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Abstract

Biosurfactants stand for highly useful and promising compounds. They basically serve for a variety of applications in multiple
industries and aspects of human life. Therefore, it is highly required to improve their production yield especially through the
development of new and more efficient fermentation processes. In this aim, batch and fed-batch were studied and compared
in terms of their effective biosurfactant production by Bacillus subtilis SPB1. Experiments of fed-batch fermentations were
carried out through three different glucose feeding strategies, namely the pulsed, the constant Donespeed and the exponen-
tial feeding. The comparison between different fermentation processes revealed that fed-batch process proved to be a more
efficient cultivation strategy than the batch process in terms of cell biomass, biosurfactant production and productivity.
Among the three different feeding strategies, the exponential feeding process achieved the highest fermentation results of
final biosurfactant concentration. The latter increased more than twofolds compared to batch fermentation.
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Introduction

The term ‘‘biosurfactant’” corresponds to an isolated or a
non-isolated compound obtained from microbial cells to
affect surfaces and interfaces and to reduce needed efforts
to overcome surface tension. This process allows one system
to disperse into another [1]. Relying upon their molecular
weight, microbial surfactants can be classified into high
molecular weight including polysaccharides and lipoproteins
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and low molecular weight involving glycolipids and lipopep-
tides. The second group is more extensively used than the
first one owing to its high surface tension reduction poten-
tial. It displays an emulsifying capacity that can be applied
in the bioremediation of hydrophobic compounds within
numerous environments. Biosurfactants have whetted the
widest interest in view of their higher level of degradability
and their production from renewable sources. Indeed, these
upsides cannot be seen in synthetic surfactants [2—4]. They
often exhibit specific biological activities and are involved
in cell—cell interactions such as in sensing, biofilm formation
and cellular differentiation [3, 5]. Additionally, biosurfactant
can function at extreme pH, temperature and salt concentra-
tion [3]. Thanks to their low toxicity, good biodegradability
and specific bioactivity, biosurfactants present a powerful
potential for practical applications, in particular in the fields
of cosmetics, healthcare and food industries as well as the
biomedical and pharmaceutic areas [6—8]. However, their
use in certain applications depends on the production and
purification costs for specific activities. Currently, biosur-
factants are still unable to economically compete with the
chemically synthesized surfactants in the market, referring
to the high production costs.
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From this perspective, elaborating biosurfactant pro-
duction where the cost of raw materials and the processing
become minimal seems to be of an urgent industrial concern.
Provided that this requirement is met and the price of the
biosurfactant becomes lower than that of chemical ones, the
biosurfactants will have a chance to be used at a large scale
for the industrial applications. In terms of the development
of any fermentation process, two main areas are basically
considered, namely those associated with the strain selec-
tion and development program [1, 9, 10] and those associ-
ated with the process development such as the improvement
at the level of microbial medium and culture conditions.
Therefore, different strategies were adopted to enhance the
production yields and to decrease their cost including the
development of recombinant and over-productive strains [11,
12], the use of low-cost or economic substrates [13, 14],
media formulation and the optimization of nutritional and
physic-chemical conditions during the fermentation [15, 16],
strain immobilization [15] and the incorporation of differ-
ent fermentation processes [1, 15, 17]. The last-mentioned
strategy resting upon modification of the fermentation pro-
cess is considered as the most prominent one for increasing
biosurfactant production by microorganisms. Another area
associated with the process development involves fermenta-
tion technique and the mode of reactor operation [1, 18, 19].

Common fermentation methods invested in biosurfactant
research are batch, fed-batch and continuous batch [20, 21].
In batch process fermentation, media and inoculum are
integrated simultaneously to the culture medium before the
beginning of cultivation. At the end of the process, the prod-
uct is only discharged from the fermenter [20, 21]. However,
in the continuous process, all the nutrients are continuously
added to the fermenter and the components of the culture
medium are removed from the fermenter at the same time
to maintain a constant culture volume [20]. Biosurfactant
production studies investing this type of fermentation have
been scarcely reported referring to the problems in terms
of controlling substrate availability. These difficulties are
assigned to the addition of new media that need to reach a
fixed volume while maintaining output cultures in a con-
stant cell physiology phase [21]. On the other side, dur-
ing a fed-batch process, new media are inserted regularly,
without removing the culture fluid present in the fermenter
[20, 21], there by entailing a gradual increase in the culture
volume. In this type of system, the regular addition of nutri-
ents prevents nutrient depletion until a product close to the
maximum yield is obtained [21, 22]. Notably, as reported
by Eslami et al. [20], two main types of feeding strategies
existed; the feedback control mechanism and no feedback
control mechanism.

The fed-batch culture has been extensively used for the
enhancement in terms of the production of diverse primary
and secondary microbial metabolites, proteins and other
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biopolymers compared to the batch fermentation [1, 23].
Numerous studies reported the use of fed-batch fermentation
for the production of biosurfactant from different microor-
ganisms. For instance, Zambry et al. [23] handled the pro-
duction of lipopeptide biosurfactant in batch and fed-batch
Streptomyces sp. PBD-410L cultures growing on palm oil.
Moreover, Hajfarajollah et al. [17] tackled various fed-
batch strategies for lipopeptide biosurfactant production by
Aneurinibacillus thermoaerophilus HAKO1. Yao et al. [24]
addressed the production of a lipopeptide biosurfactant in
Bacillus amyloliquefaciens fmb50 by controlling the foam
overflow rate of a fed-batch culture. In another work, Zhu
et al. [25] examined a pH-stat process for the production of
rhamnolipid biosurfactant by P. aeruginosa. Fed-batch cul-
tivation of Pseudomonas aerugenosa with a pulsed feeding
strategy using multiple substrates (nitrogen phosphorus and
carbon sources) was also investigated by Ghomi et al. [10].

As portrayed in our previous studies, B. subtilis SPB1
generated a mixture of lipopeptides biosurfactant belong-
ing to surfactin, iturin and fengycin isoforms as identified
by LC- MS analysis [26]. The SPB1 biosurfactants exhibit
a broad spectrum of actions, including antimicrobial activ-
ity against microorganisms with multidrug resistant profiles
[27], antifungal activity toward phytopathogenic fungi [28],
insecticidal activity [29-31], antioxidant activity [32] and
antidiabetic as well as antilipidemic properties in alloxan-
induced diabetic rats [33-35] with a reduced toxicity toward
living cells [36]. This is indicative of their potential applica-
tion in biomedical, pharmaceutical and agricultures fields.
Moreover, the lipopeptide reduces the surface tension of
water along with emulsifying, solubilizing and mobilizing
activities [11, 37, 38]. They display the ability to stimu-
late hydrocarbons biodegradation [39] and colors removal
[40-42] allowing their application in the environmental
field. Additionally, when incorporated in the different for-
mula of dough, baked products and cookies, they brush up
their textural and sensorial properties [38, 43, 44]. Further-
more, as corroborated by Bouassida et al. [45, 46], SPB1
lipopeptide was incorporated in toothpaste and detergent
formula and proved its efficiency. Having this broad spec-
trum of applications, we attempted to further enhance SPB1
biosurfactant production. As demonstrated above, different
strategies were adopted and published by our team group.
First, SPB1 biosurfactant was refined by an adequate control
of aeration [47]. Second, it was produced on various agro-
industrial residues [48-51]. In this respect, the optimiza-
tion of the medium composition and the physic-chemical
conditions of the fermentation by the experimental planning
methodology followed by the response surface methodology
was performed [51, 52]. Submerged and Solid State Fermen-
tations were undertaken. Third, investing mutant strain with
better productivity was explored by Bouassida et al. [11].
Basically, the study of different fermentation strategies can
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be an optimal choice to improve biosurfactant production
on glucose based medium. Within this framework and to
accomplish high productivity and yield of the product, we
adopted a suitable feeding strategy. Experiments of batch
and fed-batch processes using different glucose feeding strat-
egies, including pulsed feeding, constant speed feeding and
exponential feeding were investigated and compared for the
efficient production of microbial surfactants by B. subtilis
SPBI1. In each process, different initial glucose concentra-
tions were invested to assess the impact of this source of
carbon on biomass and biosurfactant production.

Materials and methods
Microorganisms and medium

The microorganism handled in this research work was Bacil-
lus subtilis SPB1 (HQ392822), which was isolated from a
Tunisian soil contaminated by hydrocarbon soil as clarified
by Ghribi and Chaabouni [47].The basal medium used for
cell growth and biosurfactant production was of the fol-
lowing composition (g/L): yeast extract as organic nitrogen
sources (5 g/L), ammonium sulfate as inorganic nitrogen
source (an adequate concentration was added to maintain a
constant C/N ratio of 7 [47]), K,HPO, (1.5 g/L), KH,PO,
(0.5 g/L), MgSO, (0.5 g/L), KC1 (0.1 g/L) at pH 7 supple-
mented with different glucose concentrations.

Inoculum preparation and culture conditions

The inoculums was prepared as follows: one isolated col-
ony was dispensed in LB medium and incubated overnight
at 37 °C in a rotatory shaker at 150 rpm until absorbance
around 3, measured spectrophotometrically at 600 nm, was
reached. The culture was placed, in 500 ml Erlemeyer flasks
containing 100 ml of basal medium, for 48 h at 37 °C and
150 rpm. Samples were collected at time-defined intervals
and subjugated to analysis for determination of biomass
production and changes in biosurfactants concentration. All
experiments were conducted in duplicates.

Fermentation procedure

To elucidate the effect of the fermentation process on SPB-
1biosurfactants production yield, we tried one batch pro-
cess and three different fed batch systems. For each process,
three different fermentation runs were carried out to test
conversion efficiency of different glucose amounts into cell
biomass and biosurfactant productions. In each fermenta-
tion run, 1000 ml Erlenmeyer flasks were inoculated with
the calculated initial biomass concentration and allowed
to work for almost one minute to disperse bacterial cells.

Subsequently, fermentation process was initiated and dif-
ferent glucose concentrations were fed an on hourly basis
and over 12 h.

In the conventional batch cultivation, the culture broth
was used to inoculate the studied media starting with an ini-
tial optical density of 0.15. Three fermentation runs involv-
ing respectively 22 g/L, 35 g/L and 47 g/L of glucose were
conducted. All fed-batch fermentations were initiated as a
batch culture with initial glucose concentrations of 10, 20
and 30 g/L in runs 1, 2 and 3 respectively. Next, substrate
was pumped into the medium with three different strategies
during the first 12 h of fermentation. During the first pro-
cess, constant glucose concentrations of 10, 20 and 30 g/L,
respectively, were kept in the medium. The second fed-batch
fermentation process was undertaken through supplying glu-
cose every 2 h with a constant feed rate for each run. Finally,
the third one was fed exponentially.

First fed batch strategy

During this process, successive feeds of glucose concentra-
tions were added at different times to keep a constant glu-
cose concentration (10, 20 or 30 g/L, respectively) in each
run. After 12 h, the amount of glucose added in each run was
12, 15 and 17 g/L, respectively (Table 1).

Second fed batch strategy

The second fed-batch fermentation process was carried out
through supplying a constant feed rate of glucose concentra-
tion. For each run, the feed rate was kept constant for 12 h
as depicted in Table 1. For instance, for run 1 we started
the culture with 10 g/L, then we added 2 g/L every 2 h to
achieve a total concentration of glucose of 22 g/L.

Third fed batch strategy

The possibility of utilizing an exponential fed-batch pro-
cess for production of biosurfactants by B. subtilis was
investigated. Supply of predetermined fermentative sub-
strate (glucose) on an hourly basis was maintained through

Table1 The added glucose to B. subtilis SPB1 grown medium in
Fed-Batch fermentation process for BioS production

Run 1 2 3

Initial glucose concentration (g/L) 10 20 30
Amount of glucose added during 12 h (g/L) 12 15 17

Amount of glucose added every 2 h (g/L) dur- 2 2.5 2.84
ing the second fed batch process

Total glucose concentration (g/L) 22 35 47
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the use of the equation developed by Amin and Al-Zahrani
[53] (Eq. 1):

§=0.563xX,x% (e —1) (1)

Where S indicates the hourly added glucose; X, refers
to the initial bacterial biomass (seed cells); u denotes the
specific growth rate and ¢ expresses time.

Using the estimated specific growth rate (0.377 h™1),
the initial bacterial biomass (X)) required to convert a
certain amount of glucose into biomass within 12 h was
determined.

For instance, to specify the initial amount of biomass
required to convert 22 g of glucose into bacterial biomass
and biosurfactant, the above-equation was used (Eq. 2):

_ 22
0.563 x (€0377x12 — 1)

Similarly, the initial biomass amounts for the other
fermentation runs were measured. The produced data are
plotted in Table 2. Afterwards, the obtained value for ini-
tial bacterial cells (X,;) was used to calculate the hourly
added portions of glucose by substituting “#” for 1 within
the first hour, for 2 within the second hour and so on as
illustrated in Table 3.

Lipopeptide extraction for production
quantification

The lipopeptide was extracted as described by Mnif et al.
[54]. The protocol consists of three cycles of acid precip-
itation-neutralization after elimination of the cell pellet.
First, the cell-free supernatants obtained from the SSF and
SmF were acidified to pH 2.0 by adding 6 N HCI and
incubated overnight at 4 °C for the precipitation of the
most BioS products. After that, the BioS were then col-
lected by centrifugation at 10,000 rpm and 4 °C during
10 min and washed twice with acid distilled water (pH=2)
to eliminate any impurities. To determine the production
yield, which is expressed as the amount of crude BioS
obtained per g of dry substrate, the lipopeptide pellet was

Table 2 Initial amounts of biomass (seed cells) used during bacterial
Surfactin production and the required amounts of glucose in three dif-
ferent fermentation runs

Run 1 Run 2 Run 3

Total amounts of added 22.36 35 46.93
glucose S (g/L)

Initial amounts of bio- 0.435 0.682 0.914

mass X, (g/L)
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Table 3 The hourly added glucose to B. subtilis grown in exponential
Fed-Batch fermentation for Surfactin production

Hourly added glucose in fermenta-
tion runs (g/L)

Cultivation time (h)

Run 1 Run 2 Run 3
1 0.11 0.18 0.24
2 0.16 0.26 0.34
3 0.24 0.37 0.50
4 0.35 0.54 0.73
5 0.51 0.79 1.06
6 0.74 1.16 1.55
7 1.08 1.69 2.26
8 1.57 2.46 3.30
9 2.29 3.59 4.81
10 3.34 5.23 7.01
11 4.87 7.62 10.22
12 7.10 11.11 14.90
Total glucose added (g/L) 22.36 35 46.93

desiccated at 105 °C until constant weight and evaluated
by gravimetric method [31].

Emulsification activity

To measure the emulsification activity, in the culture super-
natant recuperated by centrifugation at 10000 rpm and 4 °C
for 20 min to remove bacterial cells, we follow the protocol
described by Bouassida et al. [11]. A screw-capped tube con-
taining 0.5 ml of cell-free culture broth, 7.5 ml of Tris-Mg
(20 mM Tris HCI (pH 7.0) and 10 mM MgSO,), and 0.1 ml
of kerosene were prepared. After a vigorous agitation with a
vortex (SCI LOGEX MX-S), the tubes were allowed to rest
for 1 h. Emulsification activity (EA) was defined as the optical
density at 540 nm measured via a spectrophotometer (UV-
1800; SHIMADZU, Japan). For each cultural condition; the
presented results correspond to the average of three different
measurements of three separate experiments.

Biomass determination

The sample was taken at a regular interval and the number of
cells was estimated by counting colony forming units (CFU).
Appropriate dilutions of culture samples were placed on solid
LB medium and incubated at 37 °C overnight [47]. Assays
were carried out in triplicates.
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Results and discussion

Effect of fermentation process strategy on Bacillus
subtilis SPB1 biomass production

In this section, we analyzed the effect of batch and fed-
batch fermentation processes on SPB1 biomass pro-
duction (Fig. 1). Figure 1 reveals that glucose fostered
bacterial growth and multiplication of Bacillus subtilis
SPB1 cells. Biomass concentrations of 5.41*107 CFU/ml,
5.72*%107 CFU/ml and 6.14%10" CFU/ml were achieved
after 48 h in batch culture. Additionally, we inferred that
the application of fed batch strategy increased biomass
production with the most pronounced effect displayed with
the constant feeding rate strategy. In fact, during the later
fermentation system, biomass production rose more than

threefold compared to the one obtained in batch system
when using the same glucose concentrations. It seems that
the process of fed-batch fermentation was more efficient
in reducing growth inhibition triggered by high substrate
concentrations. Indeed, according to Amin and Al-Zah-
rani [53], the sequentially added carbon source, was most
probably assimilated rapidly during each respective hour
to form new cells of Bacillus subtilis. Similarly, another
study proved that fed-batch fermentation led to the produc-
tion of 5.71 g/L biomass of Bacillus pumilus 2IR versus
4.15 g/L in batch system [23].

Effect of fermentation process strategy on Bacillus
subtilis SPB1 biosurfactant production

To optimize the fed-batch process for the biosurfactant
production by Bacillus subtilis SPB1, different feeding
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strategies were compared and the results were displayed in
Fig. 2. As exhibited in Fig. 2, the increase in glucose con-
centration entailed an increase in SPB1 biosurfactant pro-
duction of more than 53%, 13%, 44% and 15% from run 1
to run 3 during the conventional batch, the first, the second
and the third fed batch processes, respectively. These results
go in good accordance with those reported by Amin and
Al-Zahrani [53]. In fact, they emphasized that the highest
concentration of biosurfactant produced by Bacillus subtilis
was obtained with the fermentation run supplied with the
highest amount of carbon source.

We noticed also that biosurfactant production was obvi-
ously more significant when using FB fermentation process
than when using the conventional batch fermentation system.
The exponential feeding method promoted the most impor-
tant biosurfactant production of 400 mg/L (corresponding
to 0.12 when measuring the emulsifying activity at a DO
of 540 nm) during run 3. These results go in good agree-
ment with those found by Amin and Al-Zahrani [53]. They
asserted that during the exponential fed batch process, sur-
factin production by Bacillus subtilis increased more than
sevenfolds compared to that obtained during conventional
batch fermentation. However, Eswari [55] argued that out
of 3 fed batch strategies, constant glucose fed batch system
supplied the highest rhamnolipid concentration from Pseu-
domonas aeruginosa.

Effect of fermentation process strategy on Bacillus
subtilis SPB1 biosurfactant production yield

It was reported that fed-batch fermentation was considered
as highly efficient in terms of maintaining higher biosur-
factant production yield [56-59]. Grounded on statistical
calculations, Ghomi et al. [10] also revealed that, fed batch
runs were better than batch in terms of rhamnolipid pro-
duction. This result is depicted in Fig. 3 indicating that the

exponential feeding system provided the highest biosur-
factant production yield of 15.74 mg/g, which is more than
threefold higher than the one obtained in batch process. This
was confirmed even with increasing glucose concentration.
As shown in Fig. 3, the optimal glucose concentration of
22 g/L gives the best biosurfactant production yield.

As recognized, batch fermentation has been widely used
in multiple fermentation systems handling process develop-
ment such as screening and optimization of medium compo-
sition as well as other physical culture conditions. However,
the overall batch productivity may be lower referring to its
long operating time, taking into account the time for clean-
ing, reloading and sterilization between batches. Addition-
ally, this mode of fermentation is a closed system, which
displays, as a matter of fact, certain shortcomings includ-
ing the use of high initial substrate concentrations and the
accumulation of undesired by-products [23]. It is noteworthy
that an inhibitory effect can be accounted for in terms of the
catabolism repression triggered by high initial glucose con-
centration. Glucose is a rapidly metabolizable carbon-energy
that grows in the intracellular ATP concentration, yielding
the repression of enzyme biosynthesis as well as the slower
metabolization of energy source [60]. Amin and Al-Zahrani
[53] managed to successfully avoid the catabolic repression
which impacts the formation of certain metabolic products
occurring at high glucose concentrations. Maldex-15 used
as a carbon source in addition to other nutrients were sup-
plied adequately to the growing cells of Bacillus at their
specific growth rate maximizing cell growth and surfactin
formation, yield and productivity. Therefore, by controlling
nutrient supply, the fed-batch fermentation served to prevent
or reduce substrate-associated growth inhibition [53].

Basically, cells and products remain in the fermenter until
the end of the operation during fed-batch cultivation while
one or more nutrients are supplied to the fermenter. When
designing a fed-batch fermentation, the most intriguing
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variable which needs to be defined is the feeding profile.
The control-system development for feeding strategy is not
straightforward, which is due to: (1) the lack of accurate
models describing cell growth and product formation; (2)
the nonlinear nature of the bioprocess; (3) the slow process
response, and (4) deficiency of reliable on-line sensors. It is
to be noted that there are various useful methods which were
described to determine and optimize the feeding profile [56].

Microbial surfactants which are secondary metabolites
are generated during the stationary phase and usually need
a few days for one production cycle in batch fermentation.
Extension of production cycle and maintenance of high pro-
ductivity at a late stage are important to improve biosur-
factant production efficiency [7].

Fed-batch operation is one of the most effective meth-
ods invested to achieve high cell densities, productivity,
and yields of the desired products. Generally, controlling
the substrate concentration within an optimal range is the
main challenge in the fed-batch fermentation to avoid limit-
ing and inhibiting concentration levels. As a result, the sub-
strate feeding strategy is crucial for successfully obtaining
high cell density cultures [61]. Several feeding strategies,
such as (a) pH-stat mode, (b) constant feeding rate strategy
and (c¢) DO-stat mode [17], were set forward to improve
biosurfactant productivity and yield.

In the current study, batch and three fed-batch fermenta-
tion processes by Bacillus subtilis SPB1 were investigated
and compared for the effective biosurfactant production.
The fed batch process yielded optimal and maximum bio-
surfactant concentration, which goes in good line with the
findings obtained by other researchers. In fact, Fooladi et al.
[1] unveiled that the lipopeptide biosurfactant concentration
improved by 8.2% from batch to that of fed-batch fermenta-
tion of Bacillus pumilus in the 5-L bioreactor. Moreover,
Bazsefidpar et al. [56] revealed that the lipopeptide biosur-
factant by Aneurinibacillus thermoaerophilus was increased
from 4.9 g/L in batch mode to 11.2 g/L in combined feeding
strategy, which shows 128% increase in lipopeptide produc-
tion. Another study identified a significant increase in lipo-
peptide biosurfactant production in batch (3.74 g/L) versus
fed-batch (5.32 g/L) systems by genus Streptomyces [23]. In
addition, our results are consistent with the finding reported
by He et al. [57] who found that the production of biosur-
factant in a fed-batch type fermenter (150 g/L) was better
than the one obtained using a batch system under the same
conditions. For this reason, they recommended the use of
the fed-batch type at the industrial scale thanks to low eco-
nomic costs. Moreover, a significant improvement (30%) in
the lipopeptide-type biosurfactant, surfactin, was observed
when employing a fed-batch strategy compared to the batch
fermentation of B subrilis DSM 10T [62]. Similarly, Jin et al.
[63] reported the enhancement of iturin A production by a
novel two-stage glucose-feeding strategy with a stepwise

decrease in feeding rate by B. subtilis 3—10. Using this strat-
egy, an optimum iturin A concentration of about 1.12 g/L.
was obtained, which was twofold higher than that of batch
culture [63].

Conclusion

To conclude, to reduce the cost of production and increase
productivity, an outstanding fermentation strategy stands for
a crucial factor to be optimized. The knowledge about meta-
bolic pathway can help select the best type of fermentation.
In fed-batch fermentation method, the substrate inhibition
is controlled. Therefore, developing fed-batch fermentation
can effectively enhance the biosurfactant yield as a kinet-
ics model for substrate utilization shows. In addition, in fed
batch cultivation, the impact of nutrient concentration on
yield and productivity is more powerful than that of batch
fermentation process. The type of feeding strategy also
depends on the bacterial strains and the desired metabolites.
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