that associates with different ATPases, including
ClpA. ClpA selects target proteins for degradation by ClpP.
Transcriptomic and proteomic analyses suggest that the ClpAP
complex regulates massetolide biosynthesis via the
LuxR1 transcriptional regulator MassAR, the heat shock proteins
DnaK and DnaJ and via proteins involved in the citric acid cycle
(Song et al., 2015a) (Figure 5). Additional regulators identified in P.
lactis SS101 include D-3-phosphoglycerate dehydrogenase (Phgdh) and
the antisigma factor PrtR (Song et al., 2014). Phgdh is involved in the
biosynthesis of L-serine, an amino acid that makes up two of the nine
amino acids in massetolide. PrtR interacts with extra-cytoplasmic
function sigma factors of the sigma 70 family and regulates the
expression of luxR1 and luxR2 by an unknown mechanism (Figure 5).

Concerning environmental signals that regulate LP production in
mono-producers Mazzola et al. (2009) showed that the massetolide and
viscosin biosynthesis genes, massABC and viscABC respectively, in P.
lactis SS101 and P. fluorescens SBW25 are upregulated upon protozoal
exposure conferring protection to each strain against predation.

FIGURE 6
Organization of lipopeptide biosynthetic gene clusters in lipopeptide mono-producers. See Supplementary Table S1 for strain and sequence
information.
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Interestingly, the authors observed that physical contact between prey
and predator was not necessary to activate the massABC and viscABC
genes. It would be interesting to test extracts from different protists in
order to identify specific protist signals that trigger CLP production.

So, for LP mono-producers, quorum sensing regulation is not
common, the LuxR1 regulator is always present (with the notable
exception of the thanafactin producer P. bijieensis L22-9) and
essential for LP production, while LuxR2 is sometimes lacking
and when present, not always essential for LP production.
LuxR1 and in some cases also LuxR2 are under translational
control of the Gac/Rsm regulon. LP production is additionally
regulated by heat shock proteins and the ClpAP complex.

5.3 Regulation of lipopeptide production in
poly-producers (Figure 8)

LP poly-producers belonging to the P. syringae group, or P.
corrugata and P. mandelii subgroup within the P. fluorescens group,

typically co-produce CLPs from the Peptin and Mycin family and
often produce an additional LLP of the Factin family, while poly-
producers of the P. asplenii subgroup produce an additional CLP of
the Asplenin family (Girard et al., 2020). Strains that produce a CLP
of the Tolaasin family belonging to the P. fluorescens subgroup co-
produce a CLP of the Viscosin family, while some members of the P.
protegens group co-produce sessilin (a member of the tolaasin
family) and orfamide (Cesa-Luna et al., 2023). Regulation of LP
production in poly-producers is more complex than in mono-
producers and can be quorum sensing dependent or independent.

5.3.1 Non-quorum sensing regulatory systems in
Mycin and Peptin producers

Production of Mycins and Peptins is independent from QS in
various plant pathogenic Pseudomonas bacteria including the closely
related bean pathogens P. syringae pv. syringae B301D and B728a,
the wide host range pathogens P. cichorii JBC1 and SF1-54, and the
rice pathogen P. fuscovaginae UPB0736. These plant pathogenic
Pseudomonas strains produce two CLPs simultaneously, one

FIGURE 7
Phylogenetic tree of LuxR-type regulatory proteins in lipopeptide mono-producers. Neighbor-Joining phylogenetic tree (JTT model) constructed
with MEGA 11 with MUSCLE alignment of LuxR amino acid sequences from LP mono-producers. Bootstrap values (percentage of 1,000 replicates) are
shown in the figure. LuxR1 protein encoding genes (yellow) are located upstream of the lipopeptide NRPS genes, LuxR2 protein encoding genes (orange)
are located downstream of the lipopeptide NRPS genes. See Supplementary Table S1 for strain and sequence information.
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FIGURE 8
Regulation of lipopeptide production in Mycin and Peptin producers. Top: Non-quorum sensing regulation of lipopeptide production in the syringomycin
and syringopeptin producers P. syringae pv. syringaeB301D and B728a. Syringomycin and Syringopeptin production is under the control of the SalA regulon. SalA
is activated by theGac/Rsm signal transduction pathway in response to plant signals. SalA positively regulates its own transcription and activates the expression of
both syrG and syrF. SyrG acts as a transcriptional activator of syrF. SyrF binds as a homodimer to a specific syr-syp box (indicatedwith a pin) in the promoter
region of syringomycin and syringopeptin biosynthesis genes and transporters. Secretion of syringomycin and syringopeptin occurs by the ABC transporter
PleABC, the cytoplasmicmembrane protein SyrD and the RND transporter PseABC. Operons in the biosynthetic gene cluster are underlined. Bottom: Proposed
model of quorum-sensing regulation of lipopeptide production in the nunamycin and nunapeptin producer P. nunensis In5. PcoI is an acyl-homoserine lactone
(AHL) synthase encoding the autoinducer N-hexanoyl-L-homoserine lactone (C6-AHL), NupR1 is a LuxR family protein lacking an N-AHL binding domain under
the control of the Gac/Rsm regulon, NupR2 is a LuxR protein with an N-AHL binding domain. The promoter region of nunamycin and nunapeptin biosynthesis
genes and transporters harbor a specific lux box (indicated with a pin) to which a NupR1-NupR2-C6-AHL complex may bind (not experimentally proven).
Production of nunamycin and nunapeptin is triggered by fungal signals that activate nunF. How NunF further activates lipopeptide synthesis and secretion is
unknown. Nunamycin and nunapeptin secretion probably occurs by the ABC transporter PleABC, the cytoplasmic membrane protein NupD and the RND
transporter PseABC.Motifs: GacA-binding box, see (Humair et al., 2010); Rsm-binding box, see (Olorunleke et al., 2017); syr-syp box, see (Wang et al., 2006a); lux-
box, see (Whiteley and Greenberg, 2001). Created with BioRender.com.
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representative from the Peptin family, and one from the Mycin
family. These CLPs always seem to co-occur (Figure 3). They
function as phytotoxins, are usually co-produced and their
secretion involves the same transporters. They can act
synergistically to cause disease on plants by forming pores in
plant membranes (Bender et al., 1999). Plant pathogenic CLP-
producing Pseudomonas strains usually attack above-ground
plant parts such as leaves or leaf sheaths. The third LLP
produced by plant pathogens such as P. syringae pv. syringae, P.
cichorii and P. fuscovaginae is not directly involved in virulence, but
is essential for swarming motility and in planta colonization (Girard
et al., 2020).

Most of our current knowledge on CLP regulation stems from
the phytotoxins syringomycin and syringopeptin produced by P.
syringae pv. syringae. Production of these compounds is dependent
on the global regulatory GacS/GacA system in addition to the LuxR-
type transcription factors SalA, SyrF, and SyrG which combined
activate CLP synthesis in response to plant signal molecules. In P.
syringae pv. syringae B301D and B728a, syrF, salA and syrG are
associated with the syringomycin BGC (Figure 8) (Lu et al., 2002).
The resulting proteins all carry a C-terminal HTH DNA binding
motif typical for LuxR regulatory genes, but lack anN-terminal AHL
domain and belong to the fourth subfamily of the LuxR superfamily
(Wang et al., 2006a; Vaughn and Gross, 2016). SalA, SyrF and SyrG
were shown to control syringopeptin and syringomycin biosynthesis
in a hierarchical organization (Lu et al., 2005; Vaughn and Gross,
2016). The salA gene is positively regulated by the GacS/GacA
regulon. SalA positively regulates its own expression (Kitten
et al., 1998) but also the expression of both syrG and syrF (Lu
et al., 2002; Wang et al., 2006a), while SyrG functions as an
transcriptional activator of syrF (Vaughn and Gross, 2016). SyrF
activates the syringomycin and syringopeptin biosynthesis and
transporter genes by binding to a specific syr-syp box in the
promoter region as a dimer (Figure 8). Plants signals that trigger
the production of syringomycin and syringopeptin include the
phenolic glycoside arbutin and sugars that occur in large
quantities in leaf tissues such as D-fructose. GacS, SalA and SyrF
transduce the plant signals to activate the syringomycin and
syringopeptin BGCs. Sensing of the plant signal molecules
probably occurs via GacS (Wang et al., 2006b).

P. syringae pv. syringae strains produce a third 8:0 LLP called
syringafactin that is needed for swarming motility and enhances
fitness on leaf surfaces by attracting moisture and facilitating access
to nutrients (Burch et al., 2014). Two luxR1 and luxR2 type
regulatory genes named syfR1 and syfR2 are situated up and
downstream of the syringafactin BGC in P. syringae pv. syringae
strains (Figure 3). Expression of both syfR1 and the surfactin
biosynthesis gene syfA are dependent on SalA in P. syringae pv.
syringae B728a (Hockett et al., 2013). No pleAB-type transporter
genes are associated with the syringafactin BGC in P. syringae pv.
syringae B301D (Figure 3) and B728a in contrast to the syringafactin
BGC in the mono-producer P. syringae DC3000 (Figure 6).

The rice sheath brown rot pathogen P. fuscovaginae
UPB0736 belongs to the P. asplenii subgroup and produces the
19:5 CLP fuscopeptin, the 9:9 CLP syringotoxin and the 13:8 CLP
asplenin. Syringotoxin and fuscopeptin act synergistically in
inhibiting plant H+-ATPase activity in plant membranes (Batoko
et al., 1998) and both CLPs are involved in causing sheath rot

symptoms on rice. In addition, syringotoxin is also toxic to the rice
sheath blight pathogen Rhizoctonia solani AG1-1A. Asplenin is
needed for swarming motility (Ferrarini et al., 2022b). The
syringotoxin and fuscopeptin BGCs in P. fuscovaginae
UPB0736 are completely devoid of luxR type regulatory genes,
while three luxR genes (termed luxR1, luxR2 and luxR3 by
(Ferrarini et al., 2022b) and renamed here as asp3, asp4 and
asp1) are situated upstream of the asplenin BGC, and one luxR
gene (aspR2) downstream of the last NRPS gene of this cluster
(Figure 3). Phylogenetic analysis reveals that AspR3 and
AspR1 cluster in the same clade as the LuxR1 regulators situated
upstream of the BGCs in mono-producers, while AspR2 and
AspR4 cluster with the LuxR2 regulators downstream of the
BGCs in mono-producers (Figure 9). Intriguingly, aspR1 and
aspR2 genes are flanking the asplenin BGC in the asplenin
mono-producer Pseudomonas sp. COR33 (Figure 6), but this
strain lacks the aspR3 and aspR4 genes. The function of the
LuxR regulators in P. fuscovaginae is unknown but it is likely
that they co-regulate all three CLPs.

P. cichorii is a broad-host range pathogen that produces the 22:
8 CLPs cichopeptin A and B (Huang et al., 2015), the 8:0 LLPs
cichofactin A and B (Pauwelyn et al., 2013) and a third 8:8 Mycin-
type CLP that is presumably pseudomycin (Girard et al., 2020).
Cichopeptins are important virulence factors in the lettuce midrib
rot pathogen P. cichorii SF1-54 and cause necrotic symptoms on
leaves (Huang et al., 2015). Cichopeptins contain two residues of
glycine in their peptide backbone and production is stimulated by
glycine betaine. Cichopeptins are produced in planta at early stages
of infection (Huang et al., 2015). Cichofactins are needed for
swarming motility and a cichofactin-mutant formed significantly
more biofilm. They are produced in planta and needed for in planta
spread of P. cichorii but are not phytotoxic per se (Pauwelyn et al.,
2013). In P. cichorii JBC1 and SF1-54 three luxR-type regulatory
genes (cipR1, cipR2, cipR3) are located downstream of the
cichopeptin BGC and two luxR-type regulatory genes (cifR1,
cifR2) up and downstream of the cichofactin BGC (Figure 3).
The cichofactin BGC contains pleAB transporter genes, but pleC
is lacking. CipR1 associated with the cichopeptin BGC cluster is
similar to SalA (about 60% identity) from P. syringae pv. syringae
and clusters in clade II, while CipR3 is similar to SyrG (about 70%
identity) and clusters in clade III in a phylogenetic tree in which all
LuxR-type regulatory proteins associated with LP BGCs are included
(Figure 9). Intriguingly, CipR2 carries an N-AHL binding domain
(see further), but the genome of JBC1 does not encode LuxI type
proteins involved in AHL synthesis. The role of these regulatory
proteins in LP production in P. cichorii has to our knowledge not
been studied.

5.3.2 Quorum sensing regulatory systems in Mycin
and Peptin producers

Strains producing Mycin and Peptin variants that are quorum
sensing regulated are found within the P. asplenii, P. mandelii and P.
corrugata subgroups of the P. fluorescens group or complex (Girard
et al., 2020). These strains produce a 19:5 or 22:5 CLP of the Peptin
family, a second CLP of the Mycin family that is composed of two
NRPSs, and often a third LLP of the Factin family. Many of these
strains also harbor a brabantamide BGC downstream of the Mycin
cluster. Brabantamides are cyclocarbamate antibiotics with activity
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FIGURE 9
Phylogenetic tree of LuxR-type regulatory proteins in lipopeptide mono- and poly-producers. Neighbor-Joining phylogenetic tree (JTT
model) constructed with MEGA 11 with MUSCLE alignment of LuxR amino acid sequences from mono- and poly-producers. Bootstrap values
(percentage of 1,000 replicates) are shown in the figure. Clade I: JesR2-type regulatory proteins with a helix-turn-helix (HTH, indicated in blue)
and an autoinducer binding motif (indicated in green) produced by LP poly-producers. This clade also contains the CipR2 protein from P.
cichorii (purple star). Clade II: LuxR2-type regulatory proteins with a HTH motif (indicated in blue) found in LP mono-producers downstream of
the LP BGCs. This clade also contains the JesR1 type regulators found in poly-producers with a quorum sensing system (indicated in green) and
the SalA (red star), CipR1 (purple star) and AspR4 (blue star) regulatory proteins of P. syringae pv. syringae, P. cichorii and P. fuscovaginae,
respectively. Clade III: LuxR1-type regulatory proteins with a HTH motif (in blue) located upstream of the LP BGCs in mono- and poly-producers.

(Continued )
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against Gram-positive bacteria and Oomycetes (Van Der Voort
et al., 2015). Brabantamide genes are co-transcribed with the Mycin
and Peptin BGCs and possibly also co-secreted with Mycins and
Peptins (Girard et al., 2020). The Mycin, brabantamide and Peptin
BGCs are located on a so-called pathogenicity island, designed LPQ
(lipopeptide/quorum sensing) island because conserved quorum
sensing genes are located downstream of the peptin cluster in all
these strains (Melnyk et al., 2019) (Figure 4).

P. nunensis In5 produces the 22:5 CLP nunapeptin and the 9:
9 CLP nunamycin but is not known to produce a third LLP (Figure 4;
Figure 8). Studies in P. nunensis In5 reported an inter-kingdom
communication cascade that upon detection of fungal signals
activates a Pseudomonas specific regulator called NunF required
for expression of the antifungal CLPs nunamycin and nunapeptin. A
nunF mutant is unable to produce nunamycin and nunapeptin
(Hennessy et al., 2017a). The nunF promoter showed no induction
with plant signal molecules, but was induced during co-culture with
Fusarium graminearum, and by unknown components of a
Fusarium-derived fungal extract in addition to pure fungal-
associated molecules trehalose and glycerol (Hennessy et al.,
2017b; Christiansen et al., 2020). NunF is a homologue of SyrF
in the plant pathogen P. syringae pv. syringae. The syrF promoter
however, showed a lower induction by fungal extract and hardly any
induction by trehalose (Christiansen et al., 2020).

Most CLP poly-producers belonging to the P. corrugata, P. asplenii
and P. mandelii subgroup carry a homologue of syrF/nunF downstream
of the Mycin BGC or Mycin/brabantamide BGCs, followed by a pleC
transporter gene (Figure 4) such as nunF associated with nunamycin in
P. nunensis In5, and keanumycin in P. nunensis 4A2e and Pseudomonas
sp. QS1027, corF associated with cormycin/brabantamide in P.
corrugata CFBP5454 and P. mediterranea EDOX, and thaF (braD)
associated with thanamycin/brabantamide in Pseudomonas sp. SH-
C52. A syrF homologue is also present downstream of the
uncharacterized Mycin in P. brassicacearum DF41 (Figure 4). Given
that all these strains show strong antifungal activity, it is likely that their
NunF/SyrF homologues also react to fungal signals, but this remains to
be investigated. The NunF/SyrF-type regulatory proteins form a
separate cluster in clade III (indicated in red in Figure 9), a clade
that also contains all LuxR1-type regulators located upstream of LP
BGCs in mono-producers.

Some strains also encode a third LLP that is either thanafactin or
virginiafactin (Figure 4). The thanafactin BGCs lack luxR-type
regulatory genes and all contain an MFS transporter downstream
of the BGC that it typical for thanafactin producers. The
virginiafactin BGC in Pseudomonas sp. QS1027 lacks transporters
but carries a luxR1-type regulatory gene (vifR1) upstream of the first
NRPS gene. The VifR1 protein clusters with LuxR1-type proteins
located upstream of cichofactin and syringafactin in mono- and
poly-producers in clade III (Figure 9).

In addition, all these strains harbour a four-gene quorum
sensing system composed of jesR1 (rfiA, nupR1), jesI (pcoI, pdfI),
rhtB (orf1) and jesR2 (pcoR, nupR2, pdfR) downstream of the Peptin

BGC and preceded by an operon (pcoABC) encoding an RND
transporter system (Figure 4). The PcoABC efflux system is
homologous to the PseABC RND efflux system in P. syringae pv.
syringae B301D involved in the secretion of syringomycin and
syringopeptin (Kang and Gross, 2005). JesI (PcoI, PdfI) is an
AHL synthase, JesR2 (PcoR, NupR2, pdfR) is a LuxR family
protein with an N-terminus AHL-binding domain, while JesR1
(RfiA, NupR1) is a LuxR family protein with a helix-turn-helix
motif but lacking an N-AHL binding domain. In P. corrugata CFBP
5454 mutants in pcoR, rfiA, or pcoI and rfiA are unable to produce
and/or secrete cormycin and corpeptin (Licciardello et al., 2009). In
Pseudomonas sp. QS1027 production of jessenipeptin is regulated by
a QS system involving the AHL signal hexanoyl homoserine lactone
(C6-AHL). Interestingly, the biosynthesis genes for jessenipeptin are
located adjacent to those encoding another specialized metabolite
mupirocin that works in synergy with the CLP against methicillin-
resistant S. aureus (MRSA). However, the AHL signal required to
induce production of the CLPs differ. Deletion of jesI, jesR1 or jesR2
led to a complete suppression of jessenipeptin production (Arp et al.,
2018). Pflanze et al. (2023) have shown that the regulatory network
governing production of CLPs in P. nunensis 4A2 required for
protection against predation by amoeba and nematodes involves
LuxR-type regulatory genes and the QS signal N-hexanoyl-L-
homoserine lactone (C6-AHL). PcoI, nupR1 or nupR2 mutants in
P. nunensis 4A2 no longer produce keanumycin or nunapeptin and
the authors were able to demonstrate that complementation of
knockout mutants with the signaling molecule C6-AHL restored
CLP production (Pflanze et al., 2023). C6-AHL also regulates CLP
production in other strains and has been detected in chemical
extracts of P. nunensis In5 when nunamycin and nunapeptin are
produced (Hennessy et al., 2017a). The situation is slightly different
in P. brassicacearumDF41 where an AHL deficient strain expressing
the AHL lactonase gene aiiA from Bacillus subtilis still produced
sclerosin, but the rfiA (jesR1) mutant was strongly reduced in
sclerosin production (Berry et al., 2014). In this strain pdfI and
rfiA are co-transcribed and positively regulated by the Gac-Rsm
network. Recently, it was shown that a QS system is also involved in
the regulation of medpeptin by P. mediterranea S58 however the
specific AHL signal required is unknown (Gu et al., 2023). A model
showing how quorum sensing may regulate Mycin and Peptin
production is depicted in Figure 8.

Phylogenetic analysis reveals that the JesR2 homologues in the
various strains cluster together in a separate subgroup (clade I) that
also contains the CipR2 protein with an N-AHL binding domain
associated with the cichopeptin BGC in P. cichorii JBC1.
JesR1 homologues form a distinct subgroup (indicated in green)
within clade II harboring all LuxR2 proteins associated with LP
mono-producers (Figure 9).

5.3.3 Regulatory systems in tolaasin producers
Tolaasin is the main virulence factor of the mushroom

pathogens P. tolaasii and P. costantinii (Scherlach et al., 2013). P.

FIGURE 9 (Continued)

This clade also contains the SyrF homologues (indicated in red in the tree) located downstream of the Mycin or Brabantamide BGCs in LP poly-
producers. See Supplementary Table S1 for strain and sequence information.
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tolaasii can occur in two reversible phenotypic variants, the
pathogenic or smooth phenotype that is opaque, mucoid, non-
fluorescent and produces tolaasin, and a non-pathogenic or
rough variant that is translucent, non-mucoid, fluorescent and no
longer produces tolaasin. Switching between the two phenotypes
occurs by a reversible duplication of a 661 bp element in the 5’ end of
a regulatory gene called pheN (Grewal et al., 1995) or rtpA (Murata
et al., 1998), but that is actually the homologue of gacS (Heeb and
Haas, 2001). The duplication introduces a frameshift mutation that
results in the loss of part of the sensor domain of GacS (PheN) (Han
et al., 1997). Compounds of the P. ostreatus fruiting body activate
tolaasin production. Nonpathogenic variants occur at 22°C–30°C
but not at 17°C and 20°C or in the presence of Pleurotus extracts
(Murata et al., 1998).

P. tolaasii and P. costantinii also produce a second CLP of the
viscosin family (pseudodesmin or viscosinamide), required to
colonize the mushroom cap (Hermenau et al., 2020; Cesa-Luna
et al., 2023). In the tolaasin/pseudodesmin producers P. tolaasii
NCPBB 2192T and CH36, and the tolaasin/viscosinamide producer
P. costantinii LMG22119 (Cesa-Luna et al., 2023) luxR1 and luxR2-
type regulatory genes (tolR1/taaR1 and tolR1/taaR2) are present
up and downstream of the tolaasin BGC next to the transporter
genes pleC and pleAB. Similar regulators are also present in the split
second BGCs encoding pseudodesmin and viscosinamide,
respectively. Unlike pseudomodesmin mono-producers, however
(Oni et al., 2020a), the pseudodesmin BGCs lack a pleC type
transporter (Figure 10).

A variant of tolaasin, called sessilin, is produced by the well-
studied biocontrol strain P. sessilinigenes CMR12a, which also
produces the 10:8 CLP orfamide (D’aes et al., 2014). Sessilin/
orfamide co-producers have also been obtained from an urban
wastewater treatment plant in Turkey (Pseudomonas
sp. BIOMIG1BAC) (Altinbag et al., 2020) and from the
rhizosphere of banana in Sri Lanka (Pseudomonas aestus
BW16M1) (Cesa-Luna et al., 2023). The taxonomically closely
related strains Pseudomonas sp. MPFS isolated from the skin of a
treefrog in Brazil (Brunetti et al., 2022) and Pseudomonas
sp. MSSRFD41 from the rhizosphere of finger millet in India
(Sekar et al., 2018) only produce sessilin (Cesa-Luna et al., 2023)
(Figure 10). The BGC for sessilin in P. sessilinigenes CMR12a is
located on a genomic island acquired by horizontal gene transfer
that also contains a phenazine BGC (Biessy et al., 2019).

In P. sessilinigenes CMR12a, typical luxR1 and luxR2-type
regulatory genes (ofaR1 and ofaR2) are present up and
downstream of the orfamide BGC (Figure 10), like in orfamide
mono-producers such as P. protegens CHA0 and Pf-5 (Ma et al.,
2016a). The orfamide BGC in CMR12a lacks a pleC transporter gene
(Olorunleke et al., 2017), while this gene is present in orfamide
mono-producers (Ma et al., 2016a). Only one LuxR-type regulatory
gene (sesR1) is found upstream of the sessilin BGC next to a pleC
transporter gene in strain CMR12a (Figure 10). Functional analysis
of LuxR type regulators in CMR12a has revealed that ofaR1 and
ofaR2 mutants are completely abolished in both orfamide and
sessilin production, while a sesR1 mutant is still able to produce
the two CLPs and has no clear phenotype. Rsm binding sites are
located upstream of all three luxR-like genes suggesting regulation
by the Gac/Rsm system (Olorunleke et al., 2017). In P. sessilinigenes,
phenotypic switching by duplication of a fragment in the gacS gene

is not known to happen. Intriguingly, however, spontaneous
variants of P. sessilinigenes strains that have lost the genomic
island with the sessilin and phenazine BGC occur both in the lab
and on plants (Omoboye, 2019). The sessilin/orfamide co-producers
Pseudomonas sp. BIOMIG1B and P. aestus BW16M1 have a very
similar sessilin and orfamide BGC organization as CMR12a
(Figure 10). Pseudomonas sp. MPFS and Pseudomonas
sp. MSSRFD41 also carry a sessilin BGC, but strain
MSSRFD41 has lost the luxR1-type regulatory gene sesR1 and
part of the pleC transporter. Intriguingly, both strains have lost
the orfamide BGC, which is considered part of the core genome of P.
protegens but retained the ofaR1 and ofaR2 regulatory genes
associated with the orfamide BGC in CMR12a and BIOMIG1B
(Figure 10). Moreover, strain MPFS still has part of the pleB
transporter again suggesting a gene loss.

Phylogenetic analysis reveals that OfaR1/VsaR1/PseR1 and
SesR1/TolR1/TaaR1 cluster with other LuxR1 regulators located
upstream of LP BGCs in clade III, while OfaR2/VsaR1/PseR2 and
TolR2/TaaR2 clusters with the LuxR2 regulators located
downstream of the LP BGCs in mono-producers in clade
II (Figure 9).

It remains to be investigated whether the LuxR regulators
associated with the pseudodesmin/viscosinamide BGC co-regulate
tolaasin production in P. tolaasii and P. costantinii and whether the
PleAB transporters downstream of the tolaasin and viscosinamide/
pseudodesmin BGCs share the outer membrane protein PleCtol for
CLP secretion.

6 Production

As highlighted above, LPs are multifunctional molecules with
boundless potential applications in research and industry. However,
high production cost and low titers are major bottlenecks in their
commercialization. Information on the specific conditions that favor
LP production in Pseudomonas is scarce and the factors limiting
their production largely unknown. Here, we describe LP production
in natural versus controlled lab-scale environments and present
strategies to modulate production in vitro and/or in situ.

6.1 LP production in natural environments

Owing to the complexity of natural environments, a significant
proportion of the Pseudomonas-LP research performed to date is
only based on lab-based analyses. Production of several CLPs in the
environment notably amphisin, tensin and viscosinamide has been
detected, for example, in the sugar beet rhizosphere (Nielsen and
Sorensen, 2003). Interestingly in this study no LPs were found in
bulk soil signifying production is niche specific (Nielsen and
Sorensen, 2003). Production of LPs by other isolates was also
quantified on beet seeds and found in ranges of 0.22–0.65 µg
CLP per seed. The P. fluorescens strain DSS73 (originally isolated
from the sugar beet rhizosphere) was shown to produce amphisin on
germinating sugar beet seeds in soil correlating with lab-based
findings that unknown components of a sugar beet extract
induce amsY expression needed for amphisin production (Koch
et al., 2002). The environmental conditions required for amphisin
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production thus appear to reflect the producing strain’s specific
habitat. A similar observation was made for P. syringae pv syringae
where conditions required for lab-based production of
syringomycin reflect the environmental conditions required for
pathogenesis (Gross, 1985). As amphisin has antifungal
properties it would be interesting to determine whether
components of fungal extracts also induce amsY expression.
Interestingly, the concentration of LPs detected over time
remained similar in sterile soil whereas levels in non-sterile soil

were rapidly reduced suggesting degradation by indigenous
microbes (Nielsen and Sorensen, 2003).

While numerous studies have indicated that LPs are susceptible
to degradation in the environment, the detailed mechanisms
underpinning this process remain obscure. However, a key
outcome of such research to date is the finding that microbial
degradation of LPs can result in structural changes that alter
their biological activities. For example, in Bacillus, degradation of
surfactin generates a linear surfactin which can no longer induce

FIGURE 10
Organisation of lipopeptide biosynthetic gene clusters in tolaasin/sessilin producers. See Supplementary Table S1 for strain and sequence
information.
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systemic resistance (ISR) in tobacco (Rigolet et al., 2023). Linear
surfactant also displays a reduced ability to lower surface tension
when compared to cyclic surfactin (Liu et al., 2015). In the common
button mushroom, protective helper bacteria disarm the causal
agent of brown blotch P. tolaasii by enzymatic linearization of
the toxin tolaasin and surfactant pseudodesmin, required to
colonize the mushroom cap, to yield inactive linear forms of the
CLPs (Hermenau et al., 2020). The linearization of CLPs is thought
to be a resistance mechanism against competing bacterial species
(Hermenau et al., 2020). More recently (Hansen et al., 2023),
reported the cooperative degradation of orfamide A by
Rhodococcus globerulus D757 and Stenotrophomonas indicatrix
D763 to protect orfamide-sensitive members of a synthetic
community during co-culture with the orfamide-producer P.
protegens. It has been proposed that degradation of CLPs could
be a strategy deployed by competitors to prevent CLP producers
from performing “critical” functions in their environment such as
biofilm formation, enhancing motility or colonization of specific
niches (Rigolet et al., 2023). In another recent study (Zhang et al.,
2021), present a new role of LPs in mediating bacterial cooperation
to evade amoebal predation. Synthesis of syringafactins by
Pseudomonas sp. SZ57 induces peptidase production in
Paenibacillus sp. SZ31 resulting in partial LP-degradation
yielding a mix of modified natural products that become
amoebicidal (Zhang et al., 2021). These findings expand current
knowledge on the ecological functions of LPs and demonstrate how
interactions with other microbes can be exploited to unlock
production of new compounds. Additionally, the identification of
specific compounds capable of natural product modification could
be exploited to select for the synthesis of LPs with specific functions
during, for example, lab or large-scale cultivations (see Section 6.4).

Going forward it will be critical to quantify production of LPs in
situ and correlate expression of LP-associated genes to LP
production. Moreover, information on the stability of LPs in the
environment, the mechanisms by which they are degraded and
importantly the impact of degradation on LP structure and function
is key for developing applications in environmental biotechnology
and potentially opens a new avenues for natural product discovery.

6.2 LP production in controlled lab-scale
environments

LP production is influenced by growth phase in addition to
abiotic factors (e.g., temperature, pH, oxygen) and nutritional
factors (e.g., carbon, nitrogen and phosphorus sources, trace
elements) (Raaijmakers et al., 2006). However, comparable
studies are limited and the information available is scattered
across a handful of strains (Nybroe and Sorensen, 2004).
Optimization of growth conditions required for LP production
is best described for syringomycin in P. syringae (Gross and
DeVay, 1977; Gross and DeVay, 1977; Gross, 1985; Grgurina
et al., 1996) showed higher levels of syringomycin production in
still potato dextrose broth cultures (PDB) compared to aerated
cultures. Viscosinamide is also produced in still cultures or under
carbon, nitrogen or phosphorus starvation (Nybroe and
Sorensen, 2004). Whereas syringomycin and syringopeptin are
produced in the stationary phase, production of viscosinamide,

tensin and amphisin is growth-coupled and occurs in the
exponential phase (Nielsen et al., 1999; Nielsen et al., 2000;
Koch et al., 2002). Syringomycin is regulated by iron (>2 µM),
requires L-histidine as a nitrogen source and is repressed by
inorganic phosphate (Gross, 1985). In plant tissues, levels of iron
are high whereas concentrations of inorganic phosphate are not
sufficient to inhibit the phytotoxin demonstrating that the
environmental conditions required to support syringomycin
production correlate with those necessary for pathogenesis
(Gross, 1985).

While pH had no effect on syringomycin production,
temperature was identified as an important factor with
optimal production recorded at 24°C (Gross, 1985). In P.
nunensis In5, regulation of nunamycin and nunapeptin is also
temperature-dependent with optimal production at 15°C.
Antifungal activity of In5 decreases with increasing
temperature correlating with a reduction in production of
both LPs (Michelsen and Stougaard, 2011; Christiansen et al.,
2020). Production of putisolvin in P. putida PCL1445 is likewise
temperature dependent with the highest production at 11 °C
(Dubern et al., 2005). Also, syringafactin production in P.
syringae pv. syringae is thermoregulated with much higher
production at 20°C than at 30°C (Hockett et al., 2013). The
molecular mechanisms underpinning the effects of
temperature on CLP production are not well known. It has
been suggested that temperature may directly impact
synthetase formation and thereby alter iron uptake required
for specialized metabolism (Gross, 1985). For P. putida
PCL1445 it was shown that low temperature positively
regulates putisolvin production during the late exponential
phase via the DnaK stress response system (Dubern et al., 2005).

Screening for cultivation conditions inducing nunamycin and
nunapeptin production revealed that nunapeptin is produced on a
range of media both liquid and agar-based personal communication.
In contrast, nunamycin production occurs on select agar-based
media or in defined liquid minimal media supplemented with
either glucose, glycerol and trehalose as carbon source
(Christiansen et al., 2020). Glycerol also supports viscosin
production by P. antarctica and has been used as a carbon
source for rhamnolipid production (Zhao et al., 2021; Ciurko
et al., 2023). Carbon source has been shown to influence tensin
production in P. fluorescens, phytotoxin production in P. syringae
and fungitoxin production in P. nunensis In5 (Nielsen et al., 2000;
Woo et al., 2002; Christiansen et al., 2020). In contrast to
nunapeptin, production of nunamycin appears to be tightly
regulated occurring only under select conditions at low
quantities. Nunamycin is a potent antimicrobial peptide and
therefore potentially toxic to In5. Interestingly, production of
syringomycin which displays a similar structure to nunamycin is
not toxic to P. syringae at concentrations naturally produced (Gross,
1985). Gross (1985) observed that high syringomycin titers did not
negatively impact bacterial growth as comparable cell densities were
recorded for producers and non-producers. Finally, culture
optimization has also been reported for thanamycin production
in P. fluorescens SH-C52 resulting in a 3.3-fold product increase
sufficient to recover 40 mg/120 L culture for NMR studies however
the specific parameters altered were not specified (Johnston
et al., 2015).
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6.3 Strategies to improve LP production

One major obstacle in natural product research is activating
silent BGCs and/or improving the production of those expressed at
low levels. For Pseudomonas LPs the challenge typically resides in
low titers rather than no production. Several approaches can be used
to activate or enhance BGC expression including cultivation-based
approaches, molecular based techniques or synthetic biology
strategies and combinatorial chemistry (Reen et al., 2015).

Cultivation-based approaches involve optimization of
cultivation conditions, e.g., nutrients, carbon source, aeration, pH,
temperature or using environmental cues, e.g., chemicals to induce
compound production. While some information on optimal
conditions needed for LP production exist, more systematic
screening of culture conditions and in particular the
identification of specific environmental signals that positively (or
negatively) regulate expression of LP-associated genes is needed. In
the well-studied and prolific producers of SMs actinomycetes, a
number of key triggers have been identified to access antibiotic
production including chemicals, microbial metabolites, interactions
with microbes, environmental factors and enzymes that could serve
as a useful starting point for studies in Pseudomonas
(Seyedsayamdost, 2014; Zhu et al., 2014; Rosen and
Seyedsayamdost, 2017; Zong et al., 2022). Information on the
regulatory pathways and environmental signals influencing LPs
can then be integrated into cultivation-based approaches and
depending on the application, combined with other strategies,
e.g., strain engineering to further enhance LP production.

Pseudomonas spp. are becoming increasingly attractive cell
factories for the production of high-value chemicals including
native and non-native SMs in part due to their capacity to utilize
cheap carbon sources (Nikel et al., 2014; Wang et al., 2020). Using
renewable resources, e.g., agricultural and food waste would greatly
increase the commercialization potential of CLPs making
bioprocessing of these compounds more sustainable (Ceresa
et al., 2023). Importantly, Pseudomonas spp. are naturally
competent and typically well-suited to genetics and molecular
research. When selecting strains (particularly environmental
isolates) for improved LP production it will be necessary to
determine their genetic tractability and consider their origin, e.g.,
beneficial or pathogen. Select strains can then be engineered using
traditional techniques, e.g., homologous recombination or next-
generation CRISPR-Cas9 based technologies for increased
production of target LPs either by introducing genes that
promote LP production, deleting genes that inhibit LP
biosynthesis, or overexpressing genes using native or synthetic
promoters (Batianis et al., 2020). Depending on the complexity
of the regulation, simple single-gene mutations to more complex
multi-gene knockouts and/or insertions may be required.

In Pseudomonas LP-producers, genetic manipulation of
regulatory genes has been limited to functional genomics studies
and not used to improve LP titers. Interestingly, a study investigating
the regulation of massetolide and viscosin demonstrated that the
massA gene encoding the first NRPS needed for massetolide
production can be heterologously expressed to complement a
viscA mutant deficient in the first NRPS needed for viscosin
production (de Bruijn and Raaijmakers, 2009). However, for the
LuxR-type regulators only massAR (luxR1) and not massBCR

(luxR2) could restore viscosin production in the viscAR (luxR1)
mutant (de Bruijn and Raaijmakers, 2009) indicating that while
some LP genes can be exchanged among different Pseudomonas
strains, differences in the functionality of structural and regulatory
genes may be at play.

Metabolic engineering can be used to increase LP production
using strong indigenous or artificial promoters to increase the copy
number of biosynthesis and/or regulator genes or alternatively using
inducible promoters to overexpress entire gene clusters. For
example, the use of promoter systems to improve LP production
has been successful in the rhamnolipid producing strains P.
aeruginosa, Burkholderia kururiensis and P. chlororaphis (Chong
and Li, 2017). Overexpression of the rhlAB operon required for
rhamnolipid biosynthesis under the tac promoter in B. kururiensis
yielded a mixture of over 50 rhamnolipid congeners (Tavares et al.,
2013). Similarly, overexpression of the rhamnolipid biosynthesis
gene rhlC in P. chlororaphis resulted in the synthesis of di-
rhamnolipids instead of mono-rhamnolipids (Solaiman et al.,
2015). These findings demonstrate the potential of metabolic
engineering-based approaches not only to increase product titer
but equally to alter the structure and function of LPs.

Synthetic biology can serve to overcome challenges in
engineering native strains for large scale production, for example,
by refactoring BGCs to reduce the complexity of LP regulation
(Temme et al., 2012; Wang et al., 2021). However, cloning and
heterologous expression of large NRPS gene clusters that can span
over 100 Kb (Meleshko et al., 2019) is difficult. Drawbacks include
PCR amplification or synthesis of large DNA fragments, decrease in
cloning efficiency, stability of vectors and/or successful integration
onto the chromosome. Moreover, compared to Pseudomonas spp.,
classical hosts such as E. coli and yeast are not natural producers of
LPs and may, depending on the LP encounter toxicity issues.
Furthermore, with the rapid development of advanced gene
engineering techniques, e. g., CRISPRi toolbox precise editing
of model and natural Pseudomonas genomes for the controllable
manipulation of gene expression will greatly facilitate strain
engineering strategies for improved production in native hosts
or other Pseudomonas strains (Batianis et al., 2020; Wirth
et al., 2020).

For pharmaceutical or health-related applications where high
purity grade compounds are needed it may be more desirable to
synthesize LPs in vitro. While total chemical synthesis of the
Pseudomonas CLPs from the Viscosin, Bananamide and
Entolysin family has been achieved, the synthesis of larger LP
molecules, for example, found in the poly-producers is more
challenging (De Vleeschouwer et al., 2014; De Vleeschouwer
et al., 2016; De Roo et al., 2022; Ji et al., 2023; Muangkaew et al.,
2023). Chemical synthesis is also used to increase the chemical
diversity of molecules, for structure-function studies, and to
elucidate the stereochemistry of CLPs (Steigenberger et al., 2021;
De Roo et al., 2022; Muangkaew et al., 2023).

6.4 Developing a bioprocess for LP
production

Limited studies on optimization of the conditions necessary to
induce synthesis and improve production of LPs exist.
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Consequently, no Pseudomonas-derived LPs are currently
commercially available with the exception of rhamnolipids used
in broad-spectrum applications and produced at industrially viable
yields (Soberón-Chávez et al., 2021).

Bioreactor-scale production of LPs has only been reported for
pseudofactins (PFs), 8:6 CLPs from the Bananamide family in P.
fluorescens BD5 (Biniarz et al., 2018; Biniarz et al., 2020). Optimal
production of PFs requires high glycerol (80 g/L) and tryptone (15 g/L)
concentrations with high culture aeration (30 L/min) to achieve 7.2 g/
30 L yield of PFs (Biniarz et al., 2018). LPs are often produced as a
mixture of LPs comprising variants with minor structural changes that
can greatly impact their bioactivity (Dufour et al., 2005; Eeman et al.,
2006; Biniarz et al., 2020). Biniarz et al. (2018) observed that media
supplementationwith valine and leucine causes a shift in the ratio of PFs
produced and can be used to select structural LP variants. The selective
production of LPs will greatly benefit the purification of LPs for
structure-function studies and potentially provide opportunities to
identify new LP variants with novel biological activities.

Going forward it will be important to determine the limiting factors
of LP production across scales (lab-bioreactor-technical scale).
Additional parameters influencing growth and metabolic activity to
optimize for include temperature, pH, oxygen, agitation, speed or vessel
type (Guez et al., 2021). More basic studies on media and culture
conditions required for LP production are needed to (i) routinely
produce LPs of interest at lab scale for biological and chemical
characterization, and (ii) to scale production from lab-to-bioreactor
to develop an efficient bioprocess for LP production. Moreover (Gross
and DeVay, 1977), observed that syringomycin production varied
considerably across different P. syringae strains. Thus, it will be
important to determine the specific impact of growth phase, carbon
source, nutrients and inducer molecules on LP production in individual
strains and to tailor culture conditions accordingly.

7 Conclusion and future perspectives

LPs are clearly attractive molecules with enormous potential for
versatile and eco-friendly applications within biotechnology.
However, low titers coupled with high production costs continue
to constrain their commercial development.

Targeting key regulators of LP pathways to improve production
in Pseudomonas is a promising yet underexplored avenue. To
achieve this, future Pseudomonas-LP research efforts should focus
on (i) understanding the regulatory mechanisms controlling LP
production and integrate knowledge on the influence of
environmental signals; (ii) strain engineering for improved
production and (iii) media optimization and fermentation
conditions for scalable manufacturing.

Moreover, it is becoming increasingly evident that LPs are pivotal to
the ecological fitness of Pseudomonads in the environment. Additional
information on why and when LPs are produced in natural
environments to facilitate versatile Pseudomonas lifestyles in diverse
habitats will provide new insights into the ecological functions of these
molecules and potentially open new avenues for natural
product discovery.

Ultimately, expanding our understanding of the regulatory
mechanisms and environmental signals influencing the

biosynthesis, structure and function of LPs is key to developing
and optimizing industrial-scale production and wide-spread use of
these “green compounds” for the future.
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Polyol lipids (a.k.a. liamocins) produced by the polyextremotolerant, yeast-like
fungus Aureobasidium pullulans are amphiphilic molecules with high potential to
serve as biosurfactants. So far, cultivations of A. pullulans have been performed in
media with complex components, which complicates further process
optimization due to their undefined composition. In this study, we developed
and optimized a minimal medium, focusing on biosurfactant production. Firstly,
we replaced yeast extract and peptone in the best-performing polyol lipid
production medium to date with a vitamin solution, a trace-element solution,
and a nitrogen source. We employed a design of experiments approach with a
factor screening using a two-level-factorial design, followed by a central
composite design. The polyol lipid titer was increased by 56% to 48 g L−1, and
the space-time yield from 0.13 to 0.20 g L−1 h−1 in microtiter plate cultivations.
This was followed by a successful transfer to a 1 L bioreactor, reaching a polyol
lipid concentration of 41 g L−1. The final minimal medium allows the investigation
of alternative carbon sources and the metabolic pathways involved, to pinpoint
targets for genetic modifications. The results are discussed in the context of the
industrial applicability of this robust and versatile fungus.

KEYWORDS

polyol lipid, liamocin, exophilin, Aureobasidium pullulans, design of experiments,
medium optimization, bioreactor, glycolipid

1 Introduction

In the circular bioeconomy, biomass, waste, and CO2 (with green hydrogen) are utilized
as carbon and energy sources for valuable products (Clomburg et al., 2017; Blank et al.,
2020; Stegmann et al., 2020). Besides fossil fuels (oil demand above 12 million tons per day)
(IEA, 2023), which will be replaced by renewable energy carriers, other volume-wise large
chemical products are plastics (above 450 million tons per year) (Ritchie et al., 2023),
organic solvents, and surfactants. The latter are produced from fossil resources or plant oils
(e.g., palm oil). The alternative, for a sustainable and greenhouse gas reduced or even neutral
production, are biosurfactants, surface-active molecules produced by microorganisms from
renewable carbon sources (Irorere et al., 2017).

Biosurfactants are characterized by their microbial origin and chemical structure (Banat
et al., 2010). The latter consists of a hydrophilic moiety, based on acids, peptide cations, or
anions, mono-, di- or polysaccharides, and a hydrophobic moiety, based on saturated or
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unsaturated hydrocarbon chains or fatty acids (Banat et al., 2010),
and hence is amphiphilic. Compared to synthetic or petrochemically
derived surfactants, biosurfactants are readily biodegradable and
often have low toxicity (Johann et al., 2016), rendering them an
environmentally friendly alternative (Banat et al., 2010).

Due to their surface tension reducing properties in combination
with high product-to-substrate yields (YP/S) and a possible
production from renewable feedstocks, glycolipids are currently
the most industrially relevant group of biosurfactants (Paulino
et al., 2016). The glycolipids’ hydrophilic moiety consists of a
carbohydrate such as glucose, mannose, or rhamnose and is
called glycone; the non-sugar component is called aglycone.
Aglycones consist of saturated or unsaturated fatty acids, or
hydroxy fatty acids and form a hydrophobic moiety (Henkel and
Hausmann, 2019).

One group of well-studied glycolipids are rhamnolipids (RLs).
Reaching industrial relevant titers of nearly 125 g L−1, the best
characterized RL producer is Pseudomonas aeruginosa (Invally
and Ju, 2020), whose human pathogenicity makes industrial use
difficult. The recombinant RL producer Pseudomonas putida
KT2440 does not have this disadvantage (Wittgens et al., 2011;
Tiso et al., 2016; Soberón-Chávez et al., 2021). Due to their surface
tension-reducing properties in aqueous solutions with a minimal
value at around 20 mNm−1, RLs find application as detergents,
emulsifiers, or foaming and dispersion agents (Xia et al., 2011;
Wittgens and Rosenau, 2020; Guzmán et al., 2024). Evonik
Industries AG with Unilever plc announced market entry in
household cleaning products (Evonik Industries AG, 2020), while
the first full industrial plant went online in January 2024 (Evonik
Industries AG, 2024).

Other industrial available biosurfactants are sophorolipids,
which consist of a sophorose glycone and a C16 or C18 fatty acid
tail (Paulino et al., 2016). Depending on the composition, their use
can reduce the surface tension between 30 and 50 mNm−1 (Roelants
et al., 2019). Currently, sophorolipids find industrial applications in
dishwashing liquids and personal care products (Evonik Industries
AG, 2016). Reaching titers of more than 400 g L−1, the best producer
is Starmerella bombicola (Daniel et al., 1998). Depending on
fermentation strategy and strain, YP/S in the range of
0.3–0.7 g g−1 and volumetric productivity of up to 3.7 g L−1 h−1 are
achieved (Roelants et al., 2019).

The third well-known glycolipids are mannosylerythriol lipids
(MELs). MELs are produced by Ustilago sp. and Pseudozyma
sp. (Arutchelvi et al., 2008; da Silva et al., 2021). With the latter,
Rau et al. (2005) achieved titers of 165 g L−1, volumetric productivity
of 13.9 g L−1 d−1 and an astonishingly high YP/S of 0.92 g g

−1 using
glucose and soybean oil as carbon source. Depending on the
mixture, MELs reduce surface tension below 34 mNm−1 (Morita
et al., 2013). Possible applications can be found in the food,
cosmetics, and pharmaceutical industries, such as skin
moisturizers (Morita et al., 2013; Morita et al., 2015; da Silva
et al., 2021).

Aureobasidium pullulans is a yeast-like fungus that belongs to
the division of ascomycetes (Schoch et al., 2006). Due to their ability
to exist in various extreme habitats, Aureobasidium spp. are
considered polyextremotolerant and not surprisingly occur
ubiquitously (Prasongsuk et al., 2018; Gostinčar et al., 2019). In
addition to their native robustness, A. pullulans strains can produce

various enzymes and other products. Secreted xylanases, lipases,
cellulases, amylases, mannanases, and laccases allow the
metabolization of different carbon sources like hemicellulose,
lignin breakdown products, and agricultural biomass (Nagata
et al., 1993; Leathers et al., 2016; Prasongsuk et al., 2018; Zhang
et al., 2019). One of the many potential carbon sources is sucrose,
a disaccharide consisting of the monosaccharides glucose (G)
and fructose (F). During metabolization of sucrose, enzymes
with transfructosylating activity lead to the formation of
fructooligosaccharides (FOS), each with one glucose monomer
and up to four fructose units: 1-kestose (GF2), nystose (GF3), and
fructofuranosylnystose (GF4) (Sánchez-Martínez et al., 2020; Liang
et al., 2021). Due to their low calorific value, no carcinogenicity, and
safety for diabetics, FOS are potential sweeteners in the food
industry (Bali et al., 2015; Sánchez-Martínez et al., 2020).

Another valuable product from oleaginous Aureobasidium
spp. are storage molecules, which are present as intracellular lipids,
primarily as C16:n or C18:n, and can reach 65% of the cell dry weight
(Xue et al., 2018). Potential applications are in the biodiesel
production (Liu et al., 2014; Sitepu et al., 2014; Song et al., 2022)
or to replace plant oils as a resource for the polymer industry
(Carlsson et al., 2011; Montero De Espinosa and Meier, 2011;
Malani et al., 2022; Mangal et al., 2023). Palmitic acid (C16:0), oleic
acid (C18:1), and linoleic acid (C18:2) are the primary fatty acids
contained in oil crops (e.g., canola, palm, soybean, and sunflower)
(Montero De Espinosa and Meier, 2011). The cultivation of these oil
plants is the subject of much discussion regarding ecological and
sociological sustainability (Meijaard et al., 2020). In addition, the fields
compete with food production.

Polymalate is a secondary metabolite produced by A. pullulans.
A polymer consisting of L-malic acid monomers that can potentially
be used in drug delivery or tissue scaffolding (Portilla-Arias et al.,
2010; Qiang et al., 2012; Kövilein et al., 2020). A. pullulans also
belongs to the melanin-producing fungi and is thus considered a
black yeast (Campana et al., 2022). The black pigment melanin is
mainly produced after longer cultivation periods. It protects the
organism from stress conditions such as high temperatures, high salt
concentrations, ultraviolet radiation, oxidizing agents, or ionizing
radiation (Gessler et al., 2014; Jiang et al., 2016). In Industry,
A. pullulans is used to produce the polysaccharide pullulan,
which consists of maltotriose units and finds applications in the
food and pharma industry (Cheng et al., 2011; Sugumaran and
Ponnusami, 2017).

The biosurfactants produced byAureobasidium spp. are discussed
for applications. They consist of polyol lipids a.k.a. liamocins and the
aglycone oligo-dihydroxydecanoic acids (DDA), previously known as
exophilins (Tiso et al., 2024) (Figure 1). They were first described as
heavy oils (Nagata et al., 1993; Kurosawa et al., 1994) until Price et al.
(2013) elucidated the molecular structure and named them liamocins.
Polyol lipids are amphiphilic molecules consisting of a polyol
headgroup (mainly mannitol, arabitol, or glycerol) with three or
four esterified 3,5-dihydroxydecanoic acid groups, which can be
acetylated at its 3-OH group (Leathers et al., 2013; Price et al.,
2013; Manitchotpisit et al., 2014; Price et al., 2017). Molecules
lacking the polyol headgroup were called exophilin, but were
recently proposed to be renamed to oligo-dihydroxydecanoic acids
(DDA) (Tiso et al., 2024). The congener distribution depends on
strain, carbon source, and cultivation conditions (Price et al., 2017;
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Saika et al., 2020). Saur et al. (2019) showed that mainly polyol lipids
with a mannitol headgroup (over 80%) and the aglycone DDA (over
15%) are produced. Polyol lipids are not yet produced industrially, but
due to their amphiphilic properties, they show surface activity and
reduce the surface tension between water and air to about 30 mNm−1

and can thus be used as a biosurfactant (Manitchotpisit et al., 2011;
Kim et al., 2015). There are several hypotheses for the physiological
role of liamocin. Due to the antimicrobial effect, the secreted polyol
lipids could offer a competitive advantage over other microorganisms
(Garay et al., 2018). Furthermore, increased lipase activity was
observed at later cultivation times, suggesting that targeted
digestion of the DDAs ensures carbon availability (Manitchotpisit
et al., 2011; Leathers et al., 2013; Garay et al., 2018). Liamocin
biosynthesis is not yet completely elucidated. It is proposed
that acetyl- and malonyl-CoA are used by a polyketide synthase
activated by a phosphopantetheinyl transferase to synthesize
3,5-dihydroxydecanoyl tails (Kim et al., 2015; Kang et al., 2021).
Esterification of polyol headgroup and hydrophobic tail might be
realized by esterase Est1 (Kang et al., 2021). In the following, the term
polyol lipid refers to the natural mixture consisting of the polyol lipid
and its aglycone DDA.

So far, cultivations for polyol lipid production with A. pullulans
have been carried out in media containing complex components
such as peptone or yeast extract. One of these media was described
by Manitchotpisit et al. (2011) and optimized by Leathers et al.
(2018) using statistical methods (Plackett-Burman design) and A.
pullulans NRRL50384. This optimization doubled the titer up to
22 g L−1 and is the highest titer for an Aureobasidium spp. wild type
achieved so far with a calculated YP/S of 0.18 g g−1. Zhang et al.
(2022) reached the highest titer to date in a 10 L batch fermentation
with 55 g L−1 and a YP/S of 0.47 g g−1 from glucose using a
metabolically engineered A. melanogenum strain.

Currently, the biggest challenge is still the economic profitability
of fermentative biosurfactant production. This obstacle can be
overcome by increasing the productivity of strain and process and
by reducing substrate and product purification costs (Sharma and
Singh Oberoi, 2017; Roelants et al., 2019). Biosurfactants’ production
costs depend heavily on substrate and raw materials (Akbari et al.,
2023). However, 60%–80% of the costs of production are estimated for

downstream processing (DSP) (Banat et al., 2014). Reducing raw
material and DSP costs would have an enormous impact on
production costs and, therefore, facilitate commercialization.

The first step to overcome these challenges is medium
development and optimization, aiming for the best possible titer
and YP/S from the utilized substrates. Basically, for growth and the
synthesis of valuable products, microorganisms need a carbon and
nitrogen source, minerals, vitamins, growth factors, oxygen, and
water. The composition and interaction of these components are as
crucial as the components themselves. In order to investigate these
interactions, it is first necessary to develop a defined medium
without complex components that may fluctuate from batch to
batch. Besides medium composition, the amount of the components
can influence growth and production, too, and is, therefore, a well-
known optimization parameter. Design of experiments (DoE) uses
statistical methods for planning, conducting, and analyzing
experiments by varying the system influencing factors (here,
media components) and investigating its effects on determined
responses (here, titers and YP/S) (Durakovic, 2017). DoE is an
efficient tool to investigate interactions between production
determining parameters, which is impossible with the popular
but time-consuming one-factor-at-a-time method.

In this work, complex components of an existing medium were
replaced with a defined nitrogen source, vitamin-, and trace element
solution. Subsequently, the influence of particular media
components on the polyol lipid titer was investigated using a
two-level factorial design, and the medium was optimized using a
central composite design. Finally, cultivations with the medium
before and after optimization were transferred successfully from
microtiter plates into 1 L bioreactor scale with a scaling factor of 350.

2 Material and methods

2.1 Strain

All cultivations were performed with Aureobasidium pullulans
NRRL 62042 (ARS Culture Collection of the United States
Department of Agriculture, Washington D.C., United States).
This strain was isolated from a leaf in Thailand (Patalung)
(Manitchotpisit et al., 2014).

2.2 Medium development

Previous works have produced polyol lipid in media that contain
complex compounds. The complex medium optimized by Leathers
et al. (2018) is the starting point for developing a minimal medium
and consists of 1.5 g L−1 peptone, 0.9 g L−1 yeast extract, 1 g L−1 NaCl,
1 g L−1 K2HPO4, 0.8 g L

−1 MgSO4 × 7 H2O, and 120 g L−1 sucrose.
Yeast extract and peptone are replaced with a defined nitrogen source,
a trace element, and a vitamin solution. The last two mentioned were
previously used by Geiser et al. (2016) for cultivations with Ustilago
maydis. The nitrogen content in yeast extract (0.13% w/w) and
peptone (0.11% w/w) was estimated based on literature data
(Garay et al., 2018) and replaced with 2.01 g L−1 NaNO3, 1.56 g L−1

(NH4)2SO4, 1.27 g L
−1 NH4Cl, or 0.95 g L−1 NH4NO3. The vitamin

solution contained per liter 0.05 g of D-biotin, 1 g of D-calcium

FIGURE 1
Representative chemical structure of a polyol lipid. Hydrophilic
polyol headgroup (mannitol) with three 3,5-dihydroxy decanoic
esters. Polyol lipids occur as congeners varying in the headgroup and
the number of 3,5-dihydroxy decanoic esters.
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pantothenate, 1 g of nicotinic acid, 25 g of myo-inositol, 1 g of
thiamine hydrochloride, 1 g of pyridoxol hydrochloride, and 0.2 g
of para-aminobenzoic acid. The trace element solution contained per
liter 1.5 g of EDTA, 0.45 g of ZnSO4 × 7 H2O, 0.10 g of MnCl2 ×
4 H2O, 0.03 g of CoCl2 × 6 H2O, 0.03 g of CuSO4 × 5 H2O, 0.04 g of
Na2MoO4 × 2 H2O, 0.45 g of CaCl2 × 2 H2O, 0.3 g of FeSO4 × 7 H2O,
0.10 g of H3BO3, and 0.01 g of KI. Sucrose is replaced with glucose
because A. pullulans can form FOS, which complicates substrate
depletion analysis. To avoid MgNH4PO4 × 6 H2O formation, also
known as struvite (Steimann et al., 2023), during medium
preparation, MgSO4 × 7 H2O is added directly to the cultivation
before inoculation to avoid precipitation.

2.3 Design of experiments

After successfully establishing a minimal medium based on the
medium from Leathers et al. (2018) the developed medium was
optimized by a design of experiments (DoE) approach. This
method uses the advancement of statistical techniques to increase
efficiency by reducing the amount of work and incorporating the
dependence of components on each other. The latter does not take
place in the often-used one-factor-at-a-time method. In this case, only
one factor is changed simultaneously without considering their
interaction. Experiments were planned and evaluated with the
software DesignExpert11 (Stat-Ease Inc., Minneapolis, Minnesota,
United States).

2.3.1 Two-level factorial design
Since not all factors (media components) are likely to be involved in

polyol lipid production, significant factors were identified with a two-
level-factorial design to eliminate not-contributing factors from the
study. The influence of each factor was determined by varying the
concentration. One higher and one lower concentrationwas used, based
on the medium from nitrogen source screening. All media components
were selected as factors. Since Garay et al. (2018) summarized that the
C/N (gcarbon per gnitrogen) ratio influences polyol lipid production, this
was added as a factor and was adjusted via the ammonium nitrate
quantity. The polyol lipid titer after 10 days of cultivationwas selected as
the response. Chosen high and low concentrations and the resulting
center point are displayed in Table 1. Media compositions of the single
experiments are shown in Supplementary Table S1.

2.3.2 Response surface methodology—central
composite design

After identifying factors significantly influencing the polyol lipid
titer in the two-level factorial design, a central composite design was
performed. All other factors were kept constant according to the
center point of the two-level factorial design. A central composite
design (CCD) consists of three components: In the factorial design,
the factors are examined at two levels—high and low concentrations.
The center points, where the mean values of the selected factors are
repeated in an increased number of replicates to make the
experiment more accurate. In addition, the star points are
identical to the center points, but one factor is higher than the
concentration of the factors used. The polyol lipid titer and YP/S

were selected as responses after 10 days of cultivation.
Media compositions of the single experiments are shown in
Supplementary Table S3.

2.4 Cultivation conditions

2.4.1 Preculture
From cryocultures, Aureobasidium pullulans NRRL 62042 was

streaked out and incubated for 2 days at 30°C on yeast extract peptone
agar plates (YEP, 20 g L−1 glucose, 20 g L−1 peptone, 10 g L−1 yeast
extract, and 20 g L−1 agar). Precultures were inoculated with a single
colony and cultivated at 30°C, with 300 rpm, and a shaking diameter
of 50 mm for 22 h in YEPmedium (20 g L−1 glucose, 20 g L−1 peptone,
and 10 g L−1 yeast extract). Before inoculation, the culture broth was
centrifuged (5 min, 17,000 × g), and the cell pellet was washed with
ultrapure H2O.

2.4.2 GrowthProfiler cultivations
Cultivations for the two-level factorial design were performed in

24-deep well microtiter plates (MTPs) (CR1424d, Enzyscreen BV,
Heemstede, Netherlands) with a filling volume of 2 mL for 10 days at
30°C and 225 rpm with a shaking diameter of 25 mm using a
GrowthProfiler (Enzyscreen BV, Heemstede, Netherlands).
Cultures were inoculated to an OD600 of 0.2.

2.4.3 SystemDuetz cultivations
The nitrogen and carbon source testing and experiments

concerning the central composite design were performed in

TABLE 1 List of factors that are used in two-level factorial design: Glucose, carbon-to-nitrogen (C/N) ratio, K2HPO4, MgSO4 × 7 H2O, NaCl, trace element
(TE) solution, and vitamin (vit.) solution were selected as factors. Based on the given low and high concentrations, the center point was determined and the
experimental plan was designed.

Factor Unit Low concentration Center point High concentration

Glucose g L−1 50 100 150

C/N ratio g g−1 50 125 200

K2HPO4 g L−1 0.5 1.25 2

MgSO4 × 7 H2O g L−1 0.5 1.25 2

NaCl g L−1 0.5 1.25 2

TE-Solution mL L−1 5 10 15

Vit.-Solution mL L−1 0.5 1.25 2
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MTPs (CR1424a, Enzyscreen BV, Heemstede, Netherlands) with a
filling volume of 2 mL for 10 days at 30°C and 300 rpm with a
shaking diameter of 50 mm using a CR 1801h clamp system
(Enzyscreen BV, Heemstede, Netherlands). Cultures were
inoculated to an OD600 of 0.2.

2.4.4 Bioreactor cultivation
A BioFlo120 bioreactor fermentation control unit from

Eppendorf SE (Hamburg, Germany) was used for polyol lipid
production in a glass bioreactor. It was equipped with a
Pt100 temperature sensor, a pH probe (Bonaduz AG,
EASYFerm Plus PHI 225, Hamilton Switzerland), dissolved
oxygen (DO) probe (InPro6830, Mettler-Toledo, United States,
Ohio Columbus), and BlueVary Offgas sensors (BlueSens gas
sensor GmbH, Germany). The culture was inoculated to an OD600

of 0.5 and the cultivation was carried out at 30°C for 10 days. The
DO was controlled at 30% by a stirrer cascade (300-1,000 min−1).
Air was supplied with 0.5 vvm (volume air per volume medium
per minute). 700 mL medium was used as working volume at a
total volume of 1 L.

2.5 Polyol lipid determination

For polyol lipid determination, culture broth was centrifuged
(5 min, 17,000 ×g). The cell pellet and polyol lipid were
resuspended in acetonitrile. After another centrifugation step
(5 min, 17,000 ×g), the acetonitrile, including dissolved polyol
lipid, is separated from the cell fragments. The determination is
carried out gravimetrically by evaporating the acetonitrile in pre-
weighed glass vials using a speed vac at medium temperature
(Savant Instruments, Speed Vac SC-100, Farmingdale, New York,
United States). All wells from cultivations in MTPs undergo
complete processing, followed by an additional acetonitrile rinse.
After rinsing, the acetonitrile was used to resuspend the cell
pellet, and polyol lipid after the first centrifugation step. In the
case of samples obtained from the bioreactor, 1 mL of culture
broth is utilized for each sample, with an accompanying 1 mL of
acetonitrile.

2.6 Cell dry weight determination

For cell dry weight (CDW) determination, culture broth was
centrifuged (5 min, 17,000 ×g). The cell pellet and polyol lipid were
resuspended in 50% ethanol (vEtOH/vH2O). After another
centrifugation step (5 min, 17,000 × g), the supernatant,
including dissolved polyol lipid, was discarded. The cell pellet
was resuspended in ultrapure H2O and transferred into pre-
weighed glass vials. The determination is carried out
gravimetrically by evaporating the H2O for 2 days at 70°C. A
correction factor of 1.52 was determined by the cell damage
caused by ethanol. Therefore, a YEP preculture was cultivated for
12 h, the culture broth centrifuged (5 min, 17,000 × g), and the cell
pellet resuspended with ultrapure H2O or 50% ethanol (vEtOH/
vH2O). All wells from cultivations in MTPs undergo complete
processing, followed by an additional rinse with 50% ethanol.
After rinsing, the 50% ethanol was used to resuspend the cell

pellet and polyol lipid after the first centrifugation step. In the
case of samples obtained from the bioreactor, 1 mL of culture broth
is utilized for each sample, with an accompanying 1 mL of 50%
ethanol (vEtOH/vH2O).

2.7 Pullulan determination

To determine pullulan concentrations, the culture broth was
centrifuged (5 min, 17,000 × g), and the supernatant was mixed 1:1
(v/v) with ethanol. Precipitated pullulan was transferred after
centrifugation (5 min, 17,000 × g) to a pre-weighed vial using
ultrapure H2O. The determination is carried out gravimetrically
after drying at 70°C for 2 days.

2.8 Glucose and fructooligosaccharide
determination

Glucose, fructose, sucrose, 1-kestose, nystose, and
fructofuranosylnystose were determined by high-performance
liquid chromatography (HPLC). After centrifugation (5 min,
17,000 × g) of 1 mL culture broth, the supernatant was mixed
1:1 (v/v) with ethanol to precipitate pullulan. Samples were
analyzed using an UltiMate 3000 HPLC System (Thermo Fisher
Scientific, Waltham, Massachusetts, United States), including an
Ultimate 3000 pump, Ultimate 3000 autosampler, Ultimate
3000 column oven (Thermo Fisher Scientific, Waltham,
Massachusetts, United States) and a Knauer RI-Detector
RefractoMax 521 (KNAUER Wissenschaftliche Geräte GmbH,
Berlin, Germany). When glucose was used as a carbon source,
substrate consumption was determined with a Metab-AAC
column (BF-series, Ion exchange, 300 × 7.8 mm) from Isera
GmbH (Düren, Germany) at 40 °C and a flow rate of
0.6 mL min-1. The mobile phase consisted of 5 mM H2SO4.
Using sucrose as a carbon source, glucose, fructose, and FOS
concentration were measured with a NUCLEODUR HILIC
column (Multospher APS HP–3 µm HILIC, 250 × 2 mm) from
CS-Chromatographie Service GmbH (Langerwehe, Germany) at
50 °C and a flow rate of 0.5 mL min-1. The mobile phase consisted
of 80% acetonitrile (vACN/vH2O). Measurements were analyzed
using Chromeleon 7.2.10 software (Thermo Fisher Scientific,
Waltham, Massachusetts, United States).

3 Results

So far, polyol lipid production has been conducted in the literature
in a medium with complex components and sucrose. After replacing
sucrose with glucose to avoid fructooligosaccharide formation, a
minimal medium was designed by replacing yeast extract and
peptone with vitamins, trace elements, and a nitrogen source to
substitute these undefined and expensive components. Several
components were tested as nitrogen source. After medium
development, a medium optimization using a design of experiments
(DoE) approach was performed, followed by transferring the
production cultivation from microtiter plate (MTP) to the
bioreactor scale.
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3.1 Simplifying quantification of substrate
uptake kinetics by replacing sucrose
with glucose

While using sucrose as carbon source, A. pullulans builds up and
consumes fructooligosaccharides (FOS). FOS are polysaccharides
consisting of one glucose and two or more fructose units. To
streamline the process and simplify substrate uptake kinetics,
sucrose is replaced by glucose as carbon source. To ensure that
this does not lead to reduced production or impaired growth, the
two carbon sources were compared with each other. For this
purpose, cultivations with the same amount of carbon were
performed in MTPs using SystemDuetz and the complex
medium developed by Leathers et al. (2018).

Within the first 24 h, exponential growth occurred until
5.5–6.0 g L−1 CDW (Figure 2A). After the exponential growth
phase, the CDW increased to 17.3 g L−1 using sucrose and
10.7 g L−1 using glucose as a carbon source. This resulted in a final
product-to-biomass yield (YP/X) from sucrose and glucose of 1.8 g g−1

and 2.6 g g−1, respectively. Analyzing off-gas data in bioreactor

cultivations (data not shown), a substrate limitation except carbon
was found, which could be attributed to a nitrogen limitation between
24 and 48 h. As nitrogen is essential for cell growth, biomass
stagnation occurs in a limitation. In the absence of nitrogen, a
constant biomass concentration should, therefore, be measured
until cell death. A. pullulans form intracellular storage lipids under
unbalanced cultivation conditions, like high carbon (C) and low
nitrogen (N) concentrations (high C/N ratio). These lipids are still
present in the biomass when determining CDWand are thus included
in the weight (Ratledge and Wynn, 2002; Xue et al., 2018). This
increase in biomass, without increasing the number of active cells,
leads to a lower YP/X. With both carbon sources, maximal polyol lipid
titers of approximately 30 g L−1 were achieved (Figure 2A). For this
reason, it is assumed that growth ends after 48 h and YP/X are
calculated using the measured biomasses at this time. This resulted
in a YP/X from sucrose and glucose of 4.8 g g−1 and 4.0 g g−1,
respectively. At the end of the cultivation, 0.42 Cmol L−1 glucose
and 0.95 Cmol L−1 fructose remained when sucrose was used as a
carbon source (Figure 2B). During cultivation, almost all sucrose was
converted to glucose, fructose, 1-kestose, and nystose within the first

FIGURE 2
Cultivation of A. pullulans NRRL 62042 with different carbon sources: Comparison of cell dry weight (A), polyol lipid (A), fructooligosaccharides
(FOS) (sucrose, kestose, nystose, and fructofuranosylnystose (FFN)) and their monomers glucose and fructose (B), sum of the residual sugars (C), pullulan
(D), and pH (D) over time by using different carbon sources (4.2 Cmol L−1 of glucose and sucrose). Cultivations were performed with A. pullulans NRRL
62042 in 24 deep-well microtiter plates with 2 mL filling volume, 30°C, and 300 rpm. Data show the mean of triplicates with ±standard deviation.
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8 h. After that, the glucose concentration stagnated markedly,
indicating that glucose was metabolized. The 1-kestose
concentration decreased after 8 h, while fructose, nystose, and
fructofuranosylnystose accumulated. After 100 h, all sugars were
converted into the monomers fructose and glucose and were
metabolized simultaneously. When glucose was used as the initial
carbon source, 1.0 Cmol L−1 was left after 240 h (Figure 2C).
Furthermore, Figure 2C shows that the consumption of the
residual sugars is similar when glucose or sucrose is used as the
initial carbon source. Substrate costs make up to 50% of the
production costs (Akbari et al., 2023). Leftover substrate is
discarded at the end of a batch process and thus lowers the
economic efficiency. Therefore, the product-to-substrate yields (YP/

S) calculated in this work refer to the initial carbon amount. YP/S is
given in gram product per Cmol substrate to compare glucose and
sucrose. Using glucose as carbon source resulted in a higher YP/S of
7.7 g Cmolglucose

−1 compared to 7.2 g Cmolsucrose
−1. In both

cultivations, approximately 6 g L−1 pullulan was produced, which
appeared to be degraded toward the end (Figure 2D).
Furthermore, the pH value in both cultivations decreased to
approximately 3 within 24 h and remained below 3 (Figure 2D).
This low pH value might be due to the production of PMA, whose
malate monomers have a free acid group. Altogether, the only
noticeable difference seems to be higher biomasses when using
sucrose as carbon source after exponential growth, possibly due to
the assumed increased formation of intracellular storage lipids using
sucrose as carbon source. In addition, gravimetrical CDW
determination after washing the cells with 50% ethanol could lead
to certain deviations. Regarding growth behavior and polyol lipid
production, A. pullulans NRRL 62042 did not show mentionable
differences between glucose and sucrose. Having in mind that sucrose
entails more complex carbon uptake kinetics, glucose was used in the
following experiments.

3.2 Streamlining the medium: complex
components could successfully be replaced

Previously used media included complex nitrogen sources such
as yeast extract and peptone or complex carbon, and nitrogen
sources like corn steep liquor, xylose mother liquor, or gluconate
mother liquor (Cheng et al., 2017; Leathers et al., 2018; Li et al.,
2021). For the development of a minimal medium, complex
components have to be replaced. Therefore, several defined
nitrogen sources were tested: NH4NO3, NaNO3, NH4Cl, and
(NH4)2SO4. Yeast extract and peptone contain trace elements
and vitamins; these were substituted using vitamin and trace-
element solutions. Cultivations were performed in MTPs for
10 days in SystemDuetz.

Compared to the yeast extract- and peptone-containing
medium, the media with defined nitrogen sources seemed to
have a longer lag phase (Figure 3A), arguing for an adapted
preculture preparation. When NaNO3 was used, the lag phase
was 8 h longer. This is probably because microorganisms first
convert nitrate into ammonium, which requires energy and thus
results in slow growth (Siverio, 2002). Cultivations with media
containing ammonium salts (NH4NO3, NH4Cl, and (NH4)2SO4)
showed an almost identical growth phase. Strikingly, nitrogen

sources containing nitrate resulted in higher CDW in the first
120 h (Figure 3B). After the exponential growth phase, the biomass
concentration using yeast extract- and peptone-containing
medium was 6.3 g L−1, comparable to those media with
(NH4)2SO4 and NH4CI as nitrogen sources. With nitrate salts,
CDWs from NH4NO3 and NaNO3 of 9.1 g L−1 and 10.7 g L−1,
respectively, were reached after 48 h. This could be due to the
increased intracellular storage lipid formation. Polyol lipid
production was highest using NH4NO3 with a titer of 32.4 g L−1

(Figure 3C). However, taking into consideration the standard
deviation, all cultivations are in a similar range concerning the
maximal polyol lipid titers. NH4Cl-containing medium achieved
the highest YP/X with 4.5 g g−1. The lowest was 2.9 g g−1 by using
NaNO3. After the growth phase, glucose consumption was almost
linear under all conditions (Figure 3D). In the cultivations
where nitrate was used, glucose was depleted after 168 h
(NaNO3) and 192 h (NH4NO3). The others still contained at
least 28 g L−1 residual sugar, comparable to the reference with
complex nitrogen sources. When glucose was depleted, pullulan
concentrations reached their highest values with up to 11 g L−1, a
concentration that started to decrease afterward (Figure 3E). With
NH4Cl and (NH4)2SO4, almost no pullulan was produced
(cpullulan,max < 1 g L−1). Moreover, pullulan formation stagnated
in these cultivations after the pH dropped below 2. When NH4NO3

was used as a nitrogen source, the pH value increased after 24 h
(Figure 3F). This might be due to the diauxic metabolism of NH4

+

and NO3
−. While metabolizing the preferred NH4

+ (base), the
counter ion NO3

− (acid) remains in the culture broth, leading to its
acidification (sharp drop in the pH value during the first 24 h).
After NH4

+ is depleted, metabolizing NO3
− removes the acid from

the culture broth, which leads to alkalization (increase in
pH value). The subsequent slow drop of the pH value is
presumably associated with PMA production. Using nitrate-
containing nitrogen sources tends to result in slightly higher
pH values than pure ammonium-containing ones. Furthermore,
dark coloration of the culture broth was observed after 48 h for the
media containing NH4Cl and (NH4)2SO4, which changed to a deep
black after 72 h, indicating melanin formation (Jiang et al., 2016).

Depending on the media composition, carbon remains present
even after 10 days. The carbon consumption using the initial
medium was not described by Leathers et al. (2018). A direct
comparison is, therefore, not possible. It was also shown that the
increased carbon consumption was due to increased pullulan
formation. The strain A. pullulans NRRL50384 (equivalent to
RSU29) used by Leathers et al. (2018) in their medium
development is known as a strong pullulan producer, enabling
the complete consumption of sucrose (Manitchotpisit et al.,
2014). In cultivations in which lower pH values were reached,
also low pullulan titers were obtained (Figure 3F). In batch
fermentations with A. pullulans CCTCC 209298, where the
pH was controlled, higher pullulan production was noted at
pH 3.5 (26.3 g L−1) and 4.5 (24.6 g L−1), while the lowest titer
(18.5 g L−1) was achieved at pH 2.5 (Wang et al., 2013).

Altogether, sucrose, yeast extract, and peptone were
successfully replaced. Although NH4Cl and (NH4)2SO4 offer
the advantage of preventing pullulan production by a low
pH and resulted in a better YP/S, using only NH4 as a
nitrogen source led to melanin formation. Melanin may stain
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the product and thus complicate purification, while pullulan
remains in the aqueous phase and can thus be easily separated
from polyol lipid. Cultivation with NH4NO3 as a nitrogen source
showed a shorter lag phase and lower pullulan production than

NaNO3. The maximum polyol lipid titer and YP/S were
comparable, while a higher YP/X was achieved using NH4NO3.
Accordingly, NH4NO3 was selected as the nitrogen source for
subsequent experiments.

FIGURE 3
Cultivation of A. pullulans NRRL 62042 with different nitrogen sources: Comparison of cell dry weight over the first 48 h (A), and 240 h (B), polyol
lipid (C), glucose (D), pullulan (E), and pH (F) over time by using 126 g L−1 glucose and different nitrogen sources (0.9 g L−1 yeast extract (YE) and 1.5 g L−1

peptone (PEP), 2.01 g L−1 NaNO3, 1.56 g L−1 (NH4)2SO4, 1.27 g L−1 NH4Cl, or 0.95 g L−1 NH4NO3). Cultivations were performed with A. pullulans
NRRL 62042 in 24 deep-well microtiter plates with 2 mL filling volume, 30°C, and 300 rpm. Data show the mean of triplicates
with ±standard deviation.
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3.3 Design of experiments—optimized
medium for polyol lipid production

After developing a defined minimal liamocin production
medium (MLP), a DoE approach was used for medium
optimization regarding polyol lipid production. First, medium
components were investigated to identify factors significantly
influencing polyol lipid production. Therefore, a two-level
factorial design was used. Second, the concentrations of factors
influencing polyol lipid titer were optimized by a central composite
design. The results were assessed by analysis of variance (ANOVA)
and summarized in tabular form. In ANOVA, the significance of an
observed effect is assessed using the p-value. A significant effect can
be assumed if the p-value is less than 5% (p < 0.05). The smaller the
p-value, the more important the effect. To investigate whether a
scatter is due to an effect or to noise, the variance between the groups
(prediction variance) is compared with the variance within the
groups (error variance) by calculating the quotient of the sums of
squares, yielding the F-value. A group is a concentration of a factor.
There are, therefore, three groups per factor (component), each of
which is defined by the concentration of the factor. The larger the
F-value, the greater the scatter between the individual groups
compared to the error variance. The greater the variance
(F-value) between the groups, the more likely there are
significant differences between them. The model is the
mathematical representation of the relationships between the
individual factors. The lack of fit describes the extent to which
the model’s prediction misses the observations or measured values.
Therefore, a non-significant lack of fit means that the model can
predict the measured values.

3.3.1 Two-level factorial design—glucose and
phosphate significantly influence polyol lipid titers

A two-level factorial design was used to identify which medium
components (factors) influence the polyol lipid titer. Therefore,
factors were investigated using one high and one low
concentration (Table 1). The individual experiments (runs) and
corresponding polyol lipid titers (responses) are shown in
Supplementary Table S1. As described previously, experiments
were conducted in MTPs with a filling volume of 2 mL for
10 days at 30°C and 225 rpm.

The results were analyzed by ANOVA and are displayed in Table 2.
Themodel’s F-value of 131.41 implies that themodel is significant, with
a 0.01% chance that an F-value this large could occur due to noise.
p-values below 0.05 indicate that the model or factors are significant.
Accordingly, glucose and the interaction between glucose and K2HPO4

(entry “AB” in Table 2) are factors that significantly influence polyol
lipid titers. Factors with a p-value above 0.1 are not significant. With a
p-value below 0.1 and above 0.05, K2HPO4 as a single factor will not
improve the model but contribute to its hierarchy. The model is
hierarchical if all lower-order terms (A), which assemble the higher-
order terms (AB), are also contained in the model.

The lack of fit’s F-value with a p-value of 0.1112 implies an
11.12% chance that an F-value this large could occur due to noise.
With a p-value above 0.1, the lack of fit is not significant, implying
that the model fits. All other factors had no statistically significant
impact (Supplementary Table S2). The resulting three-dimensional
surface diagram is shown as a heat map in Figure 4 and displays the
dependency of the polyol lipid titer on the glucose and K2HPO4

concentration. Rising glucose concentrations led to increasing
polyol lipid titers, which were additionally increased by rising
K2HPO4 concentrations, especially at glucose concentrations
above 130 g L−1. This could indicate a phosphate limitation at
high carbon concentrations, which will be investigated in later
experiments. A maximum polyol lipid titer of 28 g L−1 was
predicted using 150 g L−1 glucose and 2 g L−1 K2HPO4, which
were the maximum concentrations included in the factor
screening. Aiming a global and not a local maximum, glucose,
and K2HPO4 concentrations were increased during optimization.

TABLE 2 ANOVA analysis from two-level factorial design: ANOVA analysis shows a significant (p < 0.05) effect on polyol lipid production for glucose and the
interaction between glucose and K2HPO4.

Factor Degrees of freedom Mean square F-value p-value

Model 3 937.26 131.41 0.0001

K2HPO4 (A) 1 26.10 3.66 0.0647

Glucose (B) 1 2,712.16 380.26 0.0001

AB 1 73.51 10.31 0.0030

Lack of fit 29 7.70 4.77 0.1112

FIGURE 4
3D-surface diagram from two-level factorial design: Interaction
between glucose and K2HPO4 concentration influences the polyol
lipid titer. Increasing polyol lipid titers are displayed by a color gradient
from low (blue) to high (orange). Center points are represented
by red dots.
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All other media components were kept constant according to their
center point concentrations.

3.3.2 Central composite design—increasing yield
and titer by optimizing glucose and
phosphate content

The two-level factorial design revealed glucose and the interaction
between K2HPO4 and glucose as significant factors for polyol lipid
production in A. pullulans NRRL 62042. These two factors are used in
the following central composite response surface design. The limits were
set higher according to the result of the factor screening (Table 3).
Experiments were carried out in random order (n = 5). The experiment
in the central point was carried with an n of 8. All individual
experiments and corresponding responses of polyol lipid titer and
YP/S are shown in Supplementary Table S3.

Table 4 summarizes the ANOVA results investigating polyol
lipid titer as the response. Due to a p-value below 0.05, all factors and
the model significantly influenced the polyol lipid titer. The lack of
fit’s p-value between 0.05 and 0.1 is not significant nor optimal.
There is a 9.82% chance that a lack of fit F-value this large could
occur due to noise. The heat map resulting from the model with the
polyol lipid titer as the response is shown in Figure 5A. Using
232.5 g L−1 glucose and 6.02 g L−1 K2HPO4 a maximum polyol lipid
titer of 50.1 g L−1 was predicted and forms a global maximum,
indicating that the design space has been hit. Higher or lower
glucose or K2HPO4 concentrations led to lower polyol lipid titers.

Due to a p-value below 0.05 (Table 5), all factors and the model
itself showed a significant influence on YP/S. With a p-value above
0.1, the lack of fit is not significant, implying that the model fits. A
maximum YP/S of 0.25 g g

−1 was predicted using 176.7 g L−1 glucose
and 5.97 g L−1 K2HPO4 (Figure 5B). Further, the heat map shows

that glucose concentrations above 210 g L−1 have a negative effect on
YP/S. This is because residual sugar was still present after the
cultivation period of 10 days. High sugar concentrations also
increase the osmotic pressure, which slows down growth. In
comparison, the amount of K2HPO4 used had a less pronounced
effect in the selected range.

For amaximum titer and YP/S the model predicted the optimized
minimal polyol lipid production medium (oMLP) to consist per liter
of 208 g glucose, 6.30 g K2HPO4, 1.91 g NH4NO3, 1.25 g MgSO4 ×
7 H2O, 1.25 g NaCl, 1.25 mL vitamin solution, and 10 mL trace
element solution. The resulting C/N ratio is 125 gcarbon per gnitrogen.
With this composition, the model predicted a polyol lipid titer of
49.69 g L−1 and a YP/S of 0.23 g g

−1 (Table 6). Cultivations for 10 days
at 30 °C with 300 rpm in MTPs were used to confirm the model’s
prediction. The achieved polyol lipid titer of 48.07 g L−1 and YP/S of
0.23 g g−1 were inside the confidence level (95%) of the prediction
interval (PI). These results confirm the model predictions.
Moreover, this is the highest achieved polyol lipid titer using an
A. pullulans wildtype strain so far.

3.3.3 One-factor-at-a-time
experiment—phosphate as a single factor has no
considerable impact on polyol lipid production

In the two-level factorial design, factors (medium components)
that significantly (p < 0.05) influence polyol lipid titer were
investigated. As a result, besides glucose, the combined factor of
glucose and K2HPO4 was identified as significantly influencing
polyol lipid production, which suggests a phosphate limitation.
K2HPO4 as a single factor had a p-value between 0.05 and 1 and
is, therefore, per definition, neither significant nor insignificant. To
investigate the influence of K2HPO4 as a single factor on polyol lipid

TABLE 3 List of factors that are used in central composite design: After using a two-level factorial design to identify glucose and K2HPO4 as factors
significantly influencing the polyol lipid titer, these were selected as factors in the central composite design. Based on the given low and high
concentrations, the center and star points were determined and the experimental plan was designed.

Factor Unit Low conc Center point High conc Star point max Star point min

Glucose g L-1 120 210 300 337.3 82.7

K2HPO4 g L-1 1.4 4.7 8.0 9.37 0.03

TABLE 4 ANOVA analysis from central composite design with polyol lipid titer as response: ANOVA analysis indicates a significant (p < 0.05) effect on polyol
lipid production for glucose (A), K2HPO4 (B), and the interaction between glucose and K2HPO4 (AB). The R2 is 0.97.

Factor Degrees of freedom Mean square F-value p-value

Model 7 6.649 × 105 157.25 < 0.0001

Glucose (A) 1 4.739 × 105 112.06 < 0.0001

K2HPO4 (B) 1 1.675 × 105 396.16 < 0.0001

AB 1 1.086 × 105 25.68 < 0.0001

A2 1 1.673 × 105 395.55 < 0.0001

B2 1 1.602 × 105 378.86 < 0.0001

A2B 1 6.581 × 105 155.64 < 0.0001

AB2 1 17560.27 4.15 0.0486

Lack of Fit 1 11594.58 2.88 0.0982
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production, a one-factor-at-a-time experiment was conducted for
10 days in MTPs using the optimized MLP medium and different
K2HPO4 concentrations between 0.03 g L−1 and 9.36 g L−1. The
results are shown in Figure 6A. The highest titer of 46.3 g L−1

was achieved using 3.0 g L−1 K2HPO4. With a K2HPO4

concentration of at least 1.4 g L−1, similar polyol lipid titers could
be achieved, with a slight decrease using concentrations above
3.0 g L−1. A statistical analysis (Welch’s t-test) showed that there
is no significant differences in the polyol lipid titers using K2HPO4

concentrations between 1.4 and 6.3 g L−1 Leathers et al. (2018)

showed that none of the inorganic salts contained in their
medium significantly influence polyol lipid production in the
two-level factorial design. Only increasing K2HPO4

concentrations above 2.5 g L−1 inhibit polyol lipid formation. In
phosphate limiting conditions (0.03 g L−1 K2HPO4) biomass
formation was limited. The lack of biocatalyst led to a
production of only 2.2 g L−1 polyol lipid in 10 days. To sum up, it
was shown that under the selected conditions, 1.4 g L−1 K2HPO4 is
sufficient to form the biomass required for complete glucose
metabolization. Contrary to the results from the DoE, it is

FIGURE 5
3D-surface diagram from central composite design: Interaction between glucose and K2HPO4 in the central composite design influencing the
polyol lipid titer (A) and the product per substrate yield (B). Increasing values are displayed by a color gradient from green (low) to red (high).

TABLE 5 ANOVA analysis from central composite designwith product-to-substrate yield as response: ANOVA analysis indicates a significant (p < 0.05) effect
on the product-to-substrate yield for glucose (A), K2HPO4 (B), and the interaction between glucose and K2HPO4 (AB). The R2 is 0.97.

Factor Degrees of freedom Mean square F-value p-value

Model 7 0.0090 171.93 < 0.0001

Glucose (A) 1 0.0273 524.59 < 0.0001

K2HPO4 (B) 1 0.0189 363.31 < 0.0001

AB 1 0.0013 24.80 < 0.0001

A2 1 0.0039 74.55 < 0.0001

B2 1 0.0095 182.82 < 0.0001

A2B 1 0.0108 206.49 < 0.0001

A2B2 1 0.0003 5.01 0.0311

Lack of Fit 1 0.0001 2.73 0.1067

TABLE 6Model confirmation after medium optimization: Data mean of polyol lipid and product-to-substrate yield YP/S. Cultivations were performed in 24-
well microtiter plates with 2 mL filling volume at 30°C and 300 rpm for 10 days (n = 3).

Factor Unit Predicted mean Predictedmedian Standard
deviation

n 95% PI low Data mean 95% PI high

Polyol lipid g L-1 49.69 49.71 1.70 3 47.33 48.07 52.00

YP/S g g-1 0.24 0.24 0.01 3 0.23 0.23 0.25
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therefore not necessary to increase the K2HPO4 concentration to
6.3 g L−1 in order to achieve higher titers.

3.3.4 Comparing C/N ratios—higher biomass is
necessary to metabolize high amounts of glucose

In the two-level factorial design, C/N ratios of 50, 125, and 200were
investigated. With a p-value above 0.05, the C/N ratio was set as
insignificant and was thus kept constant according to the center point
of 125. However, in theory, higher amounts of nitrogen allow higher
biomass, resulting in higher biocatalyst availability for polyol lipid
production. During the optimization process, glucose concentration
was increased to 208 g L−1, and due to a constant C/N ratio the
NH4NO3 concentration automatically increased from 0.95 g L−1 to
1.91 g L−1. To investigate the C/N ratio’s influence on polyol lipid
production, a one-factor-at-a-time experiment in MTPs using
the optimized MLP medium with the final NH4NO3 concentration
of 1.91 g L−1 and the initial 0.95 g L−1 were conducted. These
concentrations relate to a doubled C/N ratio from 125 to
250 gcarbon gnitrogen

−1. The results are shown in Figure 6B. With the
higher nitrogen content and lower C/N ratio, after 216 h, a maximal
polyol lipid titer of 41 g L−1 was reached, while using a lower nitrogen
content, after 240 h, only 18 g L−1 was reached. Moreover, in the latter
cultivation 114 g L−1 of glucose was left. In conclusion, the formed
biomass using a C/N ratio of 250 gcarbon gnitrogen

−1 could not metabolize
the whole glucose into products within 10 days, resulting in lower
polyol lipid titers. Contrary to the assumption from the DoE, the C/N
ratio does have an influence, but not in the chosen borders. This finding
aligns with Leathers et al. (2018) results in 2018. Higher C/N ratios
translate to more carbon being available for secondary metabolite
formation after the growth phase. Lower ratios lead to lower yields
because carbon is first used for biomass formation (Gibbs and Seviour,
1996). Doshida et al. (1996) achieved only a YP/S of 0.14 g g

−1 with a
C/N ratio of 38. For lipid production using yeasts, an initial C/N ratio of
30–80 is recommended in the literature (Sitepu et al., 2014).

3.4 Transferring into scale: achieving a
seamless transition from MTP to
bioreactor scale

While MTP cultivations allow high-throughput investigation of
cultivation conditions at low cost, bioreactor cultivations offer
generation of precise online data and automated feeding controls.
In bioprocess development, however, reproducibility is a well-
known challenge when the process is transferred from a shaken
to a stirred system (Büchs, 2001). For these reasons, the cultivation
with the developed minimal medium was transferred from the 2 mL
MTP scale into a 700 mL stirred-tank bioreactor cultivation.
Further, the optimized minimal medium was compared with the
synthetic starting medium. To enable a comparison between MTP
and bioreactor, batch fermentations were performed as described in
Chapter 2.4.4 without pH control. The process parameters are
summarized in Table 7.

In the following, MLP and oMLP medium were compared at
bioreactor scale (Figure 7) During the optimization process, glucose
concentration was increased from 126 to 208 g L−1, K2HPO4

concentration was increased from 1.0 to 6.3 g L−1, and NH4NO3

concentration increased from 0.95 to 1.91 g L−1. Overall, the polyol
lipid titer in the bioreactor increased by almost 44% from 29 g L−1

(MLP) to 41 g L−1 (oMLP) (Figure 7A). Polyol lipid formation
stagnated in both media, though at different timepoints, after
71 h (MLP) and 120 h (oMLP) and increased again later. Before
the stagnation, the polyol lipid formation rate was
0.18–0.19 g L−1 h−1 for both. Medium optimization shortened the
time of stagnation by approximately 24 h. Subsequently polyol lipid
formation rate increased to 0.31 g L-1 h−1, while in MLP, it decreased
to 0.12 g L-1 h−1. Using the oMLP medium, a higher final biomass of
27.0 g L−1 than in the MLP cultivation (13 g L−1) was reached
(Figure 7B). Increasing carbon concentrations while maintaining
a constant C/N ratio also implies proportionally rising nitrogen

FIGURE 6
Cultivation of A. pullulans NRRL62042 with different phosphate and nitrogen concentrations: Polyol lipid production using the optimized MLP
medium with different K2HPO4 concentrations after 240 h (A). Polyol lipid production and glucose consumption over time using the optimized MLP
medium with different NH4NO3 concentrations (B). Cultivations were performed with A. pullulans NRRL 62042 in 24 deep-well microtiter plates with
2 mL filling volume, 30 °C, and 300 rpm. Data show themean of triplicates with ±standard deviation. Statistically significant differences in polyol lipid
production were determined by Welch’s t-test and are indicated as * (p-value ≤0.5) and *** (p-value ≤0.001).
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concentrations, leading to enhanced growth. The maximal growth
rate was increased from 0.11 h-1 to 0.18 h-1. It should be noted that
only a few samples were taken during the growth phase, and the
growth rate could, therefore, be inaccurate. However, a faster growth
using oMLP compared to MLP can be seen in Figure 7B. Figure 7C
shows a peak in oxygen transfer rate (OTR) of 33 mmol L−1 h−1

(oMLP) and 17 mmol L−1 h−1 (MLP), followed by a constant value
between 8 and 10 mmol L−1 h−1 until carbon depletion. This course
suggests a substrate limitation except carbon (Anderlei and Büchs,
2001), which may be assigned to a nitrogen limitation based on
CDW measurements and the high C/N ratio. The respiration
quotient, calculated by dividing carbon dioxide by the oxygen
transfer rate, was in the range of 1.5 after growth, which means
that more CO2 is produced than O2 is consumed, indicating the
production of a reduced product. Depending on the congener, the
degree of reduction of polyol lipid is 5–5.2, so a respiration quotient
greater than 1 could be attributed to polyol lipid production. The
growth was terminated after approximately 50 h, and the following
biomass increase might possibly be attributed to the formation of
intracellular lipids. A renewed decrease in oxygen transfer rate
suggests the consumption of glucose. After 240 h, the cultivation
with the oMLP reached a biomass of 27 g L−1, whereas after 50 h,
only 17 g L−1 was present. 10 g L−1 was thus probably due to
intracellular storage lipid formation. The YP/X was 1.5 g g−1 and
2.4 g g−1, respectively. Figure 7D shows that the substrate decrease in
the stationary phase is linear. The glucose depletion rate in the
stationary phase before the optimization was 0.6 g L−1 h−1 and
increased to 1.0 g L−1 h−1 after optimization. After the
consumption of glucose, pullulan was degraded (Figure 7E). The
highest pullulan concentrations were 27.1 g L−1 with the MLP and
46.1 g L−1 with the oMLP medium. The pullulan-to-substrate yield
was 0.22 g g−1 for both. An increased glucose concentration led to
the increased formation of storage substances such as pullulan,
intracellular lipids, and polyol lipid. In both cultivations, the
pH oscillated during the growth phase (Figure 7F). This was due
to the metabolization of NH4NO3. Successively, the weak base

(NH4
+) and the weak acid (NO3

−) were consumed. In addition,
possibly released polymalate has a free acid group and thus might
additionally lower the pH.

Comparing cultivations in MTPs and the bioreactor, growth
rates, polyol lipid formation, YP/S, YP/X, and space-time yields
(STY) were in a comparable range (Table 7). Regarding polyol
lipid production, the upscaling had no effect when MLP was used
and a slightly negative effect in the case of oMLP. It is striking
that the switch from a shaken to a stirred system led to an almost
threefold increase in the pullulan titer (9.3 g L−1 versus
27.1 g L−1). This effect has already been described in literature.
Pullulan production can be influenced not only by the pH value
but also by the agitation rate or energy input, whether positive or
negative, depending on the strain. In a batch fermentation with
A. pullulans ATTC9348, a tenfold increase in agitation rate led to
a halving of the pullulan titer (Gibbs and Seviour, 1996). In
contrast, in the fermentation of an A. pullulans strain that is not
described in detail, the pullulan titer increased with increasing
stirrer speed (McNeil and Kristiansen, 1987). In terms of
biomass, comparing the cultivation in MTPs with the MLP
medium in the bioreactor, nearly constant biomasses of
9.5–10 g L−1 were reached. A decrease in YP/X was probably
due to increased pullulan and storage lipid production.

All in all, the developed and optimized minimal medium was
successfully transferred from MTPs to the bioreactor with a scaling
factor of 350. This resulted in 41 g L−1 polyol lipid, which is the
highest polyol lipid titer reported with an A. pullulans wildtype
strain using a laboratory-scale bioreactor.

4 Discussion

In recent decades, the chemical industry has become more
efficient in providing cost-competitive products (Yu et al., 2019).
The downsides are that many products are petroleum-based,
produced in energy-intensive processes at high temperatures and

TABLE 7 Comparison of performance parameters using A. pullulans NRRL 62042: Comparison of performance parameters (maximal growth rate (µmax),
polyol lipid, cell dry weight (CDW) after growth (48 h) and after 240 h, pullulan, product-to-substrate yield (YP/S), product-to-biomass yield (YP/X) after
growth (48 h) and after 240 h, and space-time yield (STY)) between minimal liamocin production (MLP with 126 g L−1 glucose and 1 g L−1 K2HPO4) and
optimized minimal liamocin production medium (oMLP with 208 g L−1 and 6.3 g L−1 K2HPO4) cultivating A. pullulans NRRL 62042 on MTP (24-well
microtiter plates with 2 mL filling volume, 30°C, 300 rpm at 50 mm for 10 days, n = 3) and bioreactor (s vessel with 0.7 L filling volume, 30°C, 30% DO
controlled with 300–1,200 rpm stirring rate, 0.5 vvm, n = 2) scale.

MLP Optimized MLP

MTP Bioreactor MTP Bioreactor

µmax [h−1] 0.12 0.11 - 0.18

cpolyol lipid [gPL L−1] 30.8 28.7 48.1 41.3

cCDW, 48 h [gCDW L−1] 9.1 8.2 - 17.2

cCDW, 240 h [gCDW L−1] 12.9 9.4 - 27.0

cpullulan [gpullulan, max L
−1] 9.3 27.1 - 50.5

YP/S [gPL gGlc
−1] 0.24 0.23 0.23 0.20

YP/X 48 h [gPL gCDW
−1] 3.6 3.6 - 2.4

YP/X 240 h [gPL gCDW
−1] 2.4 3.1 - 1.5

STY [gPL L−1 h−1] 0.13 0.12 0.20 0.19
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pressures, and toxic solvents and reagents are used, resulting in
pollution, greenhouse gases, and nonrecyclable or nondegradable
by-products (Yu et al., 2019; Zimmerman et al., 2020). Green
chemistry strives to avoid those downsides and has made great
progress in the last years, aiming at circular processes based on

renewable feedstocks, increasing atom efficiency, and using harmless
chemicals, with the focus not only on maximizing function but also
on minimizing hazards (Sheldon et al., 2007; Zimmerman et al.,
2020; Sheldon and Brady, 2022; Sigmund et al., 2023). To date,
competition with the chemical industry is challenging for the

FIGURE 7
Bioreactor fermentation of A. pullulansNRRL 62042 with MLP and oMLP: Batch fermentation of minimal polyol lipid production (MLP with 126 g L−1

glucose, 0.95 g L−1 NH4NO3, and 1 g L−1 K2HPO4) and optimized minimal polyol lipid production (oMLP with 208 g L−1, 1.91 g L−1 NH4NO3, and 6.3 g L−1

K2HPO4) mediumwith A. pullulansNRRL 62042 (700 mLmedium, 30°C, 30% DO-control by varying stirrer rate from 300-1,000 rpm, aeration with 100%
air and 0.5 vvm, n = 2). Polyol lipid (A), cell dry weight (B), oxygen (OTR), and carbon dioxide (CTR) transfer rate and respiration quotient (RQ) (C),
glucose (D), pullulan (E), and pH (F) over time. The error bars show the deviation from the mean of biological duplicates.
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biotechnological sector, amongst other things because of using cost-
intensive raw materials for biotechnological processes compared to
cheap petroleum-based substrates, moreover in fully depreciated
plants. Improving performance parameters by metabolic and
process engineering, coupled with recruiting renewable and
waste-based raw materials, is the key to success in competing
with the chemical industry. Chen and Jiang (2018) summarized
the goals for the next-generation industrial biotechnology to
compete with the chemical industry. Among other things, parts
of the next-generation industrial biotechnology are reducing energy
consumption by applying unsterile process management, using one
platform strain for multiple products, increasing product-to-
substrate yields by removing or weakening competing pathways,
and using mixed carbon sources from waste streams (Chen and
Jiang, 2018). The characteristics known from the literature and the
findings from this work suggest that A. pullulansmay be a perfect fit
for these ambitious goals.

Due to its polyextremotolerance and its ability to secrete
enzymes such as lipase, xylanase, and cellulase, A. pullulans is
predestined to metabolize cheap and environmentally friendly
second-generation raw materials (Nagata et al., 1993; Leathers
et al., 2016; Prasongsuk et al., 2018; Zhang et al., 2019). Previous
studies identified pretreated wheat straw as potential carbon sources
(Price et al., 2017). Li et al. (2021) successfully used waste streams
from gluconate and xylonate production for polyol lipid production.
With sodium gluconate mother liquor and xylonate mother liquor, a
maximum polyol lipid titer of 28 g L−1 was achieved. The oMLP
medium developed in this work lays the foundation for the targeted
investigation of several carbon sources. For sophorolipid
production, various waste or side streams such as soy molasses,
coconut fatty acid residues, sugarcane molasses, crude soybean oil,
waste cooking oil, or rice straw have already been used in recent
years (Roelants et al., 2019). Moreover, for rhamnolipid production,
starch-rich, frying oil, or oil processing waste could be used
successfully (Mohanty et al., 2021). However, the advantage of
low-cost substrates can be quickly nullified by poor efficiency
and increased purification efforts. Besides carbon sources, up to
80% of production costs comprise product purification (Roelants
et al., 2019). By using NH4NO3, costly yeast extract and peptone and
the formation of melanin could be avoided in this work, eliminating
one of such purification steps. Another important factor of the next-
generation industrial biotechnology is energy consumption due to
sterilization (Chen and Jiang, 2018). During the DoE, the
adjustment of pH was omitted, resulting in an initial pH value of
the optimized medium of around 8. During cultivation, the
pH dropped to 3. The wide pH range reflects the robustness of
A. pullulans and can help avoid the need for sterilization.
Furthermore, extreme pH values reduce the risk of
contamination during continuous operations and enables semi-
sterile feeding of industrial feedstocks (Li et al., 2014; Ernst et al.,
2024). Besides advantages in energy consumption, the pH value can
also positively affect production. In 2012, Cao et al. cultivated A.
pullulans ipe-1 in a bioreactor at constant pH values (Cao et al.,
2013). The highest pH value of 7 coincided with the poorest growth.
Therefore, an initial pH adjustment could enhance cell growth.
Furthermore, Saur et al. (2019) achieved increased productivity in
polyol lipid production through a pH shift from 6.5 to 3.5 during
fermentation.

A comprehensive examination of processes always depends on
reliable analytical methods. The methods used in the literature and
this study exhibit certain sources of error that must be considered
and, which we briefly explain here. Without energy input, polyol
lipids sediment rapidly in the culture broth, complicating
homogenous sampling from shake flasks. By employing MTPs
and harvesting the entire well, coupled with additional rinsing of
the well, homogeneous sampling can be ensured. For the polyol
lipid determination, the aqueous phase of the culture broth is
initially separated through centrifugation. The precipitate includes
the cell pellet and the polyol lipid. To separate the polyol lipid
from the cells, it is dissolved in a solvent and separated from the
cellular components through centrifugation. A final evaporation
step separates the polyol lipid from the solvent, and the
concentration can be determined gravimetrically. However, in
addition to polyol lipids, remaining water, soluble cell
components, and intracellular lipids from the destroyed cells
are also weighed. As a result, gravimetrically determined polyol
lipid titers are likely overestimated. Furthermore, comparing
results between different strains and publications is hindered.
An obvious solution to these challenges is using a quantitative
analytical method like chromatography. Initial steps towards high-
performance liquid chromatography (HPLC) analysis have been
taken, allowing, at least, the exclusion of water and quantification
without external standards by using an inverse gradient as
described for rhamnolipids (Behrens et al., 2016; Scholz et al.,
2020). However, the precise separation of individual congeners
remains challenging to date (Scholz et al., 2020). Adequate HPLC
analysis would enable precise product quantification and,
additionally, facilitate the investigation of the influence of
cultivation conditions on congener distribution. Overall, A.
pullulans already fulfills important criteria to become part of
next-generation industrial biotechnology (Chen and Jiang,
2018). However, there is still much potential for optimization
regarding process design and strain engineering. Furthermore,
in order to create comparability and to investigate possible
influencing factors, a standardized HPLC method is required
that enables the identification and quantification of the
individual congeners.

5 Conclusion

In this work, a minimal medium was developed for polyol lipid
production with A. pullulans NRRL 62042. The production
performance achieved was similar to the currently best performing
medium containing complex components. Subsequently, the titer was
increased by 56% to 48 g L−1 using a DoE approach. Currently, this is
the highest biosurfactant titer achieved using anA. pullulanswild-type
strain. Furthermore, the space-time yield was increased from 0.13 to
0.20 g L−1 h−1. This was followed by successfully transferring the
cultivation from 2 mL MTP into 0.7 L bioreactor scale. Overall,
this work demonstrated the potential of A. pullulans for large-scale
biosurfactant production. While it is already possible to achieve high
titers and YP/S using the wild type, further optimization can be
achieved by strain engineering and process design. The developed
minimal medium allows the targeted investigation of alternative
carbon sources for economic process optimization and the
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investigation of the metabolic pathway to identify targets for genetic
optimization.
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Bioformulation of Bacillus
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biosurfactant to control the
growth of phytopathogen
Sclerotium rolfsii for the crop
Brassica juncea var local, as a
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Humaira Mukadam1, Shikha V. Gaikwad1*, Nithya N. Kutty1 and
Vikrant D. Gaikwad2

1Department of Biosciences and Technology, School of Science and Environment Studies, Faculty of
Science and Health Science, Dr. Vishwanath Karad MITWorld Peace University, Pune, Maharashtra, India,
2Department of Chemical Engineering, School of Engineering and Technology, Faculty of Engineering,
Dr. Vishwanath Karad MIT World Peace University, Pune, Maharashtra, India

Bacillus proteolyticus MITWPUB1 is a potential producer of biosurfactants (BSs),
and the organism is also found to be a producer of plant growth promoting traits,
such as hydrogen cyanide and indole acetic acid (IAA), and a solubilizer of
phosphate. The BSs were reportedly a blend of two classes, namely
glycolipids and lipopeptides, as found by thin layer chromatography and
Fourier-transform infrared spectroscopy analysis. Furthermore, semi-targeted
metabolite profiling via liquid chromatography mass spectroscopy revealed the
presence of phospholipids, lipopeptides, polyamines, IAA derivatives, and
carotenoids. The BS showed dose-dependent antagonistic activity against
Sclerotium rolfsii; scanning electron microscopy showed the effects of the BS
on S. rolfsii in terms of mycelial deformations and reduced branching patterns. In
vitro studies showed that the application of B. proteolyticus MITWPUB1 and its
biosurfactant to seeds of Brassica juncea var local enhanced the seed
germination rate. However, sawdust-carrier-based bioformulation with B.
proteolyticus MITWPUB1 and its BS showed increased growth parameters for
B. juncea var L. This study highlights a unique bioformulation combination that
controls the growth of the phytopathogen S. rolfsii and enhances the plant
growth of B. juncea var L. Bacillus proteolyticus MITWPUB1 was also shown for
the first time to be a prominent BS producer with the ability to control the growth
of the phytopathogen S. rolfsii.
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1 Introduction

Plants are severely affected by microbial pathogens that reduce
their productivity. According to forecasts by the Food and
Agricultural Organization (FAO, 2020), crop production is
expected to increase by 70% by 2026, when the global
population is expected to be approximately nine billion.
Satisfying the food demands of the growing population will
therefore be a huge challenge worldwide and a vital
requirement. Significant doses of agrochemicals have been
applied in fields for decades to enhance crop productivity. High
concentrations of chemicals can result in repercussions that
disturb the equilibrium status of the environment and affect the
health of the macro-microorganisms (Brauer et al., 2019). Water
shortage, soil deterioration, nutrient limitations, and climate
change can further exacerbate these conditions (Mishra et al.,
2020; Jamal et al., 2023). Therefore, establishing sustainable and
environmentally friendly farming techniques is crucial and
requires thoughtful consideration.

The plant growth promoting (PGP) traits shown by bacteria for
enhancing the productivity of plants and soil have been well-
documented in the literature for a long time. These traits help
plants by producing phytohormones, growth regulators (Pantoja-
Guerra et al., 2023), and surface-active chemicals like
biosurfactants (BSs) that enhance the absorption of nutrients
(Egamberdieva et al., 2019). Biosurfactants are classified
according to their molecular weights, chemical structures, and
microbiological sources into glycolipids, lipopeptides,
phospholipids, fatty acids, and polymeric macromolecules
(Santos et al., 2016); they are biodegradable, biocompatible, and
stable under various environmental conditions, which highlights
their efficiency for use as promising molecules in green
technologies. BSs promote the motility of bacteria, thereby
enhancing their root colonization ability in plants. Furthermore,
they enhance the nutrient uptake of plants as well as their
capability for disease resistance and tolerance to abiotic
stressors (Primo et al., 2015). The amphiphilic nature of a BS
offers excellent ability to lower the interfacial and surface tensions
that play effective roles in bioremediation of xenobiotic
compounds (Jamal et al., 2023). Microbes with PGP features
and the capacity to produce biostimulants have the potential to
be employed as ecologically friendly options for boosting
agricultural yield and combating problems sustainably
(Adedayo and Babalola, 2023). In the present study, soil
samples contaminated with hydrocarbons were used to isolate
bacteria so as to access their PGP efficacies.

Brassica juncea is a well-known oilseed crop in India and is
grown all over the world (Shekhawat et al., 2012). Plant oils have
higher percentages of unsaturated fatty acids than other edible
oils (Baux et al., 2008), making them more acceptable for
consumption. However, mustard production in India is
limited by several biotic and abiotic variables (Dhaliwal et al.,
2021). B. juncea is an important crop that suffers from stem rot
disease caused by the phytopathogen Sclerotium rolfsii. This
disease is identified by the appearance of white or brownish
lesions on the stem, which eventually cause the plant to wilt and
die. The phytopathogen survives because of its sclerotia and
persists in soil for a longer period. To address this problem,

bacteria with PGP traits have been used as bioinoculants as they
are environmentally friendly alternatives that increase plant
health, productivity, soil nutritional status, and xenobiotic
chemical degradation rates while protecting the plants from
abiotic challenges and reducing dependency on synthetic
chemicals. The present work elucidates the isolation of
bacteria with PGP traits for producing a BS. Furthermore, the
potential of the bacteria and its metabolite BS was evaluated for
inhibiting the growth of the phytopathogen S. rolfsii and
enhancing the B. juncea var local oilseed crop growth under
in vitro conditions in bioformulation studies.

2 Materials and methodology

2.1 Media

Potato dextrose broth (PDB), nutrient broth (NB), Luria
agar (LA), potato dextrose agar (PDA), and minimal salt
medium (MSM) were purchased from HiMedia
Laboratories Pvt. Ltd.

2.2 Preparation of bacterial isolates and
procurement of fungal culture

Soil samples used in this study were collected from
hydrocarbon-contaminated regions of Pune (18.5204° N,
73.8567° E), Maharashtra, India, in a presterilized vial and
maintained at 4°C for bacterial isolation. After serial dilutions,
the soil sample was spread on the MSM and incubated at 37°C for
72 h. Morphologically diverse bacterial colonies were then chosen
and affirmed on LA medium at 4°C for further experiments.
Sclerotium rolfsii fungal culture was procured from Agarkar
Research Institute (ARI) in Pune and maintained at 4°C on
PDA for further use.

2.3 Screening of bacterial isolates for
PGP traits

2.3.1 Indole acetic acid production assay
To determine IAA ability, the Salkowski colorimetric assay was

performed according to Lebarzi et al. (2020). The concentration of
IAA produced by the bacterial isolate was determined using the
standard curve of IAA.

2.3.2 Hydrogen cyanide production assay
HCN producing ability was verified according to Lorck, (1948),

where a color change from yellow to orange or brown indicates a
positive result.

2.3.3 Solubilization of phosphate
The solubilization activities of the bacterial isolates were assessed

in a Pikovskaya (PVK) agar plate; a 24-h-old bacterial culture was
spot inoculated and incubated at 37°C for 120 h on a PVK plate. A
clean halo zone around the spotted colony indicates a positive result
(Babiye, 2022).
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2.4 Screening of bacterial isolates for BS
production

Each bacterial isolate was grown in the MSM supplemented with
1% (v/v) vegetable oil as the sole source of carbon and incubated at
37°C and 150 rpm for 240 h. Upon incubation completion, the broth
was centrifuged at 8,400 rpm for 30 min at 4°C to obtain the cell-free
supernatant. The BS production abilities of the bacterial isolates
were evaluated via emulsification index measurement and drop
collapse assay (Shah et al., 2016).

2.4.1 Drop collapse assay
The supernatant from an overnight-grown bacterial culture was

placed on a glass slide along with crude oil in the ratio of 2:1 (v/v)
and maintained at room temperature for 2–3 min under
undisturbed conditions. Later, its time of collapse was observed.
Sodium dodecyl sulfate (10%, w/v) was used as the positive control,
and distilled water was used as the negative control (Zargar
et al., 2022).

2.4.2 Emulsification index
Crude oil and an overnight-grown culture of a bacterial cell-free

supernatant were mixed in the ratio of 1:1 (v/v). This mixture is
vortexed vigorously for 1 min and left undisturbed for 18 h at room
temperature. Then, the emulsification index is determined by the
methodology described in Zargar et al. (2022) using sodium dodecyl
sulfate (10%, w/v) as the positive and distilled water as the
negative controls.

2.5 Kinetics of potential BS production by
bacterial isolate

MSM (100 mL) amended with 1% (v/v) vegetable oil at
7.0 pH was maintained; then, this medium was inoculated with
2% (v/v) bacterial cell suspension (inoculum density, colony
forming unit; CFU per mL 107, OD 6.8 at 600 nm), incubated at
37°C (Durval et al., 2018; Hisham et al., 2019), and agitated at
150 rpm for 240 h. After incubation completion, the broth was
centrifuged at 8,400 rpm for 30 min at room temperature, and
the pellets were dried out in a hot-air oven at 50°C (Sen et al.,
2017) to be considered cell biomass. Later, the cell-free broth was
centrifuged at 8,400 rpm and 4°C before being used to extract the BS.
Then, the pH was reduced to 2 by addition of 6N HCl to the cell-free
broth and left overnight at 4°C. Chloroform and methanol were
added in the ratio of 1:1 (v/v) to the cell-free broth and stirred for
10 min. The upper phase was collected and evaporated to obtain the
BS (Zargar et al., 2022). The yields of cell biomass and BS were
calculated as per the methodology described by Sen et al. (2017).

2.5.1 Emulsification stability of BS at various pH,
temperature, and salinity conditions

The stability of the BS was evaluated at different temperatures
(4°C, 27°C, 37°C, and 50°C) and pH values (3, 5, 7, 9, and 11) as per
the methodology described by Sharma et al. (2015); the salinity
conditions were evaluated as per Fardami et al. (2022). The salinity
was maintained by the addition of sodium chloride at 1%, 2%, 3%,
and 4% (w/v) to the cell-free broth.

2.6 Characterization of the BS

2.6.1 Thin layer chromatography
Preliminary characterization of the BS was done by thin layer

chromatography (TLC). The BS was redissolved in deionized water,
spotted onto a silica gel plate (Merck DC, Silica gel 60 F254), and
assessed in the presence of methanol as a mobile phase. Post-
chromatography, the plates were air dried and sprayed with the
respective reagents before incubation in a hot-air oven at 110°C for
10 min to observe the color changes under ultraviolet and visible
light. The presence of peptides and amino acids was detected using
the ninhydrin test, presence of lipids was determined by the iodine
vapor test, and presence of sugars was detected by the Anthrone test
(Zargar et al., 2022).

2.6.2 Fourier-transform infrared (FTIR)
spectroscopy

To identify the functional groups and bonding patterns in the
crude BS, FTIR spectroscopy was performed. According to Hannah
et al. (2020), the FTIR spectrum between the wavenumber values of
400 and 4,000 cm-1 was recorded using the Bruker Alpha II Platinum
instrument in the attenuated total reflectance (ATR) mode.

2.6.3 Untargeted metabolite profiling using liquid
chromatography–mass spectroscopy (LC-MS)

LC-MS was performed on the extracted bacterial metabolite at
the NCL Venture Centre, Pune, Maharashtra, India. Using the
Agilent XDB-C18 column (3 × 150 mm, 3.5 µ), separation was
performed at 40°C. Sample gradient elution was carried out using
0.1% (v/v) formic acid in water (A) and 0.1% (v/v) formic acid in
acetonitrile (B) at a mobile flow rate of 0.3 mL per min. The mobile
phase gradient used was 0 min at 95% A, 2 min at 95% A, 25 min at
5% A, 28.1 min at 95% A, and 30 min at 95% A. The analysis was
carried out using the Agilent Q-ToF G6540B device connected to the
Agilent 1,260 Infinity II HPLC platform. Detection was performed
using a mass-ion-source dual AJS ESI for positive ionizations in the
mass scan range of 100–1700. The compounds were identified using
Agilent’s METLIN database; furthermore, a few compounds were
identified by comparing the predicted molecular weights, molecular
formulas, and mass spectra with databases such as ChemSpider and
PubChem. The LC-MS data of the metabolite were submitted to
MetaboLights platform as per the steps described by Yurekten
et al. (2024).

2.7 Impact of BS on the growth of
phytopathogen S. rolfsii

2.7.1 Evaluating the antifungal activity of BS against
phytopathogen S. rolfsii using the poison
food technique

The fungus S. rolfsii was procured from the Agarkar Research
Institute in Pune, Maharashtra, India, and grown on PDA medium
at 28°C for further study. The antifungal activity of the BS was
checked by the poison food technique, where 6-mm wells were
prepared at four corners of the plate. The BS at two concentrations,
i.e., 10 and 30 mg per mL, was poured into each well. A 6-mm plug
of S. rolfsii from a 72-h-old plate was excised and placed in the
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middle of the fresh PDA plate. The antibiotic cycloheximide (5 mg
per mL) was used as a positive control, and distilled water was used
as the negative control. Test samples (100 µL) with positive and
negative controls were added to the plate. The plate was then
incubated for 72 h at 28°C; the inhibition zone (in mm)
indicating the effectiveness of the compound for the growth of S.
rolfsii was observed around each well, and the growth inhibition rate
for S. rolfsii was calculated.

2.7.2 Dry weight of fungal cell biomass
PDB (20 mL) was inoculated with 1 mL of 105 spores per mL

suspension of S. rolfsii. Two different concentrations of the BS
(10 and 30 mg per mL) were added to this medium and
incubated separately at 27°C for 120 h at 100 rpm. After
incubation, each medium was centrifuged for 30 min at
10,000 rpm and room temperature to obtain pellets of S. rolfsii,
which were dried at room temperature, weighed, and considered as
the fungal cell biomass.

2.7.3 Antifungal effect of BS against S. rolfsii using
scanning electron microscopy

The pellet obtained from the flask inoculated with 30 mg per mL
of the BS was used to prepare the SEM sample. The sample was first
washed with phosphate buffer (pH 7.0) three times and fixed with
2.5% (v/v) glutaraldehyde before maintaining at 4°C for 16 h. Later,
the sample was washed serially with different concentrations of
ethanol (30, 50, 70, 80, 90, 95, and 100%, v/v) for 10 min each (Borah
et al., 2016) and further processed for SEM analysis (Zeiss, 6-Sigma).

2.8 Impact of BS on the plant growth of B.
juncea var local

2.8.1 Plant toxicity assay
BS phytotoxicity was evaluated on the seeds of B. juncea var local

as per the methodology described by Ribeiro et al. (2020) and
Mendes et al. (2021). The seeds were surface sterilized with 1%
(v/v) hydrogen peroxide and further rinsed with deionized water
three times. Later, the seeds were soaked in 10 and 30 mg per mL
concentrations of the BS for 30 min before being placed on moist
filter paper in sterilized Petri dishes for incubation at room
temperature for 120 h. Seeds soaked in sterilized distilled water
served as the control. The seed germination percentage was
calculated according to Tiquia et al. (1996).

2.8.2 Bioformulation studies and impacts on the
plant growth of B. juncea var local and fungus S.
rolfsii in vitro

The formulation was developed as per the method described by
Khare and Arora (2021) and Mishra et al. (2020) with minor
modifications. Sawdust was used as the carrier agent and
amended with 5% (w/v) bacterial culture (108 CFU per mL) and
two concentrations of the BS, i.e., 10 and 30 mg per mL v/v with
respect to the bacterial culture. This formulation was further
incubated at 37°C for 360 h, with the CFU per mL being checked
at regular intervals of 24 h (Paudyal et al., 2021). Distilled water
without the BS was used as the control. For in vitro studies,
approximately 250 g of the bioformulated sawdust (as per the

abovementioned method), 1% (w/v) carboxymethyl cellulose
(CMC), and 1.5% (w/v) calcium carbonate were added to 1 kg of
soil. After addition, the formulation was maintained at room
temperature for 24 h, and surface-sterilized bacterized seeds of B.
juncea var local were sown. The seeds were germinated in a
germination tray and monitored for 360 h at room temperature.
As per the treatment requirements, fungal spores (105 spores per
mL) were added to the soil. The treatments are as follows:

1. C1: Non-bacterized seed
2. C2: Non-bacterized seed (MITWPUB1) with fungal

suspension of S. rolfsii
3. C3: Non-bacterized seed with the biosurfactant (10 mg)
4. C4: Non-bacterized seed with the biosurfactant (30 mg)
5. P1: Bacterized seed (MITWPUB1) with the fungal suspension

of S. rolfsii
6. P2: Bacterized seed (MITWPUB1) with the

biosurfactant (10 mg)
7. P3: Bacterized seed (MITWPUB1) with the

biosurfactant (30 mg)
8. P4: Bacterized seed with BS (10 mg) and fungal suspension of

S. rolfsii
9. P5: Bacterized seed with BS (30 mg) and fungal suspension of

S. rolfsii

2.8.3 Statistical analysis
For the data analyses, one-way ANOVA and Duncan’s multiple

range tests were performed using IBM SPSS Statistics version
29.0.1.0. To create the graphs, OriginPro version 2023 was used.
All experiments were performed in triplicate, and the standard
deviations were calculated and reflected through error bars.

2.9 Morphological, microscopic, and
molecular identifications of the
bacterial isolate

The potential bacterial isolate MITWPUB1 was identified by
morphological and biochemical analyses (Garrity et al., 2005). SEM
was performed on the potential isolate using the method described
previously. For molecular identification, 16S rRNA sequencing was
performed at the Pure Microbes Laboratory, Pune, Maharashtra,
India. Furthermore, the closely related sequences were examined
using BLAST of the NCBI with MEGA version 11 software, and the
phylogenetic tree was constructed.

3 Results

3.1 Isolation and screening of bacteria for
PGP abilities

From the hydrocarbon-contaminated soil samples,
14 morphologically different bacteria were identified and
abbreviated as MITWPUB1, MITWPUB2, and so on till
MITWPUB14. The bacterial isolates were tested for their PGP
traits. All bacterial isolates were producers of IAA. A significant
amount of IAA (Supplementary Table S1; Supplementary Figure S1)
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was produced by MITWPUB1 (48 µg per mL). Bacterial isolates
MITWPUB1, MITWPUB2, MITWPUB3, and MITWPUB4 were
also found to produce HCN. All bacterial isolates were found to be
phosphate solubilizers. The maximum solubilization zone for
phosphate was observed for the MITWPUB1 bacterial isolate on
PKV medium (Supplementary Table S2).

3.2 Screening of bacterial isolates for BS
production

All isolates were found to be positive for the drop collapse test,
and their emulsification indexes were in the range of 4%–83%. The
bacterial isolate MITWPUB1 showed an emulsification index of 83%
and drop collapse within 30 s (Supplementary Table S2). Based on
the PGP traits and BS production capacity, MITWPUB1 was
selected as a potential strain for further studies.

3.3 Kinetics and stability studies of BS
production

In this study, the maximum amounts of cell biomass and BS were
obtained from the bacterial isolate MITWPUB1 after 168 h of
incubation. The cell biomass was 8 g per liter, and BS obtained was
6 g per liter (Figure 1). Thereafter, a trend decline was observed till 216 h.
Furthermore, a static effect was observed after 216 h of incubation till
240 h. In addition, the stability of the BS in terms of emulsification index
was studied for the bacterial isolate MITWPUB1 at various pH levels,
temperatures, and salinity conditions. The emulsification test showed
that the BS wasmost stable at pH 7 and 37°C. It is interesting to note that
the emulsification index was observed at even 4% salinity, which is the
second highest value after that of 1% NaCl (Figures 2A–C).

3.4 Characterization of BS produced
by MITWPUB1

3.4.1 TLC
TLC was used to characterize the differentmoieties present in the BS,

such as peptides, amino acids, sugars, and lipids. After spraying ninhydrin
reagent, a purple-pink spot indicating the presence of peptides and amino
acids was observed. A green spot was observed for the Anthrone test,
which indicates the presence of carbohydratemoieties, and yellow-brown
spots indicating the presence of iodine vapors denote the existence of lipid
moieties (Supplementary Figure S2). The compound showed positive
reactions for the ninhydrin, Anthrone, and iodine tests. The Rf values for
the peptides/amino acids, sugars, and lipids were recorded as 0.65, 0.57,
and 0.68, respectively. Based on the glycolipid and lipopeptide moieties,
two classes of BSs were distinguished in the sample.

3.4.2 FTIR spectroscopy
The FTIR analysis showed absorption peaks at significant

wavenumbers, confirming the presence of different moieties, such
as sugars, peptides, amino acids, and lipids. The peak at 3241 cm-1

corresponds to the N-H stretching vibration that shows presence of
the peptide moiety. The strong peak at 3404 cm-1 is associated with

FIGURE 1
Growth kinetics profile of Bacillus proteolyticus MITWPUB1 with
reference to its biosurfactant production as a function of time. All
values are the mean ± SD of three replicates. The error bars represent
standard deviations (SDs).

FIGURE 2
Impacts of different parameters on the emulsification index (EI): (A) effect of temperature (°C); (B) effect of pH; (C) effect of NaCl concentration (%,
w/v). All values are the mean ± SD of three replicates. The bar graphs having the same letters are not significantly different from each other at p ≤ 0.05.
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the hydroxyl (-OH) group, which denotes presence of sugar moieties
or the glycerol backbone. In some fatty acid chains, an alkyne (-C-C-
) group is present, which is indicated by the small peak at 2337 cm-1.
The C=O stretching vibrations in the peptide bonds of proteins and/
or ester bonds of lipids are responsible for the peak at 1635 cm-1. The
C-H deformation vibrations in alkanes or methyl groups or the
bending vibration of the carboxylate group in fatty acids is
responsible for the absorbance peak at 1439 cm-1. The peak
corresponding to C-H was determined at 954 cm-1. Another peak
corresponding to the chloroalkane (-C-Cl) group present in several
halogenated BSs was observed at 532 cm-1 (Figure 3).

3.4.3 Untargeted metabolite fingerprinting of BS
crude extract using LC-MS

Metabolite fingerprinting analysis was carried out using LC-MS
analysis. Several types of phospholipids, glycerolipids, glycolipids,
and sphingolipids were detected in this semi-targeted analysis.
Furthermore, the presence of peptides and a few amino acid
derivatives were found in the sample. Interestingly, the crude
extract of the BS also indicated the presence of polyamines
(spermidine, N-acetyl spermidine), carotenoids (7,8-
didehydroastaxanthin), and IAA derivatives. The complete list of
compounds detected in the crude extract is presented in
Supplementary Table S3. The mass spectrum of each identified
compound is shown in Supplementary Figure S3.

3.5 Impact of BS on growth of
phytopathogen S. rolfsii under in vitro
conditions

The inhibitory effects of the BS on the fungus S. rolfsii were
observed at concentrations of both 10 and 30 mg per mL. Through
the poison food technique, the zones of inhibition were observed.

Furthermore, the antifungal activity of the BS was more pronounced
at 30 mg per mL (Figure 4A). A similar pattern was observed for the
dry biomass assay. The dry weight of the fungal biomass (Figure 4B)
was shown to be more effectively reduced by a higher dose of the BS
(30 mg per mL), which was found to be statistically significant. The
effect of the BS on the fungus was clear in the SEM images. The
images of S. rolfsii treated with BS showed significant morphological
mycelial deformations, such as reduced thickness and formation of
lesions in the filaments (Figure 4C), which were not observed in
the controls.

3.6 Impact of BS on plant growth of B. juncea
var local

3.6.1 Plant toxicity assay
The impacts of the BS on the germination rates of B. juncea seeds

were observed at two concentrations; an enhancement of seed vigor
index was also observed with respect to the control. A more
pronounced effect was observed when the seeds were bacterized
with MITWPUB1 and pelleted with the BS of higher concentration,
such as 30 mg per mL, than with the concentration of 10 mg per
mL (Table 1).

3.6.2 Bioformulation studies and impacts on test
crop B. juncea var local and fungus S. rolfsii

The sawdust bioformulated with bacteria MITWPUB1 and
its BS showed a significant increase in the CFU per mL even after
240 h up to 360 h. These results were more significant in the
presence of the bacteria with its BS concentration at 30 mg per
mL (Figure 5; Supplementary Figure S4). The bacteria and BS
with the carrier bioformulation showed significant
enhancements to the root and shoot heights of the
plant (Table 2).

FIGURE 3
FTIR spectrum of the biosurfactant produced by Bacillus proteolyticus MITWPUB1.
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3.7 Potential bacterial isolate identification
and characterization

The bacterial isolate colony was found to be round, viscoid, and
slightly convex with a light pink pigmentation behavior (Table 3;
Figure 6A). The microscopic characteristics revealed that the cells in
the SEM images of the bacterial isolate were Gram-positive, non-
motile, rod-shaped (Figure 6B), and formed endospores. The
biochemical analysis of the isolate was positive for the catalase,
indole, nitrate reductase, gelatinase, and oxidase tests (Table 4). The
culture showed growth up to 4% NaCl with a pH range of 3–11. The
optimum conditions were found to be 37°C at 0% NaCl and pH 7
(Supplementary Table S4). Blast analysis of the 16S rRNA of the
MITWPUB1 sequences showed 99.2% similarity with the Bacillus

proteolyticus strain MCCC 1A00365; hence, MITWPUB1 was
identified as B. proteolyticus (Figure 6C), and its 16S rRNA
sequences were deposited in the NCBI database with the
accession number OQ726761.

4 Discussion

Hydrocarbons are some of the most prevalent environmental
pollutants that are spilled by intense industrial activities. In such
disturbed conditions, the growths of the macro and
microorganisms are affected severely. Microbes are ubiquitous
in nature and impact the environment in many positive and
negative ways. These organisms oversee many activities, such as

FIGURE 4
Antifungal activity of the biosurfactant in terms of percentage inhibition against (A) Sclerotium rolfsii mycelia radial growth with varying
concentrations of the biosurfactant produced by B. proteolyticus MITWPUB1; (B) S. rolfsii cell biomass with varying concentrations of the biosurfactant
produced by B. proteolyticus MITWPUB1. (C) Scanning electron microscopy of S. rolfsii under ×2,500 magnification. The error bars represent standard
deviations (SDs). All values are the mean ± SD of three replicates. The bar graphs having the same letters are not significantly different from each
other at p ≤ 0.05. Positive control, cycloheximide (5 mg per mL); negative control, distilled water; BS1, biosurfactant (10 mg per mL); BS2, biosurfactant
(30 mg per mL). Inset in A, representative photographs of the petriplate showing growth of S. rolfsii after 72 h (left) and reduced growth upon exposure to
the biosurfactant and positive control (right).

TABLE 1 Phytotoxicity of the biosurfactant produced by B. proteolyticus MITWPUB1 on the seeds of Brassica juncea var local.

Sr. No. Treatment Seed germination percentage (seed vigor index)

1 Control 20

2 Test 1–MITWPUB1 bacteria treatment 46

3 Test 2–MITWPUB1 bacteria treatment + biosurfactant (10 mg per mL) 55

4 Test 3–MITWPUB1 bacteria treatment + biosurfactant (30 mg per mL) 64
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nutrient cycling, which impact soil quality, health, and nutrient
enrichment. All these processes stimulate growth and productivity
while reducing diseases in plants (Nabi, 2023). However, isolating
organisms that possess the ability of hydrocarbon remediation
requires a niche environment. Numerous bacteria, including
Pseudomonas, Bacillus, Streptomyces, and Stenotrophomonas
species, have been reported by Cai et al. (2015) from a
hydrocarbon-contaminated site. Later, Shweta et al. (2021)
reported isolation of beneficial PGPRs from oil-contaminated
soil, but there are only limited reports available to date. In the
present study, all 14 bacterial isolates of hydrocarbon-
contaminated soil sites were found to have efficient PGP traits.

PGPB influences the growth of a plant directly and indirectly by
maintaining soil equilibrium, safeguarding the health of humans
and the environment (Pellegrini et al., 2023), and playing essential
roles in maintaining sustainability. IAA is a vital plant hormone that
promotes the number, size, weight, root hairs, and soil contact area
of the lateral roots of a plant (Chandra et al., 2018), which in turn
improves the colonization behavior of microorganisms and
enhances the plant’s nutrient availability (Chamkhi et al., 2022).
HCN is a significant metabolite that inhibits the growth of
deleterious microbes and impacts plant growth and productivity.
Tomaž and Aleš (2016) reported phosphorus availability by
rhizobacteria and noted that the plant hosts were improved by

FIGURE 5
Population density (CFU per mL (108) of MITWPUB1 in sawdust carrier material. The error bars represent standard deviations (SDs). T1, control
(bacteria); T2, sawdust + bacteria; T3, sawdust + bacteria + biosurfactant (30 mg per mL).

TABLE 2 Effects of inoculations of different treatments on the plant growth parameters of B. juncea var local.

Treatment Root length (cm) Shoot length (cm)

C1 2.5 ± 0.3c 9 ± 1.0b

C2 0.5 ± 0.2a 3 ± 0.5a

C3 3.4 ± 0.3d 18 ± 1.5cd

C4 4 ± 0.5d 19 ± 3.2d

P1 2 ± 0.2b 8 ± 2.5b

P2 4.5 ± 0.4e 22 ± 3.0d

P3 5.2 ± 0.3e 32 ± 3.0f

P4 3 ± 0.3cd 15 ± 2.5bc

P5 4.8 ± 0.5e 26 ± 2.6e

All values are given as mean ± SD. Values in the columns followed by the same letters indicate no significant differences (p ≤ 0.05) by Duncan’s multiple range test. Abbreviations: C1, non-

bacterized seed; C2, non-bacterized seed (MITWPUB1) with fungal suspension of S. rolfsii; C3, non-bacterized seed with biosurfactant (10 mg); C4, non-bacterized seed with biosurfactant

(30 mg); P1, bacterized seed (MITWPUB1) with fungal suspension of S. rolfsii; P2, bacterized seed (MITWPUB1) with biosurfactant (10 mg); P3, bacterized seed (MITWPUB1) with

biosurfactant (30 mg); P4, bacterized seed with biosurfactant (10 mg) and fungal suspension of S. rolfsii; P5, bacterized seed with the biosurfactant (30 mg) and fungal suspension of S. rolfsii.
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HCN generation. Phosphorus is the second most crucial
macronutrient required by a plant for its growth and
development after nitrogen (Lebrazi et al., 2020). In this study,
among the 14 bacterial isolates, B. proteolyticus MITWPUB1 was

found to be the highest producer of IAA and HCN as well as a
solubilizer of phosphorus, indicating its potential for use as a PGP
bacterial isolate.

It is widely acknowledged that microbes rely on hydrocarbons or
vegetable cooking oil as economical and renewable substrates for
large-scale BS production, especially the organisms in the Bacillus
sp. (Hisham et al., 2019); they use them as energy sources to produce
BSs (Varjani and Gnansounou, 2017). The genus and species of the
organism, as well as its culture conditions, significantly impact the
yield of the BS (Pardhi et al., 2020; Pardhi et al., 2022). To identify
the potential BSs, drop collapse and emulsification index were
reported as the most important tests (Walter et al., 2010; Shah
et al., 2016). According to research by Meena et al. (2021), microbes
with emulsification activities of at least 65% or more are reportedly
significant producers of BSs that can be used in multiple domains. In
the present study, the drop collapse test was found to be positive for
MITWPUB1 within 30 s, which highlights its efficient BS
production ability. Moreover, MITWPUB1 was reported to have
the highest emulsification index activity; therefore, MITWPUB1 was
selected for all further assays for its efficient PGP traits and BS
production. The BS produced by MITWPUB1 showed stable
emulsification at various conditions of pH 7 and 9, temperatures
37°C and 50°C, and 4% salinity. The stability of emulsification
highlights the ability of the bacterial isolate for use as a
remediator at sites contaminated with xenobiotic compounds.
Similar observations were reported for the BS from Bacillus
licheniformis DS1 by Purwasena et al. (2019) at high
temperature, varying pH, and increasing NaCl concentrations.

TABLE 3 Microscopic and macroscopic characteristics of B. proteolyticus
MITWPUB1.

Characteristic Result

Macroscopic characteristics

i. Size Small or medium (2–3 mm)

ii. Color White or light pink

iii. Margin Entire

iv. Shape Round (circular)

v. Elevation Slightly raised

vi. Consistency Viscid

vii. Opacity Opaque

Microscopic characteristics

i. Capsule Absent

ii. Endospore Present

iii. Motility Non-motile

iv. Gram nature Gram-positive

FIGURE 6
(A) Morphological traits of B. proteolyticus MITWPUB1 on LB agar plate incubated at 37°C for 24 h; (B) scanning electron microscopy of B.
proteolyticus MITWPUB1 on LB agar plate incubated at 37°C for 48 h. (C) Phylogenetic tree constructed using MEGA version 11. The bacterial isolate
showed 99.2% similarity with the members of the Bacillus genera.
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The BS showed spots for carbohydrate, lipid, peptide, and amino
acid moieties. The Rf values for the sugars, peptides, amino acids,
and lipids were found to be in accordance with the reports of
Banerjee and Ghosh (2021) and Balan et al. (2016). According to
Inès and Dhouha (2015), glycolipids are a form of BS made up of
lipid and carbohydrate moieties. The inclusion of lipid, protein,
amino acid, and peptide moieties emphasizes the presence of
lipopeptides as a form of BS (Carolin et al., 2021; Zargar et al.,
2022). It was discovered that the BS of MITWPUB1 contained a
combination of the glycolipid and lipopeptide classes, so additional
FTIR analyses of the BS were performed. The presence of the
glycolipid BS was suggested by the peaks at 3,404, 2,925, 2,856,
1,635, and 1,439 cm-1 (Patowary et al., 2017), which is consistent
with the findings of this investigation. In amine-containing groups, a
wide absorbance peak between 3,450 cm-1 and 3,220 cm-1 is typical
of N-H stretching vibrations, whereas the peaks close to 1225 cm-1

correspond to peptide ponds (Banerjee and Ghosh, 2021).
The results of LC-MS analysis also support the presence of

amino acids, peptide linkages, and lipid moieties, indicating that a
lipopeptide BS class was also produced by the bacterial isolate B.
proteolyticus MITWPUB1. The Bacillus sp. is known to produce
lipopeptides (Ndlovu et al., 2017) and a blend of BSs containing both
lipopeptides and glycolipids (Fangyu et al., 2013). The sample
showed the presence of different classes of phospholipids often
grouped under the lipopeptide class of BSs (Gayathiri et al., 2022).
Furthermore, both glycerolipids and sphingolipids were found in the
sample. The presence of different phospholipids, glycerolipids, and
sphingolipids as blends in the samples suggests possible
accumulation of particulate BSs in extracellular vesicles owing to
changes in the membrane composition of the Bacillus sp. under
exposure to hydrocarbons (Vinayavekhin et al., 2015). Monteiro

et al. (2007) reported that extracellular membrane vesicles partition
hydrocarbons to form microemulsions that play essential roles in
hydrocarbon assimilation and degradation. Considering B.
proteolyticus MITWPUB1 as an isolate of hydrocarbon-
contaminated soil, the addition of vegetable oil as a carbon
source in the MSM at the time of BS extraction impacted the
possibility of formation of particulate BSs by MITWPUB1.
Interestingly, LC-MS analysis also showed the presence of
lysophospholipids in the sample that can act as surfactants
(Stafford and Dennis, 1987). These surface-active compounds are
generated naturally in biological membranes by phospholipases. The
presence of bacterial ceramides, a class of sphingolipids, in the
sample also indicates the industrial potential of the bacterial BS
(Akbari et al., 2018). In addition to the BS, the isolate produces
polyamines, as found in the LC-MS analysis. The genes for
polyamine synthesis were also reported earlier in the BS-
producing B. aquimaris strain (Waghmode et al., 2017). Anwar
et al. (2015) reported that ethylene levels can be altered by these
metabolites to improve plant/root growth and development. LC-
MS-based metabolite profiling also indicates the presence of IAA
derivatives (Tang et al., 2023) and ACC (ethylene biosynthesis
intermediate), indicating their valuable role in PGP (Gamalero
et al., 2023).

Plants infected by pathogens can experience significant losses in
agricultural production ranging from 10% to 40% (Savary et al.,
2019). S. rolfsii is a resistant fungus that persists in soil through
sclerotia; synthetic chemicals have typically been used for decades to
control the disease, which have serious consequences in terms of
enhancing the resistance of the pathogen, altering the ecosystem
equilibrium, entering the food chain, and causing
biomagnification–bioaccumulation in the food web (Kim et al.,
2004). The growing demand for environmentally friendly
solutions in terms of biodegradability has emphasized the quest
for new biomolecules. BSs are an emerging class of biomolecules
with multifunctional abilities owing to their amphipathic moieties.
In the present study, the poison food technique exhibited dose-
dependent antifungal effects of the BS against S. rolfsii; the dose-
dependent trend noted in this study was also documented by
Karamchandani et al. (2022). In the present study, the dry weight
of the fungal biomass showed growth inhibition at two different BS
concentrations. The highest inhibition of 72% was observed at the
higher concentration of the BS. The BS decreases the effects of the
harmful bacteria by generating an antibiofilm layer on various
surfaces, which structurally destroys the intercellular net and
conidiophores, along with delaying or preventing sporulation,
thereby lowering the quantity of biomass generated (Gaikwad,
2023). Mycelial cells are said to be lysed from the action of the
BS, which destabilizes them by intercalating with the
phosphatidylcholine and phosphatidylethanolamine bilayers
(Abbasi et al., 2012; 2013; Sharma et al., 2021). Any disruptions
in fungal mycelia or their structural integrity may impact the ability
to spread and can be the reason for their non-survivability as fungal
mycelia perform a vital function in the asexual cycle that permit the
organisms to colonize and live. The amphiphilic properties of BSs
enable them to connect with plasma membranes, bind to pathogens,
and release their internal contents, leading to cellular lysis and
rupture (Crouzet et al., 2020; Kumar et al., 2021). The phospholipid
bilayer of the cell membrane is disrupted by mycelial thinning,

TABLE 4 Biochemical analysis of biosurfactant-producing isolate B.
proteolyticus MITWPUB1.

Test Result

Catalase test +

Oxidase test +

Indole test +

Methyl red test +

Voges–Proskauers test -

Citrate utilization test +

Hydrolysis of starch +

Gelatin hydrolysis test +

Nitrate reduction +

Glucose A

Sucrose A

Lactose A

Maltose AG

Mannitol AG

Sorbitol AG

+, positive; -, negative; A, acid; AG, acid/gas.
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which can result in the loss of electrolytes, protein, and DNA (Borah
et al., 2016; Monnier et al., 2019). In this study, mycelial thinning
along with other structural deformations are clearly observed in the
SEM images, supporting the impact of the BS in reducing the
survivability of S. rolfsii.

The BS of the bacteria MITWPUB1 was tested to identify its
toxicity in the plant B. juncea var local. The seeds coated with the BS
had enhanced germination rate by 64% with respect to the control,
indicating that the BS is not toxic to the plant. A higher
concentration of the BS enhances the viability and colonization
ability, which may be some of the major factors in enhancing seed
germination and vigor index. This study shows that the BS can be
utilized effectively to improve plant germination. Oluwaseun et al.
(2017) reported similar findings for the BS isolated from
Pseudomonas aeruginosa C1501 in promoting root elongation of
plants; in their study, sawdust proved to be nontoxic to bacteria and
successfully helped the organism maintain its viability. An increase
in the CFU per mL highlights the nontoxicity of the carrier material
(Kolet, 2014); this is a vital parameter that helps the organism to
enhance plant growth development and production while
maintaining the equilibrium status of the soil (Arora et al., 2014).
In the BS-amended bioformulation, the CFU per mL was not
reduced even after 240 h of incubation. The emulsifying
capabilities of the surfactant, which provide desiccation
protection, may be the reason for this optimum viability.
Emulsification protects the bacteria against desiccation and death,
enhancing the effectiveness of the biocontrol agent, according to
extant studies (Laskowska and Kuczyńska-Wiśnik, 2020). Although
the involvement of the BS in PGP and production are not extensively
documented, the viability of the bacteria in the bioformulation
determines the fate of the organisms in terms of their PGP
features. Stringlis et al. (2018) reported that microbes producing
BSs utilize them to enhance their motility, nutrient transport,
competitive colonization, and microbe–host interactions. As less
information is available in this regard, the topic is still open for
investigation. Microbes colonize many different parts of the plants
and show positive interactions that enhance plant growth and
productivity. In this study, B. proteolyticus MITWPUB1 was
found to effectively produce primary and secondary metabolites,
such as IAA and HCN, while also aiding solubilization of
phosphates. B. proteolyticus as a PGPR has been documented by
a few researchers (Saran et al., 2020; Jasrotia et al., 2021; Li et al.,
2023; Yang et al., 2023). Their results also indicate the potential for
developing a bioinoculant-based bioformulation using B.
proteolyticus MITWPUB1.

Plants growing in hydrocarbon- or pesticide-contaminated sites
often have less growth and productivity. Hence, a metabolite that
can remediate the concentration of pollutants is essential for the
health of the plants, soil, and ecosystem. Reports by Awada et al.
(2011) and Gayathiri et al. (2022) highlight the efficiency of BSs
when used as emulsifiers to reduce hydrocarbon concentrations;
they can also be used as adjuvants for pesticide formulations.
Numerous investigations have identified the importance of BSs as
chelating agents, with the potential to bind with trace elements to
enhance the soil’s micronutrient bioavailability (Sachdev and
Cameotra, 2013; Singh et al., 2018). Additionally, these BSs are
excellent dispersing agents owing to their potent penetrating action,
wetting, and amphiphilic qualities (Plaza and Achal, 2020). These

qualities could greatly benefit bioformulations by assisting PGPB in
colonizing plant roots while making phytohormones and other
metabolites accessible to the plant. Mishra et al. (2020) reported
the dynamic interplay of bacteria with PGP traits and BS production
ability. As BSs are safe and biodegradable, it has been recommended
that BS-based bioinoculants and bioformulations be implemented in
the intricate rhizosphere environment (Santos et al., 2016).

It is possible to use BSs in three different forms: crude, refined, or
combined with bacteria that produce them (Eras-Muñoz et al.,
2022). In this study, the plant growth was improved and
infection by S. rolfsii was reduced through the use of the crude
BS and bacteria in a sawdust-based bioformulation. Using bacteria
with PGP traits and BS production abilities offers a potential remedy
by releasing essential biomolecules into the soil to maintain
environmental sustainability. B. proteolyticus
MITWPUB1 showed positive response in enhancing the seed
germination rate. Yang et al. (2023) reported that the B.
proteolyticus strain OSUB18 has the ability to increase induced
systemic resistance in the Arabidopsis plant. Thus, B.
proteolyticus MITWPUB1 that produces a BS to combat fungal
phytopathogens can be used as a model for controlling their
pathogenicity. Formulations based on PGP traits with BS may be
used as biological replacements for chemical inputs in agricultural
practices, with the additional advantages of increased performance
and bacterial colonization in plant roots. Green surfactant-based
products and formulations are required extensively in agriculture
and agrochemical firms for significant contributions toward
maintaining sustainability and green goals. The market for such
products is increasing rapidly and is predicted to increase
exponentially in the coming years (Hamid et al., 2021). Carbon
dioxide emissions are a major cause of climate changes that
consequently affect plant productivity and the environment
drastically. Replacing synthetic or fossil-derived surfactants could
reduce CO2 emissions by 8% and prevent the release of nearly
1.5 million tons of CO2 into the atmosphere (Silva et al., 2024). This
extensive drop in CO2 can play a significant role in the SDG
13 climate action in the context of carbon neutrality (Miao et al.,
2024), which can make the environment more sustainable in the
future. Bioformulations containing BSs can be used as dispersants
and carriers for PGP microorganisms, in which they work as
emulsifiers or wetting and dispersion agents that have
antibacterial, insecticidal, and antiviral effects (Arora and Mishra,
2016). This enhances the soil quality, aggregation, and structure to
increase nutrient availability, improve soil remediation, promote
microbial activity, facilitate plant–bacterial interactions, increase
water retention, and foster plant growth and immunity (Khare
and Arora, 2021; Kumar et al., 2021; Datta et al., 2023; Silva
et al., 2024). These significant effects are a strong reason for
transforming the manner in which food is produced and
consumed globally and can play vital roles as gamechangers for
accomplishing food security (SDG 2) (Arora and Mishra, 2023).
Additionally, there is an urgent need to identify more potential
nonpathogenic strains with PGP traits and BSs, which could herald a
major paradigm shift (Mishra et al., 2020) to accomplish
sustainability development goals. It is expected that the global
market for BSs will increase at a compounded annual growth
rate of 5.80% between 2024 and 2032, achieving profits of
approximately USD 4.33 billion by 2032 (TechSci Research,
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2023), which can be a significant factor in enhancing the capital gain.
B. proteolyticus has antioxidant and probiotic properties (Li et al.,
2019; Zeng et al., 2021; Sathiyaseelan et al., 2022) that allow its use as
a model test organism against the proliferation of other
phytopathogens to enhance plant productivity in a
sustainable manner.

5 Conclusion

In this research, B. proteolyticusMITWPUB1 was shown to have
the ability to produce BSs as well as an array of other PGP traits,
demonstrating its value as a bioinoculant for increasing soil and
plant production. Thus, this work highlights the potential for
development of biostimulants that act as green alternatives to
conventionally used chemical fertilizers and pesticides. According
to the sustainability development goals, there is a vital requirement
to implement green compounds to achieve and maintain
sustainability in the environment. Despite the benefits of BSs,
their applications in the agrochemical industries are constrained.
The precise functions of surfactants as biocontrol facilitators are not
adequately understood and require further research. It would be
intriguing to investigate the possibility of rhizoremediation and
phytoremediation using a potential BS-producing isolate with
PGP traits, like B. proteolyticus MITWPUB1, on crops
experiencing abiotic and biotic stresses. Consequently, to mitigate
the harmful effects of synthetic surfactants, there should be more
emphasis on green surfactants. However, more research is needed to
identify BSs and their interactions with other plants, deleterious
microbes, and other PGP metabolites to enhance the applicability of
such multifunctional molecules.
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