Arch Microbiol (2017) 199:1371-1382
DOI 10.1007/s00203-017-1406-x

CrossMark

@

ORIGINAL PAPER

Study of the correlation between fengycin promoter expression
and its production by Bacillus subtilis under different culture
conditions and the impact on surfactin production

Yazen Yaseen'? - Frédérique Gancel'” - Max Béchet!”? - Djamel Drider!” -

Philippe Jacques'?

Received: 18 February 2017 / Revised: 1 June 2017 / Accepted: 26 June 2017 / Published online: 22 July 2017

© Springer-Verlag GmbH Germany 2017

Abstract This work aimed to rely expression of the fengy-
cin promoter to fengycin production under different culture
conditions. To this end, Bacillus subtilis BBG208, derived
from BBG21, which is a fengycin overproducing strain car-
rying the green fluorescent protein (GFP) under the control
of fengycin promoter, was used to assess the effects of dif-
ferent carbon and nitrogen sources on surfactin and fengy-
cin production and the fengycin promoter expression. The
data showed that some carbon sources oriented synthesis
of one family of lipopeptides, while most of the nitrogen
sources allowed high co-production of fengycin and surfac-
tin. High expressions of promoter P, and fengycin synthe-
sis were obtained with urea or urea + ammonium mixture
as nitrogen source and mannitol as carbon source. Moreo-
ver, temperature, pH and oxygenation influenced their bio-
synthesis based on the nutrition conditions. Optimization of
the production medium increased the fengycin production
to 768 mg L~!, which is the highest level reported for this
strain. This study defines the suitable nutrient conditions
allowing as well the highest expression of the fengycin pro-
moter and portrays the conditions relying on the fengycin
and surfactin production.
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Introduction

Bacteria belonging to the Bacillus genus produce more
than 20 different antagonistic secondary metabolites (Sin-
chaikul et al. 2002; Chen et al. 2007). The non-ribosomally
synthesized lipopeptides are the most important second-
ary metabolites, which are structurally composed of cyclic
peptides linked to a fatty acid chain. The lipopeptide group
includes surfactins/lichenysins/pumilacidins, fengycins/
plipastatins, iturins (bacillomycins/iturins A/mycosubti-
lins), kurstakins and locillomycins families (Hathout et al.
2000; Ongena and Jacques 2008; Chen et al. 2009; Luo
et al. 2015). Fengycins are cyclic lipodecapeptides contain-
ing a B-hydroxy fatty acid chain of 14-19 carbon atoms.
This family includes fengycins A and B, also named pli-
pastatins (Jacques et al. 1999; Ramarathnam et al. 2007;
Raaijmakers et al. 2010; Wei et al. 2010). Non-Ribosomal
Peptide Synthetases (NRPS) responsible for fengycins/
plipastatins biosynthesis are coded by five genes named
fenA to fenE or ppsA to ppsE (Tosato et al. 1997; Steller
et al. 1999; Wu et al. 2007). The antibacterial, antiviral and
antifungal properties of fengycins as well as their capabili-
ties to inhibit the growth of human lung cancer cells have
been already reported (Tosato et al. 1997; Huang et al.
2006; Fracchia et al. 2012; Cawoy et al. 2015; Yin et al.
2013; Ditmer 2014). On the other hand, the environmen-
tal conditions determining the type of lipopeptide produced
and its yield have been also analysed (Volpon et al. 2000;
Islam et al. 2012). Fengycin production is dependent on
the source of nutriments, oxygen transfer rate, tempera-
ture and pH (Pryor et al. 2007, Jacques 2011; Fahim et al.
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2012, Varadavenkatesan and Murty 2013, Zhu et al. 2014).
Fengycin synthesis is tightly correlated to nitrogen metabo-
lism, as the nitrogen source appeared to influence the bio-
surfactant synthesis (Makkar and Cameotra 1997; Steller
et al. 1999; Jacques 2011). To date, only few studies treat-
ing the effect of the aforementioned factors on the amount
of fengycin produced have been reported. In our opinion,
there are no data available on the fengycin promoter activ-
ity and the fengycin production under different biotic or
abiotic conditions.

It is noteworthy that Bacillus strains producing fengycin
most often produce surfactin (Roongsawang et al. 2002;
Kim et al. 2010). The DNA operon coding for surfactin
contains four large ORFs designated srfAA, srfAB, srfAC
and srfAD (Galli et al. 1994; Lee et al. 2007). Mutations
within the surfactin operon alter the production of fengy-
cin, mycosubtilin and bacilysin (Karatas et al. 2003; Zeri-
ouh et al. 2014).

Recently, the gene coding for the green fluorescent pro-
tein (GFP) was cloned under the control of the fengycin
promoter in BBG21, leading to BBG208 (Yaseen et al.
2016). According to its fluorescence stability and absence
of adverse effect, the GFP protein was used in BBG208
as a promoter biomarker. Here, we used the GFP expres-
sion to examine the effects of nutritional conditions and
chemo-physical factors on the fengycin biosynthesis. The
promoter expression and fengycin production were investi-
gated under different experimental conditions.

Materials and methods
Media and bacterial strain

The Landy medium (Landy et al. 1948) containing 100 mM
3-(N-morpholino) propanesulfonic acid (MOPS) was used
as the basic medium for lipopeptide production. All carbon
and nitrogen sources in this medium were 0.2 pym filter-
sterilized. BBG208 strain producing surfactin and fengy-
cin was used for these experiments. Besides, BBG208 was
genetically modified and, therefore, contains the gfp ORF
under the control of the fengycin promoter (Yaseen et al.
2016).

Assessment of lipopeptide production and promoter
activity

The promoter expression was tested using the high-
throughput BioLector system of fermentation (Mp2-labs
GmbH, Baesweiler, Germany). Pre-cultures were per-
formed at 30 °C in 500 mL Erlenmeyer flasks containing
50 mL of Landy medium (10% working volume). Cultures
were carried out in 48-well flower plate designed for the
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BioLector, containing pH, dissolved oxygen, fluorescence
and biomass optodes in 1 mL of Landy medium at 30 °C,
1100 rpm with initial pH of 7.0 for 72 h. For all conditions
tested, all these experiments were performed in triplicate
wells and repeated at least twice. The standard deviation
was <1% for all these means. Eleven carbon sources, at
20 g L including galactose, lactose, maltose, mannitol,
sucrose, starch, fructose, arabinose, glycerol, mannose and
sorbitol, were used to replace glucose in Landy medium,
Similarly, different nitrogen sources, at 5 g L™!, such as
urea, beef extract, peptone, casein hydrolysate, tryptone,
different amino acids such as alanine, proline, threonine,
ornithine, valine, glycine, isoleucine and several inorganic
nitrogen sources such as NH,NO;, NH,HCO;, NaNOs;,
KNO; and NH,HCO; mixed with urea were used to replace
glutamic acid in Landy medium. Vegetable and hydrocar-
bon oils (including sunflower oil, olive oil, paraffin oil and
silicon oil), benzene and diesel were tested individually by
adding 1% (v/v) of any of this product into Landy medium.
Biomass and optical density measurements for BioLector
calibration were carried out as recently described (Yaseen
et al. 2016).

Influence of the physico-chemical parameters
on fengycin production

BBG208 grown overnight in Landy MOPS medium was
inoculated in Landy glucose (20 g L™!) + urea (5 g L™}
medium or Landy glutamic acid (5 g L™!) + mannitol
(20 g L™") medium with an initial ODgp, of 0.05. Cul-
tures were performed at 30 °C, under agitation at 160 rpm
with 10% working volume until synthesis of fengycin was
observed. Afterward, the growth cultures were stopped.
The time required to reach this point was previously deter-
mined from experimental data relying on the growth and
production conditions on a single curve (data not shown).
After 16 h of growth in Landy urea medium, the cultures
were centrifuged (2300g, 20 °C, 10 min), and the superna-
tants were discarded. Cells were inoculated in seven differ-
ent media (Table 1) to quantify the lipopeptide production.
Similarly, after 15 h of growth in Landy mannitol medium,
cultures were centrifuged as mentioned above, and the cells
were inoculated in seven different media (Table 1). For all
these cultures, pH, ODg, and fengycin concentration were
recorded at 24 and 48 h.

Influence of nitrogen and carbon sources on fengycin
production

BBG208 was grown for 16 h in Landy MOPS glu-
cose + urea to test for the nitrogen source or for 15 h in
Landy MOPS glutamic acid 4+ mannitol to test for the
carbon source. In both cases, the media were inoculated
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Table 1 Experimental conditions for lipopeptide production by B. subtilis BBG208

Conditions Nitrogen source (5 g LY Carbon source (20 g LY Working volume (%) Initial pH Temperature (°C)
Ul Urea Glucose 10 7.0 25
Mi Glutamic acid Mannitol 10 7.0 25
U2 Urea Glucose 10 7.0 30
M2 Glutamic acid Mannitol 10 7.0 30
U3 Urea Glucose 10 7.0 37
M3 Glutamic acid Mannitol 10 7.0 37
U4 Urea Glucose 30 7.0 30
M4 Glutamic acid Mannitol 30 7.0 30
us Urea Glucose 50 7.0 30
M5 Glutamic acid Mannitol 50 7.0 30
U6 Urea Glucose 10 7.5 30
M6 Glutamic acid Mannitol 10 7.5 30
u7 Urea Glucose 10 6.5 30
M7 Glutamic acid Mannitol 10 6.5 30
with an initial ODg,, of 0.05. Upon these periods of  Results

incubation, each culture was centrifuged (2300g, 20 °C,
10 min) and the resulting supernatants were eliminated.
The cells were placed in fresh Landy MOPS media com-
plemented with glutamic acid and one carbon source
(glucose, maltose or sucrose) and grown at 30 °C, under
agitation 160 rpm with 10% working volume. Otherwise,
they were grown under similar conditions in fresh Landy
MOPS media complemented with glucose and one nitro-
gen source (glutamic acid or ammonium nitrate).

Influence of nitrogen or carbon source concentration
on lipopeptide production

The influence of nitrogen concentration was tested in
Landy medium complemented with glucose (20 g L™1)
and 4,5,6,80r 10 g L~! of urea. The influence of car-
bon concentration was tested in Landy medium comple-
mented with glutamic acid (5 g L_') and 15, 20, 25, 35 or
45 g L™! of mannitol.

Lipopeptide purification and quantification

The supernatant (I mL) was extracted using C18 car-
tridges (Extract-clean SPE 500 mg, Grace Davison-
Alltech, Deerfield, IL, USA). Lipopeptide productions
were quantified by HPLC (Waters Corporation, Milford,
MA, USA) using a C18 column (5 pm, 250 x 4.6 mm,
VYDAC 218 TP, Hesperia, CA, USA). Analyses of
fengycin and surfactin were performed as previously
described (Coutte et al. 2010).

High-throughput screening of the media components
on the lipopeptide production

To establish the effect of several substrates on the surfac-
tin and the fengycin productions as well as the fengycin
promoter expression, we tested 18 nitrogen sources and
18 carbon sources including 6 complex carbon sources,
among which were hydrocarbon and vegetable oil
sources. These components were incorporated in Landy
MOPS medium. The seven amino acids tested as nitro-
gen sources appeared as precursors of the fengycin pep-
tide chain. Otherwise, most of the other substrates were
previously studied and reported as positively acting on
the lipopeptide production (Fahim et al. 2012; Ghribi and
Ellouze-Chaabouni 2011; Huang et al. 2015).

Surfactin production

BBG208 produces surfactin and fengycin. The specific
production of the surfactin was measured under the
36 conditions, after 72 h growth, at 30 °C (Fig. 1). No
significant difference in the growth rate was registered
under these different experimental conditions (data not
shown). With respect to the effect of nitrogen source,
the specific production of surfactin ranged from 20.34
to 285 mg L™! ODg,. The conditions showing the high-
est specific productions were urea, urea + ammonium
carbonate + alanine, i.e., 257.8 mg L™' ODgj (2.1 g
L"), 285 mg L™! ODgy, (2.43 g L™') and 276 mg L™!
ODg, (2 g L), respectively. A second set of interesting
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«Fig. 1 Surfactin production by B. subtilis BBG208 after 48 h of
growth in the presence of different substrates. a Nitrogen sources:
Landy medium (control) was modified by replacing the glutamic
acid with 5 g of 17 different nitrogen sources: KNO;, NaNOj,
NH,HCO;, NH,NO;, beef extract, casein, peptone, tryptone, urea,
urea (2.5 g) + NH,HCO; (2.5 g), alanine, glycine, isoleucine, ornith-
ine, proline, threonine, and valine. b Carbon sources: Landy medium
(control) was modified by replacing the glucose with 20 g of 11
different carbon sources: arabinose, fructose, galactose, glycerol,
maltose, mannitol mannose, lactose, sorbitol, starch, and sucrose. ¢
Addition of hydrocarbon sources: Landy medium (control) was modi-
fied by supplying the medium with 1% of six different hydrocarbon
sources: benzene, diesel, olive oil, paraffin, silicon oil, and sunflower
oil

nitrogen sources included glutamic acid (213 mg L~!
ODgy), which is usually recognized as a central point in
the nitrogen metabolism and present in Landy medium
and ammonium carbonate (192 mg L' ODgyy). Pep-
tone, casein and glycine gave intermediary results, while
the nitrate salts, the other amino acid residues, the beef
extract and the tryptone led to low specific production
of surfactin (Fig. la). Most of the carbon sources per-
mitted specific production ranging from 100 to 224 mg
L~! ODgj,. However, when galactose or arabinose was
used, the production decreased to 30 mg L~' ODgy,.
Remarkably, when lactose was used, the levels obtained
were similar to those of glucose and galactose. Interest-
ingly, maltose was less efficient than glucose and starch
(Fig. 1b). In the media supplemented with 1% vegeta-
ble oil and hydrocarbon sources, surfactin production
did not increase comparatively to the standard Landy
medium (Fig. 1c).

Fengycin production

The fengycin-specific production ranged from 7.0 to
61.4 mg L' ODgy,. The highest productions were obtained
with urea, urea + NH,CO;, NH,CO;, alanine and glu-
tamic acid at 52, 61.46, 48.39, 56.38 and 43.3 mg L!
ODyy, respectively. In contrast to surfactin, NH,NO; led
to highly elevated production of fengycin (43.8 mg L!
ODgy,). Low productions were observed with casein, tryp-
tone, beef extract and peptone. As depicted on the Fig. 2a,
we registered less than <28 mg L™' ODgy, when amino
acids other than alanine and glutamic acid are used. Among
12 different carbon sources tested, mannitol has signifi-
cantly enhanced the production of fengycin to 77.7 mg
L~ ODgy,. This level is 17-fold up than that observed for
mannose, which is about 5.7 mg L™' ODgy,. The produc-
tion was 47.7 mg L™' ODgy, with starch as carbon source.
The production with maltose, sucrose and lactose was com-
prised between 37 and 44 mg L™' ODgy,. With arabinose
or sorbitol, production was less than 20 mg L~' ODgy,
(Fig. 2b). When composite carbon sources (diesel, benzene,

sunflower oil, silicon oil, olive oil and paraffin) were added
(1%) to the medium, a slight increase was observed with
sunflower oil (53.6 mg L™! ODgj,) comparatively to the
control. Equivalent production to the control was obtained
with diesel and olive oil. As shown on the Fig. 2c, the
media containing paraffin oil, silicon oil, benzene or olive
oil led to productions <30 mg L™' ODgy.

Expression of fengycin operon promoter

The production of fengycin was assessed through expres-
sion of the promoter under the above-cited conditions using
BBG208, in which the Pfen::gfp cassette was integrated at
the amyE gene. The use of the BioLector device allowed
following the fluorescence of the GFP and, therefore, the
expression of the fengycin promoter in different nitrogen,
carbon or hydrocarbon and vegetable sources. Therefore,
GFP high expression level does not systematically fit with
high fengycin production. Some conditions induced the
GFP promoter, but the production was not significantly
important. In contrast, a good production was correlated
with a moderate gene expression.

Nitrogen sources

Figure 3 shows the promoter expression under different
nitrogen sources. The highest fluorescence intensity was
registered for urea, urea + NH,HCO; and alanine (1.9,
1.48 and 1.24 au ODg}, respectively). Under these con-
ditions, the promoter expression was correlated to high
levels of fengycin. In contrast, low expression (0.3-0.66
au ODgy,) was observed for glutamic acid, NH,NO; and
NH,HCO;, and the levels reached under the same condi-
tions were 43—48 mg L™! ODg,. Nevertheless, no signifi-
cant expression and synthesis were observed under other
conditions (Fig. 3a). Assessment of the fengycin promoter
activity placed the expression between 10 h and 18-20 h
of cultivation in most of the conditions tested here. The
pH decreased to the least value after 30 h and started to
increase again. The highest pH value (8.1) was recorded
for urea after 36 h, and the lowest pH value (5.8) was also
obtained similarly after 36 h using NH,HCO;. Otherwise,
the pH level ranged from 6.2 to 7.2 under the other condi-
tions (data not shown).

Carbon sources

Starch permitted highly elevated promoter expression (1.2
au ODgy), but with a lesser level of fengycin produced
compared to that obtained with mannitol. Clear differences
in fengycin genes expression and fengycin production
using mannitol, lactose, glucose or sucrose were observed.
The expression of fengycin promoter was estimated at 0.63
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«Fig. 2 Fengycin production by B. subtilis BBG208 after 48 h of
growth in the presence of different substrates. a Nitrogen sources:
Landy medium (control) was modified by replacing the glutamic
acid with 5 g of 17 different nitrogen sources: KNO;, NaNOj,
NH,HCO;, NH,NO;, beef extract, casein, peptone, tryptone, urea,
urea (2.5 g) + NH,HCO; (2.5 g), alanine, glycine, isoleucine, ornith-
ine, proline, threonine, and valine. b Carbon sources: Landy medium
(control) was modified by replacing the glucose with 20 g of 11 dif-
ferent carbon sources: arabinose, fructose, galactose, glycerol, lac-
tose, maltose, mannitol mannose, sorbitol, starch and sucrose. ¢
Addition of hydrocarbon sources: Landy medium (control) was modi-
fied by supplying the medium with 1% of six different hydrocarbon
sources: benzene, diesel, olive oil, paraffin, silicon oil, and sunflower
oil

ODyy, with mannitol, and 0.8 ODjy, with lactose. Using
lactose, the fengycin production was estimated at 37 mg
L™ ODgy,. Expression with sucrose was reduced by about
50% comparatively to glucose, albeit the productions
remained identical at 40 mg L™' ODg, (Fig. 3b).

For most of the conditions tested here, the expression
was stopped after 18 h. The highest promoter activity was
recorded after 22 h in Landy starch, and after 16—18 h in
Landy mannitol. During these experiments, pH changes
were not important. Indeed, the pH remained between 6.7
and 7.2 under all the conditions.

Influence of the addition of different hydrocarbon
sources

Figure 3c shows the effects of the addition of different
hydrocarbon sources (1% (w/v) on the promoter expres-
sion. The promoter expression in Landy complemented
with sunflower oil was 0.78 ODgg,). This value was twice
that obtained with Landy medium used as control. The spe-
cific fengycin production was 1.28-fold up to the control
medium. Notably, no significant differences in the expres-
sion level were observed under the other conditions tested.
The pH remained between 6.7 and 7.2 along these experi-
ments (data not shown).

Optimization of fengycin production
The effects of temperature, pH and aeration rate

In the presence of urea, the highest fengycin production
was obtained after 48 h at 30 °C (550 mg L"), with a
working volume of 10% at pH 7.0 (C2) (Table 2). With the
shift of temperature to 25 °C or 37 °C, the production was
altered. Similarly, when the oxygen rate was reduced and
the initial pH of the medium also was modified, the produc-
tion was not changed. For mannitol, the maximum produc-
tion was obtained after 48 h at 25 °C (M 1) with 588 mg
L~! (Table 3). At 30 °C, a high aeration rate and an initial

pH of 7.0 led to better conditions. Notably, the influence
of the initial pH was less important than in the presence of
urea.

Influence of urea and mannitol concentrations
on fengycin production

As depicted on Fig. 4, the best specific fengycin production
was obtained by the addition of 20 or 25 g L™! of manni-
tol (60.5 mg L™' ODgy), whereas 5 or 6 g L™! of urea in
the culture was enough to allow the highest fengycin con-
centration at 43.8 mg L™' ODg,. Moreover, 78.5 mg L™!
ODgy, (648 mg L") of fengycin was obtained using Landy
medium with 6 g L™! of urea and 25 g L™! of glucose as
optimal culture condition (data not shown).

Cultures with two successive different nitrogen or
carbon sources

The sources allowing fengycin production but not fengycin
operon expression were selected for this assessment. Thus,
optimal temperature (30 °C), initial pH (7.0) and working
volume (10%) were selected as described in “Materials and
methods”. The successive use of urea and glutamic acid
or ammonium nitrate, or mannitol and glucose or maltose
did not significantly increase the specific fengycin pro-
duction (Fig. 5). However, the successive use of mannitol
and sucrose increased the specific fengycin production by
20.7% (85.3 mg L~! ODg}) compared to mannitol alone
(70.7 mg L' ODgy). At these conditions, the fengycin
production was also the highest (768 mg L™1).

Discussion

In this study, we used the GFP reporter genes and BioLec-
tor device to screen the influence of a high set of 36 sub-
strates on both promoter expression and lipopeptide pro-
duction. The use of different experimental conditions was
based on previously published reports, in which the influ-
ence of these substrates on the production of different lipo-
peptides was the main topic. To gain insights, we looked at
the feeding of fengycin precursors, such as the amino acid
residues of the peptide chain. This strategy should help dis-
tinguish between parameters affecting the first step of the
synthesis from other ones, especially the supply of precur-
sors to the synthetases. As strain BBG208 produces surfac-
tin and fengycin, we assessed and compared the production
of these lipopeptides using a high-throughput system for
36 experimental conditions. The ratio of specific produc-
tion of surfactin/fengycin varied from 1 to 36 depending on
the substrate tested. A remarkable difference was observed
with mannose which favors surfactin production and with
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«Fig. 3 Fengycin promoter expression by B. subtilis BBG208 after
48 h of growth in the presence of different substrates (All experi-
ments were performed in triplicate wells for each condition and
the values of standard deviation were less than 1%). a Nitrogen
sources: Landy medium (control) was modified by replacing the glu-
tamic acid with 5 g of 17 different nitrogen sources: KNO;, NaNO;,
NH,HCO; NH,NO; beef extract, casein, peptone, tryptone, urea,
urea (2.5 g) + NH,HCO; (2.5 g), alanine, glycine, isoleucine, ornith-
ine, proline, threonine, and valine. b Carbon sources: Landy medium
(control) was modified by replacing the glucose with 20 g of 11 dif-
ferent carbon sources: arabinose, fructose, galactose, glycerol, lac-
tose, maltose, mannitol, mannose, sorbitol, starch, and sucrose. ¢
Addition of hydrocarbon sources: Landy medium (control) was modi-
fied by supplying the medium with 1% of six different hydrocarbon
sources: benzene, diesel, olive oil, paraffin, silicon oil, and sunflower
oil

valine which led to equivalent amounts of these lipopep-
tides, but at low concentrations. Similarly, Singh et al.
(2014) showed that environmental conditions can indeed
further promote the production of a specific lipopeptide.
On the other hand, Davis et al. (1999) underpinned the role
of nitrogen sources on the surfactin regulation in B. subtilis
ATCC 21332. Abushady et al. (2005) established the key
role of ammonium salts and urea for surfactin production.
In this study, the positive influence of urea and ammonium
carbonate was confirmed for both lipopeptides. The low
cost of these nitrogen sources versus glutamic acid which
is currently used for lipopeptide production offers another
advantage at the economical scale.

Cooper et al. (1981) showed that ammonium nitrate was
more suitable for fengycin production. Fahim et al. (2012)
using BBG21 established that the oxygen transfer rate can
modulate surfactin/fengycin ratio, and a moderate oxygen
transfer rate further promotes fengycin synthesis. In this
study, we underline that mannose, sorbitol, silicon oil and
paraffin oil are more favorable for surfactin production.
Recently, Zheng et al. (2013) highlighted the role of starch
as a carbon source for surfactin production in B. subtilis
NEL-01. Abdel-Mawgoud et al. (2008) showed that galac-
tose and lactose increased the surfactin production, arguing
therefore that lipopeptide production is strain dependent
with regard to environmental conditions and factor sources.

To study the influence of these environmental factors
on fengycin operon expression, we placed the GFP gene
expression under the control of the fengycin promoter.
Fengycin was preferably and highly produced using nitro-
gen sources including urea, urea + ammonium carbonate,
alanine and ammonium carbonate. The main significant
expression was obtained with urea, urea with ammonium
carbonate or alanine as the sole nitrogen source in the
medium. Indeed, a 20-fold higher expression was obtained
with Landy urea than Landy beef extract, while no sig-
nificant difference in biomass was observed between these
two conditions. NH, was found to be the main nitrogen

source for B. subtilis ATCC 21332 and therefore use of
NH, increased B. subtilis cell growth (Makkar and Came-
otra 1997; Huang et al. 2015). This ammonia release could
slightly increase the intracellular pH, and the alkaline pH
positively influences surfactin expression according to
Cosby et al. (1998). The use of NH, as nitrogen source
allowed high biosurfactant production in B. subtilis DM-03
and B. subtilis ATCC 21332 (Mukherjee and Das 2005;
Huang et al. 2015). The use of urea as the sole nitrogen
source may lead to the activation of a switching signal to
the secondary metabolism that promotes the synthesis of
fengycin.

Among the 12 carbon sources tested in the Landy
medium, starch, lactose, mannitol and glucose improved
the promoter expression. The highest fengycin produc-
tion was obtained with mannitol (14-fold more than the
lowest one and 1.6-fold more than with glucose). Manni-
tol was studied in several studies to be a preferable carbon
source for fengycin production (Besson et al. 1987; Wei
et al. 2010; Islam et al. 2012). The level of fengycin operon
expression for Bacillus in the presence of glucose which is
defined as the reference carbon source occurred after 18 h,
more rapidly than with other carbon sources. On the other
hand, the use of starch as carbon source is inconclusive.
Zheng et al. (2013) reported that starch was the best source
for lipopeptide production, but this compound was difficult
to metabolize in B. subtilis ATCC 21332, albeit the amyl-
ase gene was present (Thompson et al. 2001). Moreover,
we established that the addition of sunflower oil in Landy
medium enhanced both promoter expression and fengycin
production. Related to that, the use of sunflower oil was
also reported to improve biosurfactant production in Bacil-
lus sp. (Ghribi and Ellouze-Chaabouni 2011; Rajendran
et al. 2014). In B. subtilis, the complex metabolism of the
carbon sources can lead to myriad hypotheses to explain
the effect of each carbon source on fengycin production.

To gain insights into fengycin production, we investi-
gated the effects of temperature, pH and aeration in two
different nutrient conditions, which allowed good pro-
moter expression level. These conditions required the use
of urea as nitrogen source and mannitol as carbon source.
The temperature required for the optimal production of
fengycin can be substrate dependent. Indeed, the tem-
perature for the maximum specific fengycin production
was 30 °C in the presence of urea, and 25 °C in the pres-
ence of mannitol. The role of pH, as investigated here,
indicated that the initial and final pH were key elements
for fengycin production. Related to this, a least produc-
tion was recorded with a final pH 8.9 (urea with initial
pH 7.5), and a significant decrease in production was
observed with mannitol with a final pH of 6.1 (mannitol
with an initial pH of 6.5). A recent study of Varadaven-
katesan and Murty (2013) indicated that the optimum
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Table 2 Influence of temperature, pH and aeration rate on growth and fengycin production by B. subtilis BBG208 in the presence of urea

Culture conditions* Fengycin (mg L™} Biomass (ODg) Relative fengycin yield (mg L™! ODgy) Final pH
Ul 368 + 22 9.6 £0.6 38.3 8.0
U2 550 &+ 15 10.5 £ 0.6 52.2 8.1
U3 380 + 14 10.5 £ 1.1 35.5 7.7
U4 3324+ 13 10.1 £ 0.9 32.8 8.5
Us 328 + 15 104 £ 0.7 31.5 8.3
U6 187 £ 11 92+1.2 20.3 8.7
u7 345 + 12 9.0+ 1.2 38.3 8.3

* The culture conditions are described in Table 1

Table 3 Influence of temperature, pH and aeration rate on growth and fengycin production by B. subtilis BBG208 in the presence of mannitol

Culture conditions* Fengycin (mg L™") Biomass (ODg) Relative fengycin yield (mg L™! ODgy) Final pH
M1 588 + 31 102 +0.3 57.6 73
M2 532 £25 102 £ 1.0 52.2 6.6
M3 240 + 14 9.0+ 1.1 26.6 6.4
M4 488 &£ 17 10.7 £ 0.7 45.6 7.1
M5 328 £ 15 9.4+0.8 34.9 7.3
M6 510 £ 11 9.8+0.8 52.1 7.1
M7 398 + 12 11.0£12 36.1 6.1
* The culture conditions are described in Table 1
80 pH for fengycin production ranged from 6.5 to 7.5. In
a the case of our study, a pH ranging from 6.3 to 8.1 still
S 60 allowed elevated production of lipopeptide.
8 Reducing the oxygen supplied to the culture was
=40 I I I I accompanied by a decrease in fengycin production under
-~ L both conditions. In contrast, a maximal fengycin produc-
%D 20 tion (about 0.3 g L™') was recently obtained at moder-
ate oxygen supply with a kLa of 0.01 s™! (Chtioui et al.
0 2014).
4 5 6 8 10 Furthermore, we found here that the successive use of
Concentration g L-! mannitol and sucrose enhanced the specific fengycin pro-
duction of 97% compared to the control, 93% compared
b 80 to the production obtained in Landy sucrose and 20%
% 60 I < compared to the production obtained in Landy mannitol.
a I I To sum up, the use of different nitrogen and carbon
Q 0 I sources strongly influences the ratio of specific produc-
E 4 tion surfactin/fengycin from 1 to 36 and the fengycin pro-
&0 50 moter expression, which can either or not reflect directly
= on the fengycin production. Activation of the promoter
0 expression by the addition of mannitol followed by

15 20 25 35 45
Concentration g L-!

Fig. 4 Specific fengycin production by B. subtilis BBG208 after 48 h
of growth in the presence of five different concentrations of: a urea
and b mannitol

@ Springer

sucrose permitted the highest specific productions. This
strategy enabled us to increase the fengycin production
to 768 mg L~!, which is the highest level ever reported
for this strain. The maximum surfactin production (2.33 g
L") was observed with a mix of urea and ammonium
carbonate as nitrogen source, which is also a favorable
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100

mg L' 0D, !
N B D
o O O o

Glutamic acid Ammonium nitrate

Fig. 5 Effect of successive cultivations in the presence of two differ-
ent nitrogen or carbon sources on specific fengycin production by B.
subtilis BBG208: a Nitrogen sources and b carbon sources. B. subtilis
BBG208 was grown for 16 h in Landy glucose + urea to test nitrogen
sources (a) or during 15 h in Landy glutamic acid + mannitol to test
carbon sources (b). Cultures were centrifuged (2300g, 10 min) and
the supernatants were discarded. According to the preculture (influ-

source for fengycin production. Taking all these data
together, it can be hypothesized that fengycin and surfac-
tin produced in this strain probably share several direct or
indirect regulation factors.
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