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Abstract: In a scenario of increasing alarm about food waste due to rapid urbanization, population
growth and lifestyle changes, this study aims to explore the valorization of waste from the retail
sector as potential substrates for the biotechnological production of biosurfactants. With a perspective
of increasingly contributing to the realization of the circular bioeconomy, a vegetable juice, derived
from unsold fruits and vegetables, as a carbon source was used to produce lipopeptides such as
surfactin and fengycin. The results from the shake flask cultivations revealed that different concentra-
tions of vegetable juice could effectively serve as carbon sources and that the fed-batch bioreactor
cultivation strategy allowed the yields of lipopeptides to be significantly increased. In particular,
the product/substrate yield of 0.09 g/g for surfactin and 0.85 mg/g for fengycin was obtained with
maximum concentrations of 2.77 g/L and 27.53 mg/L after 16 h, respectively. To conclude, this study
provides the successful fed-batch cultivation of B. subtilis using waste product as the carbon source to
produce secondary metabolites. Therefore, the consumption of agricultural product wastes might be
a promising source for producing valuable metabolites which have promising application potential
to be used in several fields of biological controls of fungal diseases.

Keywords: surfactin; fengycin; lipopeptides; secondary metabolite; biosurfactant; circular bioeconomy;
fed-batch fermentation

1. Introduction

Due to rapid population growth and urbanization, coupled with industrial develop-
ment and changing lifestyles, food waste (FW) is now a global challenge [1]. Food waste,
as defined by the Food and Agriculture Organization (FAO), refers to food fit for human
consumption that has been discarded, regardless of whether it has passed its sell-by date or
has deteriorated [2]. Approaching the issue of food waste, the problem lies not only on an
economic and ethical level but also on an environmental level [3]. Landfilling is one of the
oldest and most traditional ways of dealing with FW. However, this method of disposal
contributes to global greenhouse gas emissions and consequently to climate change [1,4–6].

According to UNEP’s Food Waste Index Report, 931 million tons of food were gener-
ated in 2019, accounting for 17% of the global food production [7]. In particular, more than
58 million tons of food waste are generated each year in the European Union, corresponding
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to 131 kg of food waste per capita [8]. This staggering amount of food waste not only repre-
sents a significant loss of resources but also has considerable economic and environmental
implications. The Food and Agriculture Organization (FAO) has reported that the global
full costs of food wastage amount to about USD 2.6 trillion per year, encompassing USD
700 billion in environmental costs and USD 900 billion in social costs [9]. This highlights the
critical need for effective food waste management strategies along the entire food supply
chain, where retail plays a significant role [10]. At this level, fresh fruit and vegetables were
identified as the main retail food waste [11,12]. In this respect, Scholz et al., taking six stores
over a period of three years, found that 85% of the wasted mass was fruit and vegetables, to-
taling 1340 tons [13]. Although in the waste management hierarchy the ‘prevention’ option
is the most desirable, thinking about the reuse of unavoidable FW is an appropriate option
for addressing the food waste challenge [14]. Fruit and vegetable wastes contain various
free sugars, such as glucose, fructose and sucrose, which can be used as carbon sources
for bacterial fermentation [15]. They therefore represent a potential feedstock that can be
efficiently exploited for the biotechnological production of bio-based chemicals [16–18].
The efficient use of resources as well as the reduction in environmental impact are the basis
for the development of waste biorefineries. In this context, the concepts of circular economy
and bioeconomy converge, giving rise to the emerging term ‘circular bioeconomy’, which
challenges the conversion of waste biomass into high-value chemicals [6,19,20].

In recent decades, biosurfactants have been recognized as one of the most promising
classes of molecules due to their wide range of applications [21]. It has been estimated
that the global biosurfactant market will grow to USD 1.4427 billion in 2026 [22]. In this
context, lipopeptides such as surfactin and fengycin, originally identified as secondary
metabolites produced by Bacillus subtilis, are one group of the most effective biosurfactants
reported to date [23]. These are compounds characterized by a lipophilic fatty acid chain
and a hydrophilic peptide ring. Due to their amphiphilic structure, lipopeptides possess
several bioactivities such as antibacterial, antifungal, antiviral and antitumor activities,
and therefore, they are of high interest for the chemical, agricultural, pharmaceutical and
food industries [24–26]. Moreover, thanks to their remarkable surface properties, they are
increasingly of interest in the cosmetic field [27]. Interestingly, various wastes have recently
been studied, e.g., date molasses [28], white bean powder [29], brewery waste [30] and corn
steep liquor [31], as a carbon source for Bacillus growth and lipopeptide production. By
using brewery waste, a maximum biosurfactant titer of 657 mg/L was obtained, whereas a
higher titer was reached with white bean powder and date molasses (1.17 g/L and 2.29 g/L
of surfactin, respectively). Furthermore, by adding corn steep liquor with micronutrients
such as Mn2+, Mg2+ and Fe2+, the amount of surfactin produced was increased to 4.8 g/L.
This interest in finding suitable waste substrates is explained by the fact that the production
cost of a biosurfactant is currently higher than that of synthetic products, and the use of
waste as a substrate can significantly reduce the overall process costs [30,32].

Furthermore, although the alternative above-mentioned substrates have proven their
worth, they have only been tested in flask cultivation, and more efficient fermentation
strategies, such as fed-batch cultivation, remain largely unexplored for most of the waste
substrates studied so far in the scientific literature.

B. subtilis, belonging to the genus Bacillus, has a fully sequenced genome that has
efficient secretion pathways for the transport of secondary metabolites in the extracellular
space. For these reasons, B. subtilis lends itself to genetic engineering studies [32].

Recently, Vahidinasab et al. modified the Bacillus subtilis 3NA to obtain the sfp+
derivative (BMV9), which showed good surfactin and fengycin biosynthesis capabilities
when cultivated in Mineral Salt Medium (MSM) using glucose as a carbon source [33].

Whole genome sequencing of B. subtilis 3NA is available, and it is characterized as
a hybrid strain with genetic features of the model strains B. subtilis 168 and W23. Strain
3NA is known as a non-sporulation strain suitable for the high-cell-density fed-batch
cultivation of bacteria due to a mutation in the spo0A gene [34]. However, the strain BMV9
has not yet been investigated for the production of lipopeptides using an alternative growth
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medium, such as waste carbon sources, thereby proposing a novel approach to biowaste
utilization. Therefore, this study aimed to evaluate the ability of B. subtilis BMV9 to grow
and produce lipopeptides using an alternative growth medium obtained from unsold fruit
and vegetables from a local supermarket (vegetable juice, VJ). In addition, the efficacy of
a fed-batch fermentation strategy in enhancing the lipopeptide yield and reducing the
fermentation time, aligning with sustainability goals, has been investigated. Finally, the
lipopeptides obtained from the FW waste medium were characterized by LC-MS.

2. Materials and Methods
2.1. Bacterial Strain and Media

The strain used in this study was Bacillus subtilis BMV9 [33]. The Mineral Salt Medium
(MSM) used to carry out flask cultivation tests was described by Wenzel et al. [35] and it
consisted of 1 g/L (NH4)2-H-citrate, 2 g/L Na2SO4, 2.68 g/L (NH4)2SO4, 0.5 g/L NH4Cl,
14.6 g/L K2HPO4, 4 g/L NaH2PO4 × H2O, 1 g/L MgSO4 × 7 H2O and 3 mL/L Trace
Elements Solution (TES). The trace element solution consisted of 10.05 g/L Na2EDTA, 0.5
g/L CaCl2, 8.35 g/L FeCl3, 0.1 g/L MnSO4 × H2O, 0.18 g/L ZnSO4 × 7 H2O, 0.16 g/L
CuSO4 × 5 H2O and 0.18 g/L CoCl2 × 6 H2O. All chemicals were purchased by Carl Roth
GmbH + Co. KG (Karlsruhe, Germany). Standard of surfactin and fengycin were provided
by Sigma-Aldrich, St. Louis, MO, USA and Lipofabrik, Lesquin, France respectively. The
vegetable juice was supplied by the research and development network “Neues Kreislauf-
system 2 + 12” (Aulendorf, Germany). It consists of a mixture of vegetable and fruit waste
collected from German supermarkets. It is likely that the fruit and vegetables had entered a
short spontaneous fermentation before being pressed due to the traces of lactic acid within
the VJ. The vegetable juice was centrifuged at 10,000× g for 30 min to remove the solid
particles. The supernatant was collected and used in this study. The exact composition
of the vegetable juice used in this study was performed by an external laboratory and is
shown in Table 1.

Table 1. Composition of vegetable juice.

Parameter Concentration

Total nitrogen (g/100 g) 0.90 ± 0.10
Fructose (g/100 g) 2.89 ± 0.28
Glucose (g/100 g) 1.96 ± 0.23
Sucrose (g/100 g) 0.12 ± 0.02

Mineral composition (mg/kg):
Copper 0.274 ± 0.107

Zinc 0.596 ± 0.206
Calcium 112 ± 15

Iron 0.972 ± 0.312
Magnesium 43.10 ± 5.60
Potassium 1060 ± 140
Manganese 1.13 ± 0.35

Organic acids (g/L):
Maleic acid 0.914 ± 0.01
Lactic acid 0.089 ± 0.03
Formic acid 0.089 ± 0.01

Sugars analysis was performed following the Accredited Test Procedure: 07(S46)
Rev. 10 2012-GC-FID. The nitrogen content was determined by the Kjeldahl method. The
mineral composition was investigated following the Accredited Test Procedures 05(ICP-MS)
2021 Rev.4 for copper, zinc, iron and manganese and 05(ICP-OES) 2019 Rev.2 for calcium,
magnesium and potassium. The organic acids were identified with a column BioRad
Aminex HPX-87H, 300 × 7.8 mm (Bio-Rad Laboratories, Inc. Hercules, CA, USA) in a
Merck Hitachi Primade HPLC system. As an eluent, bi-distilled and degassed water was
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diluted with sulfuric acid (4 mM). The column was operated at 25 ◦C with a flow rate of
0.65 mL min−1.

2.2. Shake Flask Cultivation

The effect of the vegetable juice concentration (VJ) on the lipopeptides production by
B. subtilis BMV9 was studied in shake flask cultures using 25%, 45%, 70% and 90% VJ in
the fermentation medium (Table 2). MSM salts were added to each medium in the same
amounts, but with no additional sugars. MSM added with 20 g/L glucose was used as a
control. The pH of each medium was set to 7.

Table 2. Composition of media used in shake flask cultivation.

Medium Composition

100% MSM - 100 mL MSM (+20 g/L Glucose)
90% VJ 90 mL of VJ 10 mL dd-water + salts
70% VJ 70 mL of VJ 30 mL dd-water + salts
45% VJ 45 mL of VJ 55 mL dd-water + salts
25% VJ 25 mL of VJ 75 mL dd-water + salts

For the pre-culture preparation, 10 µL of B. subtilis BMV9 glycerol stock solution was
used to inoculate 10 mL LB broth (10 g/L Tryptone, 5 g/L Yeast extract, 5 g/L NaCl) in a
baffled flask, which were incubated overnight at 37 ◦C and 120 rpm. After the incubation
period, the bacterial suspension was used to inoculate each media to an initial OD600 of
0.1. The main cultivations were carried out in 1L baffled flasks with a working volume of
100 mL at 37 ◦C and 120 rpm for 48 h. Samples were taken every 3 h during the fermentation
process. The shake flask cultivations were performed in triplicate.

2.3. Fed-Batch Cultivation

For the fed-batch cultivation, the first pre-culture was obtained by inoculating 10 mL
of LB with 10 µL of B. subtilis BMV9 glycerol stock solution. After 12 h of incubation at
37 ◦C and 120 rpm, it was used to inoculate the second pre-culture (100 mL of 25% VJ
broth, OD600 of 0.1), which was incubated in the same conditions for 10 h to reach the log
phase. This bacterial suspension was used as an inoculum for fed-batch fermentation with
a starting working volume of 5-L of 25% VJ medium and a starting OD600 of 0.1.

Cultivation was carried out in a 10 L bioreactor (ZETA GmbH, Graz/Lieboch, Austria)
at 37 ◦C with a stirring rate of 300 rpm using Rushton turbines. Dissolved oxygen levels
were maintained at a minimum of 50% by using an internal probe, through the adjustment
of the stirrer speed and aeration rate. The values of pH were kept constant to 7 (feeding 20%
(v/v) NH3) by using an internal probe. The flow rate was 10 NL/min. Samples were taken
every 2 h during the batch phase. When the carbon substrates were completely depleted,
the fed-batch phase was started by exponentially pumping the 2 L Feed solution consisting
of undiluted VJ, 12 g L−1 MgSO4 and 120 mL L−1 TES. The feed rate was calculated using
the equation reported by Klausmann et al. [36].

Since the calculation of the initial feed rate is linked to the biomass reached at the end
of the batch phase, this value was calculated specifically for each fed-batch cultivation.

Samples were taken every hour until the feed was depleted. As methods of protection
against overfoaming, a foam centrifuge, a foam trap in front of the exhaust gas filter and the
antifoam agent Contraspum A4050 (Zschimmer & Schwarz GmbH, Lahnstein, Germany)
were used. Three independent experiments were performed.

2.4. Lipopeptides Extraction

Samples from the shake flask cultivation were centrifuged for removing the biomass.
The cell-free supernatant was mixed three times with the extraction solvent, consisting of
chloroform/methanol (2:1, v/v). Then, the mixture was vortexed for 1 min and centrifuged
at 3000 rpm for 5 min to facilitate the phase separation. The organic phases were collected
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and evaporated under vacuum at 45 ◦C and 10 mbar for 1 h. Once the organic phases were
evaporated, the residues were solubilized in methanol and further analyzed by HPTLC to
quantify surfactin and fengycin [33].

2.5. LC-MS/MS Analyses of Lipopeptides

LC-MS/MS analyses of lipopeptides were performed as described previously [37],
with minor modifications. In brief, LC-MS/MS analyses were performed on a 1290 UH-
PLC system (Agilent, Waldbronn, Germany) coupled to a Q-Exactive Plus Orbitrap mass
spectrometer source (Thermo Fisher Scientific, Bremen, Germany). Analyte separation was
achieved by an ACQUITY CSH C18 column (1.7 µm, 2.1 µm × 150 mm, Waters, Eschborn,
Germany). The samples were analyzed in triplicate, and 15 µL of each sample was injected.
Mobile phase A was 0.2% formic acid in water, and mobile phase B was 0.2% formic acid in
acetonitrile using a constant flow rate of 0.3 mL/min.

The HESI source was operated in positive ion mode with a spray voltage of 4.20 kV.
Mass spectra were acquired within the mass range of 500 to 1700 m/z at a resolution of
70,000 FWHM using an Automatic Gain Control (AGC) target of 5.0 × 106 and a 200 ms
maximum ion injection time (MIT). Data-dependent MS/MS spectra in a mass range of 50
to 1500 m/z were acquired for the five most abundant precursor ions with the following
settings: fixed first mass 50 m/z, resolution 17,500 FWHM, AGC target 5.0 × 106, 200 ms
MIT and a stepped collision energy of 15, 30 and 45. Xcalibur™ software version 4.4.16.14
(Thermo Fisher Scientific, San Jose, CA, USA) was used for the data acquisition and
data analysis. Peak areas of individual lipopeptides were calculated using extracted ion
chromatograms (XICs) of the corresponding precursor ions. The assignment of individual
lipopeptides was based on the precise m/z value of the precursor ion, the manual inspection
of the corresponding MS/MS spectra and a comparison with available MS/MS spectra
from the literature [37].

2.6. Other Analytical Analysis

The samples taken were analyzed for OD600, sugars, surfactin and fengycin concen-
tration. OD600 was determined spectrophotometrically. Uninoculated VJ at the same
concentration as the tested media was used as a blank. Surfactin and fengycin were ana-
lyzed with an HPTLC system (CAMAG, Muttenz, Switzerland) using a validated method,
as described previously [38]. Glucose, fructose and sucrose concentrations were deter-
mined by using a specific enzymatic kit from R-Biopharm (Darmstadt, Germany), carefully
following the manufacturer’s instructions. Data were reported as the mean value ± SD.

2.7. Data Analysis

The yield product per biomass (Yp/x) [Equation (1)] and product per substrate (Yp/s)
[Equation (2)] were calculated at maximum surfactin and fengycin concentrations. The yield
biomass per substrate (Yx/s) [Equation (3)] and specific growth rate (µ) [Equation (4)] were
calculated at a maximum cell dry weight (CDW). For the CDW calculation, the correcting
factor of 4.31 was used. The specific productivity (qp/x) [Equation (5)] was calculated by
dividing Yp/x per hours of fermentation (timelipopeptide max − timelipopeptide 0) [39].

Yp/x =
mLipopeptide max − mLipopeptide t0

mCDWLipopeptide max − mCDWt0

(1)

Yp/s =
mLipopeptide max − mLipopeptide t0

∆S
(2)

Yx/s =
mCDWmax − mCDWt0

∆S
(3)

µ =
ln mCDW max

mCDW t0

tCDW max − tCDW t0
(4)
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qp/x =
Yp/x

∆t
(5)

3. Results and Discussion
3.1. Shake Flasks Cultivation Using VJ as a Carbon Source

Vegetables and fruits contain three main sugars: fructose, glucose and sucrose, which
are actually present in VJ. For this reason, VJ was tested for its potential as a carbon source
for microbial lipopeptides production.

At the start of the study, B. subtilis BMV9 was cultivated in shake flasks using an MSM
with different concentrations of VJ serving as the carbon source in order to identify the
optimal concentration of VJ for lipopeptides production.

In Figure 1, where the cultivation patterns are shown, it can be seen that the increased
percentage of vegetable juice in the medium corresponds to a higher presence of available
sugars. Previously, a study conducted on 13 strains of B. subtilis showed that all three sugars
(glucose, fructose and sucrose) present in the VJ matrix under study could be metabolized
to produce surfactin [40]. As is shown in Figure 1, these sugars are also substrates of B.
subtilis BMV9 since, in all the flask tests, they were almost completely consumed within
27 h in the culture medium with VJ dilutions of 90% and 70% and within 24 h in the culture
medium with VJ dilutions of 45% and 25%. However, in this study, the carbon substrates
within the media have been consumed differently by B. subtilis BMV9. Sucrose was the
most rapidly metabolized sugar, as can be observed in the media at 90 and 70% VJ. It is
indeed completely consumed within 12 h, even during the lag, and this trend is confirmed
by Nitschke et al., who found in cassava water a more rapid consumption of sucrose than
of fructose and glucose by B. subtilis, going from 20.0 to 1.13 g/L in 12 h [41]; similarly, in
another study, it was observed that in the presence of both glucose and sucrose, B. subtilis
consumes the latter faster [42].
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Figure 1. Cultivation pattern of B. subtilis BMV9 growing on media composed of different percentages
of VJ. The shake flask cultivations were conducted in VJ at a concentration of 90% (A), 70% (B), 45% (C)
and 25% (D). The same experiment was also conducted using MSM + 20 g/L glucose as a control (E).

In media with lower VJ percentages, the dilution effect did not allow the presence of
sucrose to be detected (Figure 1C,D). The other two carbon substrates in the media, glucose
and fructose, with the exception of a few fluctuations, started to be consumed at the end of
the lag phase.

The main difference between media composed of different percentages of food waste
is therefore the initial concentration of sugars (glucose, fructose and sucrose), which deter-
mines differences in terms of bacterial biomass. Regarding this parameter, as can be seen in
Figure 1C, in the 45% VJ medium (41.76 g/L of total starting sugars), the bacteria reached
an optical density (OD600) of 20.33 after 24 h of incubation, quite similar to that found
after 27 h (OD600 = 24) in the MSM control medium using glucose as the carbon source
(Figure 1E), despite the fact that, in the latter case, the amount of starting sugars were half
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of that in the former (22.31 g/L). In contrast, half of the biomass was unexpectedly found in
the 25% VJ medium, even though there were 19.38 g/L of starting sugars in this medium,
and we would have expected OD600 values comparable to those of the control. However,
in the 25% VJ medium, B. subtilis reached the maximum OD600 (12.33) in only 12 h and
then entered the stationary phase, even in the presence of a low concentration of available
sugars. In the study conducted by Maliheh et al., the same strain cultured in MSM medium
with 20 g/L glucose and 50 mM urea gave similar optical density values but over a much
longer period of time of 32 h from the start of fermentation [33].

Increasing the percentage of VJ in the culture medium to 70% (total starting sugars:
59.61 g/L) resulted in an optical density of 30.33 after 30 h of incubation; by increasing the
amount of VJ further to 90% and consequently increasing the starting sugars to 73.36 g/L,
a similar result (OD600 = 31) was obtained in the same time frame. This could be related to
the fact that excessive glucose concentrations have been observed to negatively influence
the growth behavior of B. subtilis [43]. It is therefore possible to state that the decrease in
the concentration of the starting sugars in media containing VJ led in turn to a decrease in
the producible bacterial biomass.

The detailed bacterial growth curve of B. subtilis BMV9 on different VJ media and in
MSM is reported in Figure S1.

On the other hand, the reduction in total starting sugars did not affect the total
production of lipopeptides by Bacillus subtilis BMV9. As a matter of fact, in all the graphs
shown in Figure 1, it can be seen that the production of the two lipopeptides is almost
equivalent in all media, including the control medium.

Regarding the fermentation trend, in the medium consisting exclusively of MSM,
B. subtilis started to produce surfactin after 8 h of incubation, and production continues
throughout the exponential growth phase, stopping at the beginning of the stationary
phase. Unlike surfactin, fengycin was produced shortly after the bacterium entered the
log phase, i.e., after 12 h. However, its production did not continue with the onset of the
stationary phase of B. subtilis BMV9. According to the classification proposed by Jitendra
et al., these two biosurfactants can be identified as growth-associated metabolites, as there
are clear correlations between bacterial growth, the utilization of available substrates
and biosurfactant production [44]. Such growth-associated biosurfactant production has
already been observed in other Bacillus species [45,46]. Similar patterns were found in all
of the media tested with the exception of the 25% VJ medium, where the fermentation
appeared to follow a different course, as lipopeptides continued to be produced in the initial
stationary phase. An increase in biosurfactant levels in the stationary phase of growth is
commonly associated with “production under growth-limiting conditions”. This trend is
quite common in Pseudomonas spp. [44,47] but has also been observed in Bacillus subtilis
ATCC 21332 [48].

Focusing on the maximum concentrations of surfactin and fengycin produced in shake
flasks, an increase in carbon substrates may have a positive effect on the production of
growth-associated metabolites. However, in this study, increasing the percentage of VJ in
the fermentation medium did not lead to an increase in lipopeptide production.

With regard to surfactin, similar maximum concentrations were found in the 25, 45
and 90% media (1.30, 1.36 and 1.31 g/L, respectively). The 70% VJ medium allowed B.
subtilis BMV9 to produce greater quantities of this lipopeptide up to 1.64 g/L. However,
comparing the surfactin values obtained with the different VJ-based media, the yields were
comparable to those of the MSM medium (1.41 g/L). A similar trend was also observed for
fengycin, with a slightly higher maximum concentration in 70% VJ medium (12.52 mg/L)
and similar, slightly lower concentrations in media composed of 25% (11.00 mg/L), 45%
(10.42 mg/L) and 90% (9.82 mg/L) VJ. As in the previous case, no significant differences
were found between the fengycin concentrations in the media composed of food waste and
the control medium (10.28 mg/L).

As can therefore be seen in Figure 1, in this study, there is no direct correlation between
the increase in carbon substrates and the production of lipopeptides by B. subtilis BMV9.
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Rather, there was a minimal, though not significative, increase in lipopeptide biosynthesis
from 25% VJ to 70% and a slight decrease by increasing the percentage of VJ to 90%.

Over the years, several studies have attempted to investigate the effect of the initial
concentration of glucose as a carbon source in the fermentation medium on biosurfactant
production. For example, Hesty et al. studied the effect of the initial glucose concentration
on surfactant production by Bacillus sp. BMN 14 and found that increasing the glucose
concentration from 10 to 50 g/L did not result in a substantial increase in biosurfactants
production. Furthermore, increasing the glucose concentration up to 70 g/L even led to a
reduction in biosurfactant production, probably due to an osmotic-type phenomenon [49].

Moreover, Saúl et al. observed that increased glucose concentrations over 10.5 g/L
did not lead to higher surfactin titers, suggesting that carbon-limited conditions may
improve surfactin production abilities in B. subtilis cells [50]. Furthermore, it seems that
the correlation between the increase in the carbonaceous substrate in the medium and
the production of biosurfactants is dependent on the strain under investigation; indeed,
Abushady et al. observed a linear increase in the surfactin concentration by increasing the
initial glucose concentration in B. subtilis (BBk1) AB02238-1, but not in AB01335-1. In both
cases, however, again, increasing the glucose concentration above 30 g/L did not lead to
an improvement in lipopeptides production [47]. Yeh et al. hypothesized that glucose at
certain concentrations may act as a limiting factor for surfactin production [51].

Shifting the focus to fengycin, Noomen et al. also found a limiting effect exerted
by glucose on fengycin production, concluding that high glucose concentrations are not
adequate for biosurfactant synthesis [52]. However, in the VJ media tested, another car-
bon source represented by fructose is present, which has been described as a substrate
promoting fengycin synthesis in Bacillus amyloliquefaciens [53] but inhibiting it in Bacillus
circulans [54]. Unfortunately, from our knowledge, no detailed studies are available to date
on the influence of the initial concentration of various carbon substrates on the biosynthesis
of fengycin and surfactin in B. subtilis.

The overview of the production parameters of the lipopeptides surfactin and fengycin
by B. subtilis BMV9 in shake flask cultures using different media obtained from VJ is shown
in Table 3.

Table 3. Comparison among media composed of different percentages of VJ in terms of the spe-
cific growth rate (µ), yield biomass/substrate (Yx/s), yield product/substrate (Yp/s), yield prod-
uct/biomass (Yp/x) and specific productivity product/biomass (qp/x).

Surfactin Fengycin

µ (h−1) Yx/s (g/g) Yp/s (g/g) Yp/x (g/g) qp/x (g/g·h) Yp/s (mg/g) Yp/x (mg/g) qp/x
(mg/g·h)

MSM 0.193 0.188 0.046 0.263 0.009 0.369 1.886 0.079

90% VJ 0.172 0.075 0.011 0.184 0.006 0.080 1.580 0.033

70%VJ 0.170 0.085 0.021 0.249 0.01 0.126 2.209 0.046

45% VJ 0.206 0.088 0.021 0.323 0.01 0.253 2.288 0.095

25% VJ 0.368 0.240 0.054 0.568 0.02 0.457 4.809 0.200

Taking the media obtained from the food waste into consideration, a trend can be
observed: as the percentage of VJ within the medium decreased, there was a progressive
improvement in all calculated parameters.

There is a gradual increase in the biomass/substrate yield (Yx/s) from 90% (0.075 g/g)
to 25% (0.240 g/g). The same is also true for the product/biomass yield (Yp/x): with a
VJ percentage of 90% within the medium, the Yp/x value is 0.184 g/g for surfactin and
1.580 mg/g for fengycin; these values increased in fermentations conducted with media
containing 70% (surfactin: 0.249 g/g; fengycin: 2.209 mg/g) and 45% (surfactin 0.323 g/g;
fengycin 2.288 mg/g), reaching further increased values in the 25% VJ medium with Yp/x
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(surfactin) equal to 0.568 g/g and Yp/x (fengycin) equal to 4.809 mg/g. A similar trend also
occurred in terms of the product/substrate yield. In media composed of 25% VJ, Yp/s is
0.054 g/g for surfactin and 0.457 mg/g for fengycin. These yield values decrease as the
VJ within the medium increases, reaching values more than halved in 90% VJ (surfactin:
0.11 g/g; fengycin: 0.08 mg/g). The productivity qp/x was also higher in the 25% VJ
medium than in all food waste media, with 0.02 g/g·h and 0.2 mg/g·h for surfactin and
fengycin respectively.

Finally, the specific growth rate (µ) also followed the same trend; in fact, with the
25% VJ medium, this parameter was 0.386, which is higher than those calculated for the
other media tested, with µ values of 0.206, 0.170 and 0.172 for the culture medium with VJ
diluted to 45%, 70% and 90%, respectively.

On top of this, the results obtained with the 25% VJ medium were even better than
those obtained with MSM (control).

The fact that better results were recorded in the 25% VJ medium in terms of both the
yield and productivity is due to the fact that when microorganisms are limited in their
energy source (usually the carbon source), high biomass yields are obtained as an effect of
a closer correlation between catabolism and anabolism. In contrast, carbon excess-cultures
generally have high carbon consumption rates and low biomass yields, as demonstrated by
Dauner et al. [55]. Consequently, yield parameters that take into account bacterial biomass
will be lower. Furthermore, Sheppard et al. noted an inverse correlation between biomass
and surfactant production when the concentration of the carbon source was not restricted in
B. subtilis culture. This would explain why as the availability of carbon substrates increases,
there is no linear increase in the biosurfactants produced [56].

In light of these considerations, it was decided to use 25% VJ medium for the initial
batch phase in the bioreactor scale-up.

3.2. Fed-Batch Bioreactor Cultivation

The use of fed-batch procedures offers distinct advantages over other fermentation
strategies in bioreactors, such as continuous or batch processes [57]. For example, it has the
possibility of producing high titers of lipopeptides in a short time, extending the log phase
of growth. Moreover, these procedures facilitate enhanced control over nutrient availability,
which can reduce the risk of the substrate.

The progress of the fed-batch fermentation conducted in a 10 L bioreactor using VJ as
a carbon source is reported in Figure 2.
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In the initial batch phase, in which 25% VJ medium was used, B. subtilis BMV9
presented a shorter lag phase than that seen in the shake flask; in fact, already four hours
after inoculation, the optical density value increased (OD600 0.88), which indicated that
the bacteria had entered the exponential phase of growth, as confirmed by the bacterial
growth curve (Figure S2). The bacterium continued to replicate until the eleventh hour,
reaching an OD600 of 22.67. Monosaccharides were also consumed from the fourth hour.
In the literature, glucose is described as the preferred carbon and energy source of B.
subtilis [58,59]; however, when this monosaccharide is co-present with other carbon sources
within the same medium, B. subtilis does not always consume it first. On the one hand,
Giro et al. reported that when both glucose and fructose are present, B. subtilis LAMI005
consumes glucose first [60]. On the other hand, Ponte Rocha et al. observed that B. subtilis
LAMI008 preferentially consumes fructose first and glucose second in a medium consisting
of Clarified Cashew Apple Juice [61]. In this study, however, the two monosaccharides
showed the same consumption trend.

Surfactin and fengycin are also produced from the fourth hour onwards, reaching
concentrations of 1.40 g/L and 13.79 mg/L, respectively, during the batch phase. At the
eleventh hour from the start of fermentation, no residual substrates were detected, so at this
point, the feed, consisting of the undiluted VJ, was pumped into the bioreactor. The result
was an extension of lipopetides production. In particular, 5 h after the start of the feed,
the optical density increased from 22.67 to 40.33. Similarly, the two lipopeptides continue
to be produced by B. subtilis BMV9, reaching concentrations of 2.77 g/L for surfactin and
27.53 mg/L for fengycin at the 16th hour after bacterial inoculation. The production
parameters of the lipopeptides surfactin and fengycin by B. subtilis BMV9 in fed-batch
fermentation are shown in Table 4.

Table 4. Production parameters of fed-batch fermentation. Specific growth rate (µ), yield
biomass/substrate (Yx/s), yield product/substrate (Yp/s), yield product/biomass (Yp/x) and specific
productivity are reported.

Surfactin Fengycin

µ (h−1) Yx/s (g/g) Yp/s (g/g) Yp/x (g/g) qp/x
(g/g·h)

Yp/s
(mg/g)

Yp/x
(mg/g)

qp/x
(mg/g·h)

Fed-batch
fermentation 0.398 0.289 0.086 0.297 0.019 0.852 0.018 0.001

In the fed-batch cultivation, the bacterial strain exhibited a higher growth rate than
that observed in the flask culture. In fact, the parameter Yx/s, which indicates the prod-
uct per substrate, increased. However, a substantial increase in bacterial biomass in the
fed-batch fermentation contributed to the lowering of the calculated parameters Yp/x and
qp/x concerning surfactin, which decreased from 0.568 g/g and 0.024 g/g·h in the flask to
0.297 g/g and 0.019 g/g·h in the bioreactor, respectively. The same happened for the param-
eters Yp/x and qp/x concerning fengycin: they went from 4.809 mg/g and
0.200 mg/g·h to 0.018 mg/g and 0.001 mg/g·h, respectively.

Although there was a decrease in yield parameters by performing the scale-up in
the bioreactor, they still appear promising. For instance, Klausmann et al. performed a
fed-batch fermentation on glucose and obtained a surfactin yield on biomass of 0.17 g/g
using B. subtilis JABs24 and 0.23 g/g using B. subtilis JABs32, which is genetically similar
to B. subtilis BMV9, but with an erythromycin resistance gene (erm). These parameters
have been increased to 0.41 g/g and 0.57 g/g, respectively, by exploiting the two-step feed
strategy [36].

It is interesting to see how the fed-batch strategy increased the Yp/s parameter to
0.086 g/g for surfactin and 0.852 mg/g, which means that by maintaining constant fermenta-
tion parameters, B. subtilis BMV9 was more efficient in utilizing substrates to biosynthesize
both biosurfactants.
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The Yp/s value of the lipopeptides in this study was higher than that reported by
Coutte et al., who achieved a Yfengycin/substrate of 0.73 mg/g and a Ysurfactin/substrate of
13.2 mg/g by performing batch fermentation on glucose in a bioreactor [62]. Moreover,
Willennacher et al. obtained a surfactin/glucose yield of 0.05 g/g in the fed-batch strategy
using B. subtilis DSM 10T [43].

Through the fed-batch strategy, it was possible to significantly increase the production
of the two lipopeptides of interest, even using a food waste medium. In particular, the
amount of surfactin and fengycin was two- and threefold higher in the fed-batch cultivation
in comparison to that in the shake flask cultivation (Figure 3).

Fermentation 2024, 10, x FOR PEER REVIEW 13 of 19 
 

 

 
Figure 3. Comparison of maximum surfactin (g/L) and fengycin (mg/L) values produced by B. sub-
tilis BMV9 in a shake flask using 25% VJ and fed-batch cultivation. Data of shake flasks cultivation 
are derived from one independent experiment in triplicate (n = 3); data from fed-batch cultivation 
are derived from three independent experiments (n = 3). Error bars represent SD. Asterisks indicate 
statistically different values in comparison to shake flask cultivation (t-test—**, 0.001 < p < 0.1; ***, p 
< 0.001). 

The fed-batch strategy had already been identified as an effective method for improv-
ing surfactin production [63]. Bouassida et al. showed that by exponential feeding in fed-
batch cultivation, it is possible to increase the amount of lipopeptide produced by more 
than twofold compared to batch fermentation using B. subtilis SPB1 cultured in a glucose-
based medium [64]; a similar result was found in the present study, in fact, with respect 
to the quantities of lipopeptides found in the flask cultivation (1.30 g/L of surfactin and 
11.00 mg/L of fengycin produced in 25% VJ medium). B. subtilis BMV9 produced 2.77 g/L 
of surfactin and 27.53 mg/L of fengycin only 16 h after the start of fermentation in the 
bioreactor. 

This result is quite interesting, as it demonstrates the possibility of obtaining similar 
quantities of lipopeptides as those obtained from waste media in other studies, but in a 
shorter time. For example, Nitschke et al. obtained 3 g/L of surfactin in 48 h from B. subtilis 
LB5a using cassava wastewater [41], while Ganesan et al. obtained 3.6 g/L and 3.65 g/L of 
surfactin after 24 and 68 h of incubation by culturing B. subtilis MTCC 2415 in grape juice 
and cashew apple juice, respectively [65]. 

Finally, Zhi et al. obtained similar amounts of surfactin (3.4 g/L) from distillery grains 
with co-cultures of B. amyloliquefaciens MT45 and X82 after 96 h of incubation [66]. 

The amount of fengycin produced in the bioreactor, although increased in compari-
son to flask cultivation, remains lower than in other studies, e.g., Geng-Rong et al. studied 
a co-culture system consisting of B. subtilis CGF-PG and C. glu-PR which, by fed-batch 
fermentation, produced 2309.96 mg/L fengycin in 96 h [67]; however, this result was not 
achieved in a waste medium. 

In light of the results obtained, the question arises as to whether the industrial pro-
duction of lipopeptides using food waste as an alternative carbon source is feasible. The 
most critical aspect to be considered is the possibility of obtaining a VJ that has the same 
sugars in terms of quality and quantity. This is very complex because the sugar composi-
tion of fruit and vegetables can vary depending on the harvest and seasonality; moreover, 
the juice that can be obtained from them can also change depending on the fruit and veg-
etables used. Therefore, to realize the scalability of the process on an industrial level, it 
would be necessary to standardize food waste. Indeed, any form of heterogeneity affects 

Figure 3. Comparison of maximum surfactin (g/L) and fengycin (mg/L) values produced by B. subtilis
BMV9 in a shake flask using 25% VJ and fed-batch cultivation. Data of shake flasks cultivation are
derived from one independent experiment in triplicate (n = 3); data from fed-batch cultivation are derived
from three independent experiments (n = 3). Error bars represent SD. Asterisks indicate statistically
different values in comparison to shake flask cultivation (t-test—**, 0.001 < p < 0.1; ***, p < 0.001).

The fed-batch strategy had already been identified as an effective method for im-
proving surfactin production [63]. Bouassida et al. showed that by exponential feeding
in fed-batch cultivation, it is possible to increase the amount of lipopeptide produced by
more than twofold compared to batch fermentation using B. subtilis SPB1 cultured in a
glucose-based medium [64]; a similar result was found in the present study, in fact, with
respect to the quantities of lipopeptides found in the flask cultivation (1.30 g/L of surfactin
and 11.00 mg/L of fengycin produced in 25% VJ medium). B. subtilis BMV9 produced
2.77 g/L of surfactin and 27.53 mg/L of fengycin only 16 h after the start of fermentation in
the bioreactor.

This result is quite interesting, as it demonstrates the possibility of obtaining similar
quantities of lipopeptides as those obtained from waste media in other studies, but in a
shorter time. For example, Nitschke et al. obtained 3 g/L of surfactin in 48 h from B. subtilis
LB5a using cassava wastewater [41], while Ganesan et al. obtained 3.6 g/L and 3.65 g/L of
surfactin after 24 and 68 h of incubation by culturing B. subtilis MTCC 2415 in grape juice
and cashew apple juice, respectively [65].

Finally, Zhi et al. obtained similar amounts of surfactin (3.4 g/L) from distillery grains
with co-cultures of B. amyloliquefaciens MT45 and X82 after 96 h of incubation [66].

The amount of fengycin produced in the bioreactor, although increased in comparison
to flask cultivation, remains lower than in other studies, e.g., Geng-Rong et al. studied
a co-culture system consisting of B. subtilis CGF-PG and C. glu-PR which, by fed-batch
fermentation, produced 2309.96 mg/L fengycin in 96 h [67]; however, this result was not
achieved in a waste medium.
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In light of the results obtained, the question arises as to whether the industrial produc-
tion of lipopeptides using food waste as an alternative carbon source is feasible. The most
critical aspect to be considered is the possibility of obtaining a VJ that has the same sugars
in terms of quality and quantity. This is very complex because the sugar composition of
fruit and vegetables can vary depending on the harvest and seasonality; moreover, the juice
that can be obtained from them can also change depending on the fruit and vegetables
used. Therefore, to realize the scalability of the process on an industrial level, it would be
necessary to standardize food waste. Indeed, any form of heterogeneity affects biomass
growth, and it is a major concern when it comes to scaling up the process [68]. However, an
effort in this direction is desirable, as the growing interest in obtaining biobased products
from waste such as fruit and vegetables can not only improve waste management but also
make food waste economically valuable [69,70]. Added to this is the possibility of reducing
the production costs of lipopeptides. Despite the potential behind the microbial conversion
of carbon sources into lipopeptides, it is necessary to further investigate the benefits and
the economic–social implications it could exert on key stakeholders. In fact, these aspects
have not been adequately investigated.

3.3. Surfactin and Fengycin Characterization through LC-MS/MS

Next, we asked the question of whether the use of a food waste medium affected the
type and quantity of surfactin and fengycin lipopeptides produced by B. subtilis BMV9.
Thus, LC-MS/MS analysis was performed for a detailed characterization of the lipopeptides
produced from B. subtilis BMV9.

Bacteria of the genus Bacillus are capable of producing several surfactin congeners
with fatty acid chains of 12 to 17 carbon atoms in length that could be linear, iso or anteiso
branches and varying amino acid sequence [37,71,72]. So far, more than 40 different
variants of surfactin have been identified [38]. In this study, LC-MS/MS analysis revealed
that several surfactin variants in the range from m/z 944.636 to 1064.726 were produced
under both growth conditions, 25% VJ and MSM supplemented with 20 g/L of glucose
(Figure 4A,B).

In particular, the surfactin variants C12 at an m/z of 994.64, C13 at an m/z of 1008.66,
C14 at an m/z of 1022.67, C15 at an m/z of 1036.69, C16 at an m/z of 1050.71 and C17 at
an m/z of 1064.72 were observed. For both media, surfactin variants resulting from the
substitution of amino acids in the major surfactin amino acid sequence (Glu-Leu-Leu-Val-
Asp-Leu-Leu) at positions 2, 4 and 7 (Val2, Ala4 and Val7) and from the substitution at
position 5 with the methyl ester of aspartate (AME5) were identified by the inspection of
the MS/MS spectra. These amino acid modifications of the peptide moiety of the surfactin
molecule produced by Bacillus spp. have already been described by Kecskemeti et al. and
Vahidinasab et al. [37,73]. The relative quantification of surfactin variants was performed
using extracted ion chromatograms (Figure S3A,B). For most of the surfactin variants, the
percentage concentration was slightly higher in the 25% VJ medium than in the MSM
(+20 g/L glucose) medium (Table S1).

Furthermore, fengycin lipopeptides could also be detected in MSM and 25% VJ sam-
ples by mass spectrometry (Figure 5A,B). The abundance of fengycin lipopeptides in the
MSM and 25% VJ samples was approximately three orders of magnitude lower than that of
surfactin lipopeptides, which is in line with the product/substrate yields determined in
this study (Table 2). Fengycin produced by Bacillus spp. is a mixture of several homologues
containing saturated or unsaturated fatty acid chains of different lengths and variants
within the peptide moiety. Mainly, fengycin A and B with a saturated or unsaturated fatty
acid chain with 14 to 18 carbon atoms were detected in both media conditions. Fengycin
signals with a saturated fatty acid chain were detected at m/z = 1435.7 to 1519.9, and those
with an unsaturated fatty acid chain were detected at m/z = 1433.8 to 1489.9, with the
saturated variants being more abundant.
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Figure 4. LC-MS spectra of surfactin lipopetides produced by B. subtilis BMV9 in 25% VJ (A) and in
Mineral Salt Medium supplemented with 20 g/L glucose (B). The m/z values of protonated surfactin
lipopeptides [M + H]+ eluted in the time interval from 12 to 26 min are shown. Note that the MS
spectrum shows the sum of all surfactin variants. A single m/z value may include several surfactin
variants. The fatty acid chain lengths of different surfactin lipopeptides are indicated and refer to the
major surfactin amino acid sequence (Glu-Leu-Leu-Val-Asp-Leu-Leu).
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Figure 5. LC-MS spectra of fengycin lipopeptides produced by the B. subtilis BMV9 in 25% VJ (A) in
Mineral Salt Medium supplemented with 20 g/L glucose (B). The m/z values of protonated fengycin
lipopeptides [M + H]+ eluted in the time interval from 2 to 10 min are shown. Fatty acid chain lengths
of different fengycin lipopeptides are given. Note that the MS spectrum shows the sum of all fengycin
variants, and that one m/z value may include more than one fengycin variant. The fatty acid chain
lengths refer to the fengycin A variant unless otherwise stated.

Unfortunately, it was not possible to identify all fengycin variants, as the intensity of
the precursor ions was too low to generate meaningful fragmentation spectra. Therefore,
the annotation of fengycin lipopeptides was performed based on the results of previous
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experiments [37]. However, looking at the two MS spectra (Figure 5A,B), there is a tendency
for higher m/z values of fengycin lipopeptides in the presence of vegetable waste juice
than in the MSM medium, in contrast to the surfactin lipopeptides, which showed a very
similar distribution of m/z values regardless of the carbon source used. Higher m/z values
may be associated with lipopeptide variants with longer fatty acid chains or a different
amino acid composition.

4. Conclusions

This study demonstrated that VJ can be used as an alternative carbon source for the pro-
duction of lipopeptides such as surfactin and fengycin by Bacillus subtilis BMV9. The results
of this study show that B. subtilis BMV9 can utilize VJ in different levels of concentration,
with an impact on lipopeptide production. Shake flask cultivation experiments revealed
that surfactin and fengycin production using VJ is feasible, thus replacing conventional
glucose-based media, offering an inexpensive alternative for industrial bioprocesses.

Fed-batch bioreactor cultivations further optimized the production bioprocess, achiev-
ing higher concentrations of surfactin and fengycin compared to flask cultivations. The
switch from stirring flasks to a 10 L bioreactor underlines the potential for industrial ap-
plication, with the constant control of growth parameters ensuring reliable and higher
production. Furthermore, the application of LC-MS for the characterization of surfactin and
fengycin provided a detailed molecular understanding of the bioproducts, confirming that
surfactin produced from VJ is comparable to that produced using glucose-based media,
while fengycin, interestingly, has higher m/z values when produced from VJ.

In conclusion, this study contributes to the field of microbial biotechnology by pre-
senting a process for the production of valuable bio-compounds, and, at the same time, the
adoption of VJ as a sustainable carbon source for the production of secondary metabolites
such as lipopeptides significantly contributes to environmental sustainability. This strategy
aligns with global efforts to reduce greenhouse gas emissions associated with food waste
and the disposal of organic materials in landfills, thereby supporting the transition towards
a more sustainable and circular bioeconomy and upcycling.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fermentation10060323/s1, Figure S1: Growth curve of B. subtilis
BMV9 growing on media composed of different percentages of VJ and on MSM + 20 g/L glucose.
The bacterial growth curve over time is represented in a semilogarithmic plot. Figure S2: Growth
curve of B. subtilis BMV9 during fed-batch cultivation using vegetable juice in a 10 L bioreactor. The
bacterial growth curve over time is represented in a semi-logarithmic plot. Figure S3: Extracted ion
chromatograms of surfactin lipopeptides in 25% VJ (A) and in Mineral Salt Medium supplemented
with 20 g/L glucose (B). Table S1: Surfactin variants detected by LC-MS analysis in 25% VJ and MSM
added with 20 g/L of glucose after 24 h of B. subtilis BMV9 shake flask cultivation. Precursor ions
(M + H)+, retention time, diagnostic fragment ions and corresponding surfactin variants are shown.
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