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Résumé

Ce travail a pour objectif d’analyser les facteurs génétiques et
environnementaux qui influencent la production de fengycine chez Bacillus.
Dans un premier temps, une caractérisation physiologique et moléculaire de la
souche B. subtilis BBG21, mutant spontané de B. subtilis ATCC 21332
surproducteur de fengycine a été menée. Le fonctionnement du promoteur Pfen
a permis de démontrer que la modification d’un seul nucléotide dans
1I’élément UP est en partie responsable de la surproduction de fengycine. Dans
un second temps, I’influence de conditions biotiques et abiotiques sur la
synthese de surfactines et de fengycines et sur 1’expression du promoteur P, a
été étudiée. Les sources de carbone disponibles dans le milieu de culture
orientent la synthese vers une famille de lipopeptides alors que la plupart des
sources d’azote permettent la cosynthése a haut niveau des deux molécules
étudiées. Une forte expression du promoteur Pg, couplée a une synthése
Importante de fengycines a été mise en évidence lorsque 1’urée ou le mélange
urée ammonium sont utilisés comme source d’azote et le mannitol comme
source de carbone. L’influence des facteurs temperature, pH et oxygénation a
également été testée. Non seulement ces facteurs modulent la synthese des
lipopeptides mais les conditions optimales de production des surfactines et
fengycines sont de plus dépendantes des sources de carbone ou d’azote
présentes dans le milieu. Enfin, nous avons étudié I’influence de mutations SrfA
chez B. subtilis BBG 21 et celle de la mutation pnpA chez B. subtilis BBGG21
et dans des dérives de B.s. 168. Les résultats montrent que ’interruption de
srfAA affecte significativement la production de fengycines alors qu’il n’y pas
d’effet lors d’une interruption de SrfAC. Chez les mutants pnpA une forte
diminution de la synthése de la surfactine et de la fengycine est observée. Les
expériences réalisées dans ce travail nous permetttent de proposer un schéma

partiel de régulation des deux lipopeptides chez Bacillus subtilis.
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Abstract

This work aimed at analyzing the genetics and the environmental factors that
can influence the fengycin production in Bacillus subtilis. Firstly, physiological
and molecular characterization of the strain B. subtilis BBG21 (a spontaneous
mutant fengycin overproducer strain) was caryed out .Study the promoter of this
strain has been shown that the change of a single nucleotide on the UP element
sequence is partially responsible for the overproduction of fengycin in the
strain. Then, the influence of certain biotic and abiotic conditions on the
surfactin and fengycin synthesis as well as the expression of Ps, promoter has
been studied. The result demonstrated that some carbon sources appeared to
orient synthesis of one family of lipopeptides, while most of nitrogen sources
allowed high level of both lipopeptides co-synthesis. A strong expression of
promotor Py, and an important synthesis of fengycins were obtained with urea
or urea ammonium mixture used as nitrogen source and with mannitol as carbon
source. Temperature, pH and filling volume are important for fengycin
synthesis and theoptimal conditions are carbon and nitrogen sources dependent.
Finally we studied fengycin synthesis in surfactin and pnpA mutants derived
from Bs 168. The result showed that knock-out of srfAA gene decreased
fengycin synthesis whereas knock-out in srfAC gene has no significant effect.
Notably, an important decrease in surfactin and fengycin was observed for pnpA
mutant strains. The results of this work allowed us to propose a partial regulator

schimatic for the two lipopeptides in Bacillus subtilis.
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Abrevations

ACP: acyl carrier protein

A-domain: adenylation domain

BBG: Bacillus strain collection of ProBioGEM Laboratory
C-domain: condensation domain

CoA: coenzyme A

DNA: deoxyribonucleic acid

E-domain: epimerization domain

EDTA: ethylene di-amine tetra- acetate

GFP: green fluorescence protein

HEPES: 4-(2- hydroxylethyl)-1- piperazineethane sulfonic acid
HPLC: high performance liquid chromatography

IPTG: isopropyl B-D- thiogalactopyranoside

LB: Luria broth

MALDI-TOF: matrix-assisted laser desorption/ionization-time of flight
MOPS: 3-(N-morpholino)-propane sulfonic acid

MRNA: messenger RNA

MS: mass spectrometry

NRPS: non ribosomal peptide synthetase

OD: optical density

OREF: open reading frame

PCR: polymerase chain reaction

PKS: polyketide synthase

PnpAse: polyneocleotide phosphorylase

PTG: isopropyl B-D-thiogalactoside

Sfp: 4'-PP cofactor 4'-phosphopantetheine cofactor
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Part 1: General introduction and objectives

B. subtilis strains produce a set of bioactive lipopeptides with great potential for
biotechnological and biocontrol of plant diseases applications. This group of compounds is
classified into five main families, which are: the surfactins [Nakano and Zuber, 1991], the
iturins [Duitman et al, 1999], the fengycins/plipastatins [Vanittanakom et al., 1986;
Nishikiori et al., 1986], the kurstakins [Hathout et al, 2000; Béchet et al., 2012], and the
locillomycins [Luo et al., 2015]. Each family of lipopeptides is constituted of several
variants, which can differ in their fatty acid chain and their peptide moiety. In each family,
the peptidic moiety is composed of various amino acids (from 5 to 10) and the length of the
lipidic chain is also varying from 10 to 19 carbon atoms [Jacques, 2011].

Fengycin was described to be endowed with a strong antifungal activity, especially
against filamentous fungi [Vanittanakom et al., 1986; Wise et al., 2014; Farace et al., 2015]
and antibacterial activity against Gram-positive Staphylococcus epidermidis and Gram
negative Escherichia coli [Huang et al., 2006; Roy et al., 2013]. Notable, antiviral activity
against Newcastle disease virus and bursal disease virus has also been reported [Huang et al.,
2006]. More recently an antitumor activity against human tumor cells has been attributed to
this lipopeptide [Sivapathasekaran et al., 2010; Yin et al., 2013; Ditmer 2014].
Fengycins/plipastatins can influence the ecological fitness of the producing strain in terms of
root colonization. Thereby their persistence in the rhizosphere, is also playing a key role in
the beneficial interaction with plants by stimulating host defence mechanisms (Ongena et al.,
2005 and 2007). According to all these biological properties, these lipopeptides have been
considered as promising biocontrol agents [Waewthongrak et al., 2014].

Furthermore, fengycin owing to their properties are being increasingly favored in the
place of chemically synthesized surfactants for industrial applications such as emulsifiers in
food and pharmaceutical industries, in mobilization of heavy oil spills, bioremediation of oil-
contaminated soil and enhanced oil recovery [Banat et al., 2010].

Regulation of surfactin and mycosubtilin (a member of Iturin family) operons have
been described in details in literature. It involves a set of pheromones from the quorum
sensing. On the contrary, there is little available information on the fengycin operon.

The global objective of this work is to increase the knowledge about the parameters which

influence fengycin production at molecular and cellular levels.
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For this purpose, several fengycin-producing strains have been wused: one B.
amyloliquefaciens strain (FZB42) and five B. subtilis strains (B. subtilis BBG21, B. subtilis
ATCC 21332, B. subtilis BBG111, B. subtilis BSBN1 and B. subtilis BBG258) B.
amyloliquefaciens FZB42 can produce three types of lipopeptides including fengycin,
surfactin and bacillomycin. The B. subtilis strains produced only surfactin and fengycin. One
of these strains, the strain B. subtilis BBG21 is a spontaneous mutant of B. subtilis ATCC
21332. Compared to its mother strain, BBG21 is able to overproduce fengycin up to 500
mg/L [Fahim et al., 2010; Coultte et al., 2010]

This work firstly aimed to check the influence of fengycin operon promoter on the
overproduction of this lipopeptide by BBG21. In order to do this, we compared the sequence
and the strength of this promoter under several environmental conditions using a gene
reporter system to those of two other strains, B. subtilis 168 and B. amyloliquefaciens FZB42.
The second aim was to study the effect of biotic or abiotic conditions on fengycin operon
expression and fengycin production.

The third aim was to study the effect of specific genes knock-out on fengycin operon
expression and fengycin production. As the tested strains produce concomitantly surfactins
and fengycins, we checked the influence of the knock-out of srfA genes. The knock-out of
polynucleotide phosphorylase (PNPase) gene known to play a key and pleiotropic role in B.

subtilis kingdom, was also studied.
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Part 2: Fengycin from its production to its applications

Bacillus genus

Microorganisms have remarkable biosynthetic abilities to produce metabolites with
different biological activities. Soil is the main biotope for species belonging to the genus
Bacillus, which are Gram-positive and rod-shaped bacteria [Nakano and Zuber 1998].
Bacillus cells have variable size of 0.5 um x 1.2 to 2.5 x 10 um. They are usually catalase
positive and give a variable response to the oxidase test. This bacterium is aerobic, although
anaerobic growth seems to occur in complex media, mainly in the presence of nitrate [Logan
et al., 2006]. The optimum growth temperature is between 25-35 °C [Movahedi and Waites,
2002].

A common bacilli characteristic is their ability to form endospores allowing them to
survive for long periods under different environmental conditions. Their ability to be spore-
forming added to metabolic diversity constitutes significant elements that lead to their
successful colonization of a widespread diversity of environments. Indeed Bacillus sp. strains
can be found in soil, water, and air [Aislabie et al., 2013]. Bacillus sp. uses their flagella for a
swarming motility on surfaces [Nakano and Zuber 1998]. In order to swarm, cells need to
secrete a slime layer which includes lipopeptides, a surface tension-reducing molecule, as one
of its components [Schaechter 2006; Leclere et al., 2006].

The Bacillus sp. group includes the most intensively studied bacilli, and is composed of
species such as B. subtilis itself, B. licheniformis and B. amyloliquefaciens, which are of
industrial and agricultural relevance [Kumar et al., 2012; Sicuia et al., 2015]. The B. subtilis
168 genome is 4.2 Mbp in size and comprises 4,100 protein-coding genes [Wipat and
Harwood 1999; Sinchaikul et al., 2002]. Most of the genes are involved in the metabolism
and, an average of 4—5% of the genome was shown to be dedicated to secondary metabolites
production [Stein 2005; Chen et al., 2007].

Cells are anticipated to grow rapidly, reach high cell densities and excrete a large number of
molecules such as amylase, alkaline protease, alkaline phosphatase or esterase. The amount
produced (g per liter) render Bacillus sp. an important source for industrial enzymes [Nigma,
2013]. Bacillus spp. is not considered as pathogen for humans, but can occasionally
contaminates food and causes food poisoning, if strains belong to B. cereus or B. anthracis

species [Setlow, 2006].
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Figure 1 Bacillus subtilis Gram staining

Fengycin structure
Fengycins are cyclic lipodecapeptides containing a S-hydroxy fatty acid chain that may be

saturated or unsaturated. Fengycins are composed of a peptide chain of ten amino acids
linked to a fatty acid chain which varies from 14 to 19 carbon atoms, resulting thereof in a
diverse homologous compounds and isomers. Eight amino acids (Tyr, Thr, Glu, Ala, Pro,
GIn, Tyr, and lle) are involved in the formation of a peptide ring via lactone between the
hydroxyl group of L-Tyr3 and the C-terminal carboxyl group of L-lle (Figure 2) [Steller et
al., 1999; Chen et al., 2007]. Recently, the cyclized structure of fengycin was shown to play a
critical role in its antifungal activity [Kim and Chae 2015].

10
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Figure 2: Fengycins/Plipastatins structures adapted from Wang et al. (2004)

Members of fengycin family exhibit heterogeneity at the 6™ position in peptide moiety as
well as in chain length of g-hydroxyl fatty acid. Most of studies revealed the presence of
cyclized fengycin homologs A and B, which are distinguishable by the presence of either
alanine or valine, respectively, at position 6 of the peptide sequence (Figure 3)
[Vanittanakom et al., 1986; Jacques 2011; Kim and Chae 2015; Plaza et al., 2015]. It should
be noted that further fengycin types were reported in independent studies. Related to that,
Sang Cheol et al. [2010] reported a lipopeptide of a molecular mass of 1491.2 which was
designed as fengycin S and differed from fengycin B and fengycin A by a substitution of
serine for the threonine residue in position 4, and the amino acid residue in position 6 was
equal to that of fengycin A. Villegas-Escobar et al. [2013] portrayed a new fengycin isoform
named fengycin C, with the amino acid sequence Glu-Orn-Tyr-Thr-Glu-Val-Pro-GIn-Thr-lle.
The peptidic moiety differs from fengycin B at position 9 and from fengycin A at positions 6
and 9. Separately, based on the variation of Glu/GlIn at position 8, a new subclass of fengycin
was also identified using high resolution mass spectrometry [Pathak and Keharia 2013].
Moreover, fengycin also referred to as plipastatin when Tyr3 and Tyr9 are present as the L-
and D-form, respectively [Roongsawang et al., 2010; Jacques 2011]. There is a real
confusion between the two names plipastatin and fengycin. Fengycins could be named
plipastatins according to the place of L- and D- forms of tyrosine within the peptide moiety
[Steller et al., 1999; Jacques et al., 1999; Wei et al., 2010]. However, many reports
mentioned that they are identical compounds, and this has been proven by Honma et al.
[2012].

11
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Figure 3 Primary structure of fengycin homologues [Pathak and Keharia, 2013]

Fengycins as NRP compounds

Fengycins are synthesized non-ribosomally by multifunctional complex enzymes system
consisting of an arrangement of modules. Each module is responsible for the integration of a
specific monomer into the growing polypeptide chain and can be therefore decomposed in
specific domains. In non-ribosomal peptide biosynthesis each elongation cycle needs the
cooperation of at least three basic domains and one terminal module (Figure 4) [Steller et al.,
1999; Wu et al., 2007; Luo et al., 2015].

(1) The A domain (adenylation domain) selects its cognate monomer and generates an
enzymatically stabilized aminoacyl adenylate. This mechanism bears a resemblance
to the aminoacylation of tRNA synthetases during ribosomal peptide biosynthesis
[Stachelhaus et al., 1999].

(2) The T domain, also called peptidyl -carrier protein (PCP). At this step the adenylated
monomer substrate is covalently bound to its 4'-phosphopantetheinic (4'-PP) cofactor
as thioester. This occurs by tethering the phosphopantetheinyl moiety of the co-
substrate coenzyme A (CoA) in phosphodiester linkage to the hydroxymethyl side
chain of the conserved active serine residue in the CP domains. The 4'-PP cofactor
acts as a flexible arm to allow the bound amino acyl and peptidyl substrate to travel
between different catalytic centers [Strieker et al., 2010].

12

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Yazen Mohlab Yaseen, Lille 1, 2016

(3) The C domain (condensation domain): Catalyses the peptide bond formation between
the amino acyl thioester attached to the PCP in the same module and this of the
preceding module [Challis and Naismith, 2004].

(4) The TE domain is the last domain. It contains the terminal enzyme that allows the
release of the peptide and is also frequently involved in the formation of a
macrocyclic product (lactones and lactams) or the oligomerisation of peptide units
[Mootz and Marahiel, 1997].

Additional domains can be involved in the biosynthesis of the peptide either to modify its
structure or to add some external compounds to the peptide. Among these secondary
domains, cyclisation (Cy), methylation (Me), oxidation (Ox), glycosylation, epimerization
(E) domains and addition of fatty acid chain have been shown. The last two domains
(epimerization and addition of fatty acids) are involved in lipopeptides biosynthesis in
Bacillus spp., the E-domain catalyses the epimerization of the PCP-bound L-amino acid of
the growing polypeptide chain. The addition of the fatty acid chain to the first amino acid of
the peptide moiety is catalyzed by a first specific condensation domain [Finking and
Marahiel, 2004].

fenC (8.4 kb) fenD (7.8 kb) fenE (7.7 kb) fenA (10.8 kb) fenB (4.0 kb)
FenC (287 kDa) FenD (291 kDa) FenE (287 kDa) FenA (407 kDa) FenB (144 kDa)

_{to NG "?-o O o acylation
..o»©/ b S°°°“ W:(w cyclization ,O/ j:\g‘““ o w
Q uc N;\\(n o HO o NJ"z:TBK(“ 5

Figure 4: NRPS modules and domains of fengycin operon. (Samel et al., 2006)
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Fengycin applications

According to their physicochemical properties such as the amphiphilic character and the
affinity for lipid bilayers [Steller et al., 1999], the fengycins family produced by Bacillus spp.
is being highly studied for their antimicrobial activity, low toxicity for animals and plants and
high biodegradability [Mandal et al., 2013], moreover, their role as anti-adhesive agents
[Rodrigues et al., 2006], as well as their environmental friendly characteristics [Liu et al.,
2015].

Several studies permitted to elucidate the fengycin mechanism of action as antimicrobial
agent [Deleu et al., 2008; Nicoli et al., 2010; Horn et al., 2013; Wise et al., 2014]. Fengycins
are supposed to act by making the plasma membrane of the target cell more permeable
[Eeman et al., 2009]. At sufficiently high concentrations, fengycin aggregates, lead to large
sustainable pores which induce a complete efflux of the cellular contents, and the cell death
[Wise et al., 2014]. Besides, fengycins are able to inhibit phospholipase A2 and aromatase
[Steller et al., 1999; Volpon et al., 2000; Wei et al., 2010]. To show the important role of

fengycin in the different fields each application domain was covered separately in this part

(Figure 5).
' od industry Biocontrol
o food preseryation o Inducer of plant
as antimicrobial. systemic resistance
o Emulsifier. oAntifungal Antibacte
rial
Pharma industry

Petroleum industry

o Bioremediation of

o Antibacterial.

@ Antitumor. oil-contaminated soil.
o Antifungal '@ Enhanced oil recovery i
. Fengycin —
e T
- e P
e

S
deer

Figure 5. Wide border use of fengycin in the different domains
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Biomedical and therapeutic applications of fengycins

As previously mentioned fengycins are well-known for their antifungal activity but,
continuing reports underline their antibacterial and antiviral activities especially in
combination with surfactin. Huang et al., [2007] reported that a lipopeptidic antimicrobial
activity of B. subtilis strain fmbj was ascribed to concomitant synthesis of surfactin and
fengycin. These substances inactivate the endospores of B. cereus through damaging the
surface structure of the spores. Related to this, Huang et al., [2006] showed that surfactin and
fengycin produced by B. subtilis strain fmbj were able to inactivate the cell-free virus stocks
of porcine parvovirus, pseudorabies virus, newcastle disease virus and bursal disease virus
and could effectively inhibit infections and replication of these viruses. In a recent study, the
formation of fengycin self-assembled structure onto a hydrophobic surface showed a clear
improvement of antibacterial activity against Staphylococcus epidermidis and Escherichia
coli as well as against the pathogenic yeast Candida albicans [Roy et al., 2013]. On the other
hand, the ability of fengycin to modulate the surface properties and molecular organization of
stratum, by preferentially interacting with cholesterol, makes this lipopeptide a potential
candidate for enhancing the penetration of topically applied drugs through the skin [Nicoli et
al., 2010]. The antitumor activity of fengycin was tested in vitro and in vivo using the human
lung cancer cells line 95D, and the study showed that fengycin stands as potential anticancer
issue, inhibiting the growth of the aforementioned cell line by regulating the cell cycle and
promoting apoptosis [Yin et al., 2013].

This anticancer activity was also investigated in vivo and in vitro against human cancer
cell, validating the anti-proliferative potential of fengycin and its ability to inhibit these cells
[Ditmer 2014]. Similar anti-proliferative activity was reported for lipopeptides (namely
isoforms of surfactins and fengycins) derived from the marine B. circulans strain DMS-2,
showing interesting cytotoxic activity against cancer cell lines HCT-15 [Sivapathasekaran et
al., 2010]. Indirect effects of fengycin and surfactin were shown to negatively influence
biofilm formation by Staphylococcus aureus ATCC 29213 and E. coli CFT073. These effects
were observed either by coating the polystyrene surface with these compounds or by adding
the biosurfactant to the inoculum [Pecci et al., 2010]. Correlatively, B. subtilis filtrate
containing a mixture of surfactin, iturin and fengycin, demonstrated significant anti-adhesive
and antibiofilm activities. These compounds also had an influence on the planktonic growth
of the tested uropathogens [Moryl et al., 2014].
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Biocontrol

Several investigations reported fengycin families worthy of being used as biocontrol
agents, by exploring the potential use of fengycin and its phytopathogen-antagonistic
activities against a plethora of plant pathogens [Kumar et al., 2012; Wise et al., 2014;
Chowdhury et al., 2015]. These lipopeptides were considered to be promising biocontrol
agents for postharvest diseases of fruit and vegetables, regarding their ability to inhibit fungal
pathogens and/or elicit defense responses in plant tissues [Waewthongrak et al., 2014]. Guo
et al., [2014] showed that fengycin is an excellent biocontrol agent for cotton soil-borne
diseases, by inhibiting the growth of Rhizoctonia solani in vitro. Another study indicated that
fengycin-like lipopeptides produced by B. subtilis CPA-8 play a major role in the biological
control against peach brown rot by showing strong antifungal activities against Monilinia
laxa and Monilinia fructicola [Desoignies et al., 2013]. In addition, fengycin and iturins have
been shown to be the major Bacillus metabolites involved in the antagonism against
Fusarium oxysporum, Cladosporium cucumerinum and Botrytis cinerea [Farace et al., 2015].
However, the fengycin negative mutants retained certain inhibitory capabilities against the
bacterial strains Xanthomonas campestris pv. cucurbitae and Pectobacterium carotovorum
subsp. carotovorum the causative agents of cucurbit powdery mildew [Asari 2015].
Beside direct antagonism, some beneficial bacteria can protect plants indirectly through the
stimulation of inducible defense mechanisms that render the host more resistant to further
pathogen ingress [Ongena et al., 2007]. Waewthongrak et al., [2014] showed that fengycins
act as elicitors of defense-related gene expression in ‘“Valencia’’ fruit following infection, by
eliciting defense-related gene transcription and activity of the defense-related enzymes
glucanase and chitinase, which have a direct effect on the pathogen. In addition, surfactin
activated the genes coding for POX and LOX proteins that play important roles in generating
signal molecules for activating ISR (induced systemic resistance) mechanisms. Desoignies et
al., [2013] showed that the systemic resistance induced by Bacillus spp. lipopeptides,
drastically reduces the infection of sugar beet by Polymyxa betae. According to Ongena et
al., [2007], B. subtilis 168 derivatives overexpressing surfactin and fengycin genes were able
to induce resistance in tomato cells. Farace et al., [2015] reported that besides its direct
antagonism on the necrotrophic pathogen, B. cinerea which infect grapevine leaves, fengycin
perception by grapevine cells resulted in early signaling activation. B. amyloliquefaciens
strain UCMB 5113 produces a linear form of fengycin found to promote growth of plants and
to improve the survivability of plants exposed to biotic stress challenges. Fengycin acts by

priming stress tolerance, beside the direct antagonistic effect of this strain on several Brassica
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phytopathogens (Botrytis cinerea, Alternaria brassicae, Alternaria brassicicola, Verticillium
longisporum, and Sclerotinia sclerotiorum), as demonstrated by bacteria and root exudates in
vitro [Luo et al., 2015].

Food industry
In the food industry, the non-ribosomally synthesized lipopeptides are well characterized in

the terms of their anti-adhesive, antimicrobial or antitumor activities [Meena and Kanwar
2015]. One of the greatest causes of loss in the food industry are the postharvest diseases of
fruits and vegetables, and according to estimations in the U.S.A., this loss reaches 20 to 25%
[Gordillo and Maldonado 2012]. The surface of the fruit or vegetables is covered with fungal
spores, bacterial cells and yeasts, fungi being the principal decaying agents in fruit kept in
cold storage chambers for long periods [Gordillo et al., 2009]. Arrebola et al., [2010]
indicated the antagonistic role of fengycin produced by B. amyloliquefaciens strain PPCB004
against five species of fungal postharvest pathogens of Citrus. Kim and Chae [2015] showed
that treatment of postharvest apples with either the cell culture or a cell-free culture
supernatant of B. subtilis HM1 reduced disease severity resulting from Colletotrichum
acutatum of 80.7% and 69.4%, respectively, and fengycin was shown to play a critical role in
antifungal activity. Tang et al., [2014] suggested that lower concentrations of fengycin may
be effective for food preservation. Fengycins could down-regulate the transcription of some
key genes involved in the production of mycotoxins such as fumonisin B1 (FB1), and impair
its synthesis by Fusarium verticillioides, warranting the role of fengycins as potential
candidates to control FB1 contamination in crops and food [Hu et al., 2009].

Bioremediation
Surfactants are surface-active compounds with a pronounced ability to reduce the surface or

interface tension of the solvent. Consequently, they are therefore widely used in the fields of
environmental remediation. Different experiments with laboratory-scale sand-packed
columns and field trials have successfully revealed the effectiveness of biosurfactants in oil
recovery. This activity can be realized in two different ways as either an ex situ biosurfactant
inoculation or in situ biosurfactant production to reach the augmentation in oil recovery from
subsurface reservoirs [Banat et al., 2010]. In both cases, biosurfactants or their producing
microorganisms may resist to the strict environmental conditions. The microbial
biosurfactants stand as promising candidate in the petroleum industry field with extremely

advantageous features, including lower toxicity, higher biodegradability and their stability
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under extreme conditions (temperature, salinity and pH), as well as its high interfacial
activities [Liu et al., 2015].

Cheng et al., [2013] reported that a mixture of glycolipid and lipopeptide, including
rhamnolipid, surfactin, and fengycin produced by B. subtilis strain TU2 showed 86% of oil-
washing efficiency and acceptable emulsification activity on crude oil, suggesting its
potential application in enhanced oil recovery. While, the application of blend of surfactin,
iturins and fengycin produced by B. subtilis strain K1 on laboratory scale sand pack column
saturated with four stroke engine oil resulted in 43 % enhanced oil recovery [Pathak and
Keharia 2013].

Sang-Cheol et al., [2010] demonstrated that fengycin S produced by B. amyloliquefaciens
LSC04 may potentially be used, either directly on oil spills in contaminated environments, or
for the biotechnological production of biosurfactants. Furthermore, the ability to produce
biosurfactants using oil industry remnants was clearly detected in several Bacillus strains
isolated from oil spoiled soil. Using oil spreading technique and by emulsification activity,
the best emulsification activity and stability was observed in the strain OS17 against kerosene
or kerosene mixed with 20% diesel [Violeta et al., 2011].

Fengycin production

Several studies related to the influence of environmental factors on lipopeptide biosynthesis
indicated that carbon and nitrogen sources in the media influence the type and yield of the
produced lipopeptides. Growth conditions such as temperature, pH or oxygen rate are also
importants factors [Volpon et al., 2000; Singh et al., 2014; O’Connor et al., 2014]. The
presence of amino acids acting as lipopeptide precursors in the medium may play a role in the
biosynthesis of the molecule by modifying the amount of lipopeptides produced and also
their structure [Besson et al., 1987; Islam et al., 2012]. Regarding fengycin specifically, three
culture parameters were evidenced for their influence. These include source of nutriments,
oxygen transfer rate and growth temperature [Besson et al., 1987; Hu et al., 2009; Cameotra
et al., 2010; Jacques 2011; Singh et al., 2014]. The inoculum size and physiological age of
cells are other factors which may play a role [Varadavenkatesan et al., 2013]. Previous study
showed that a first inoculum age of 23 h followed by a second inoculum age and size of 4 h
and 1% respectively, gave the maximum biosurfactant production [Willenbacher et al.,
2015].
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Medium composition

It is well known that the production of most antibiotics (as secondary metabolites) is
dependent on the composition of medium. The type and the concentration of carbon, nitrogen
sources, phosphate regulation and other nutrients markedly influence the regulatory
mechanisms that device the onset of lipopeptides synthesis [Besson et al., 1987; Violeta et
al., 2011; Ghribi et al., 2012; Mnif and Ghrib, 2015]. Thus, the selection of appropriate
carbon and nitrogen sources is one of the most critical stages in the development of an
efficient and economical production process [Mukherjee and Das, 2005]. Moreover,
modification of the nutrient conditions, may change the type and the activity of the produced
lipopeptides; the best nutrients production condition appeared to be strain-dependent [\VVolpon
et al., 2000; Fonseca et al., 2007].

Islam et al., [2012] found that mannitol and soytone were the best carbon and nitrogen
sources for the production of fengycin by B. subtilis strain C9. The type of fengycin produced
can be also modified according to the culture substrate conditions. Singh et al. [2014]
suggested that the carbon sources provided for the growth and biosurfactant production not
only influence the yield but also the type of biosurfactant. In a medium containing dextrose,
sucrose and glycerol, B. subtilis strain AR2 produced lipopeptides as a mixture of surfactin,
iturin and fengycin. However, in the presence of maltose, lactose and sorbitol, only iturin was
produced from the same strain. O’Connor et al. [2014] showed that feeding 3-fluoro-L-
tyrosine to cultures of Bacillus spp. CS93 resulted in the biosynthesis of modified fluorinated
fengycins.

Many substrates were tested to find a low cost production medium. The use of alternative
raw materials, such as petrol or agro-industrial residues, is a possible strategy to reach this
goal. Raw glycerol which is a byproduct of biodiesel production with negative value was
successfully used to produce fengycin from the strain B. subtilis LSFM-05 [de Faria et al.,
2011]. B. subtilis LAMIO05 was able to grow and produce biosurfactant in an alternative
culture media, prepared by using clarified cashew apple juice as carbon and energy source
[de Oliveira et al., 2013].

In direct line, biosurfactant production by B. subtilis 573 was evaluated using corn steep
liquor as culture medium [Gudifia et al., 2015]. Recently, it was suggested that the indirect
contact with the target organism can stimulate the lipopeptides synthesis by the producing
cells. The study showed that the lipopeptide synthesis can be enhanced in B.
subtilis/amyloliquefaciens species by responding to some chemical signal emitted (without

contact) by the pathogens. Indeed, a higher production of iturins and fengycins was observed
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upon incubation in the presence of Pythium and Fusarium compared with Botrytis for which
no increase in lipopeptides accumulation could be noticed [Cawoy et al., 2015]. Ledes et al.
[2015] mentioned that the fengycin gene expression of B. amyloliquefaciens P11 increased
twice and higher antimicrobial activity was observed in the presence of inactivated cells of
Staphylococcus aureus and Aspergillus parasiticus compared to the other conditions tested.
The same phenomenon was also observed by Sajitha and Dev [2016] with the strain B.
subtilis B1.

Culture conditions

Various physical and chemical parameters such as agitation, pH and inoculum age and
size, could enormously influence the production yield and cost. Enhancement of biosurfactant
production could be achieved through the optimization of these different parameters [Mnif et
al., 2012; Mnif and Ghribi, 2015].Numerous researches were carried out on the physiological
conditions influencing the lipopeptides production from Bacillus spp. Several bioreactor
types were also tested to optimize the lipopeptides production, such as light carriers designed
for a three phase fluidized bed biofilm reactor [Gancel et al., 2009], standing cultures
[Chollet-Imbert et al., 2009], bubbleless membrane bioreactors [Coutte et al., 2010b], biofilm
reactor [Chtioui et al., 2010], modified inverse fluidized bed bioreactor [Fahim et al., 2012]
modified rotating discs bioreactor and non-foaming film reactor [Chtioui et al., 2014]. All
these studies confirmed the important role of the environmental conditions on fengycin
production.

Overall, the increase in oxygen rate positively enhances surfactin production contrary to
the fengycin one, which increases with a low oxygen rate. Moreover, the best fengycin
production is achieved at 30°C, and the production decreases with the increasing of the
temperature, whereas no fengycin production is recorded almost at 37°C [Fahim et al., 2012].

It was demonstrated that k_a (oxygen transfer coefficient) is the key parameter controlling
the productivity and the selectivity of the bioreaction. By varying the oxygen transfer
conditions, the synthesis could be oriented to mixed production or to surfactin/fengycin
mono-production. The fraction of surfactin towards total lipopeptides produced and the
maximal surfactin production both increased with ki a increase (surfactin concentration about
2 g/L at kLa = 0.04-0.08 s™%), while the maximal fengycin production (fengycin concentration
about 0.3 g/L) was obtained at moderate oxygen supply (kLa = 0.01 s™) [Chtioui et al.,
2014]. Pryor et al. [2007] showed that maximum fengycin production was observed at low

incubation temperatures and high substrate moisture contents. The aeration has a strong
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positive effect on lipopeptide production. Optimal aeration rates for the production of the two
known lipopeptides were 0.1 and 1.5 L/min, respectively. Mnif et al. [2012] also reported,
using an automated full-controlled 2.6 L fermenter, that aeration of the medium strongly
affected the growth and regulated biosurfactants. Therefore, according to these studies, low or
high aerations lead to a decrease in surfactin and fengycin synthesis yields.

Yaseen et al. [2016] reported that the pH level remarkably influences fengycin
production. The minimum production was recorded when the culture started at pH 7.5,
leading to elevate the pH in the culture until 8.9 at the end of incubation. The same negative
influence was noticed with pH 5.4 at the end of incubation. However, the ideal pH for B.
subtilis growth is between 5.5 and 8.5 [Fonseca et al., 2007], while the ideal pH for fengycin
production is between 6.5 and 7.5 [Fahim et al., 2012; VVaradavenkatesan et al., 2013].
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Part 3
Fengycin produced by Bacillus subtilis: regulation and

biosynthesis

Abstract

Fengycin produced by Bacillus spp. is a naturally bioactive antibiotic produced non-
ribosomally by a large complex of enzymes. Owing to its biosurfactant, biodegradable and
non-toxic properties, it showed high potential applications in industrial, agricultural and
pharmaceutical domains. This review aimed at giving an update on the regulation with a
specific focus on the quorum sensing regulators, reported to affect the fengycin operon
expression. We correlate all the factors that might influence fengycin regulation to have
better understanding as regards its interaction. This review underlines the potential
applications of this lipopeptide as biocontrol and human anticancer agent. Scale-up
production of fengycin is a prerequisite for the aforementioned applications. For this purpose,
fengycin synthesis is tightly dependent on the environmental factors including the nutritional
conditions. Study the regulatory factors involve in production will not only help to increase
productivity whilst reducing the cost of production, but also help to understand the

mechanism by which the fengycin operon is regulated.
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Introduction

Bacillus subtilis is known to be a provider of many important biologically active substances
via its secondary metabolism machinery [Sinchaikul et al., 2002]. About 4-5% of this
bacterial genome is thought to be used for the biosynthesis of antimicrobial substances [Stein
2005; Chen et al., 2007], including the lipopeptide group. Indeed, lipopeptides are
antimicrobial peptides produced non-ribosomally by B. subtilis using multifunctional
complex enzymes called Non-Ribosomal Peptide Synthetases (NRPS). To date, many
families of lipopeptides were discovered such as surfactins [Nakano and Zuber, 2009], iturins
[Duitman et al., 1999], fengycins/plipastatins [Vanittanakom et al., 1986; Nishikiori et al.,
1986], kurstakins [Hathout et al., 2000; Béchet et al., 2012], and locillomycins [Luo et al.,
2015].

Fengycin or plipastatin contains 10 amino acids, which are synthesized by five NRP
Synthetases (Fenl to Fen5) [Steller et al., 1999; Jacques 2011]. The corresponding five
NRPS subunits FenA (287 kDa), FenB (290 kDa), FenC (286 kDa), FenD (406 kDa), and
FenE (146 kDa) [Wei et al. 2010] are encoded by an operon composed of five open reading
frames (ORFs) named fenA-E (or ppsA-E) [Tosato et al., 1997; Steller et al., 1999; Jacques et
al., 1999; Koumoultsi et al., 2004]. The expression of lipopeptide operons involves a complex
regulatory machinery linked to a quorum sensing similarly to that reported for surfactin
operon [Hamoen et al., 2003 ; Hayashi et al., 2006] or mycosubtilin, a member of iturins
family [Duitman, PhD thesis, 2003] but not for fengycin. The little information mentioned in
literature related to the regulation of fengycin operon pointed out the importance of degQ
gene, which positively regulates the expression [Tsuge et al., 1999; Tsuge et al., 2007], and
the recent identification of a nucleotide sequence in the promoter region, located between
positions -55 and -39 and known as “UP element”, resulted to be crucial for fengycin
synthesis in B. subtilis F29-3 [Ke et al., 2009; Yaseen et al., 2016].

The antimicrobial and anticancer activity of fengycin suggests its usage in
pharmacological applications [Roy et al., 2013; Yin et al., 2013]. Furthermore, potential
commercial applications of fengycin start to develop in several other industries including
cosmetics, agrochemical, bioremediation and food industries [Banat et al., 2000; Perfumo et
al., 2010].

In spite of its high efficiency, as antibiotic, biosurfactant, biocontrol agent..., the use

of this lipopeptide remains limited because of its high cost production. This drawback is
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attributed to the substrate sources which usually supplemented in the production media
[Pathak and Keharia 2013; Banat et al., 2010]. According to Gudifia et al., (2015), the culture
medium used to produce biosurfactants might represent up to 30-50% of the overall
production cost. Attempts to diminish the production cost of these substances were
undertaken; they consisted to optimize the production by using low cost substrate sources or
genetically modified strains [Fonseca et al., 2007].

In terms of regulation and gene expression, the data available on fengycin remain rare
compared to other lipopeptide families such as surfactins and iturins. This review provides

information regarding the regulation and production of fengycin and its potential application.

Non-ribosomally synthesized peptides

Fengycin is synthesized non-ribosomally by a multifunctional complex enzymes
system consisting in the arrangement of different modules. Each module is responsible for the
integration of new basic unit into the growing polypeptide chain. These modules can be
categorized in a specific domain such as the A domain or adenylation domain, the T domain
or thiolation domain, also called Peptidyl-Carrier Protein (PCP), the C domain or
condensation domain and the TE domain or thioesterase domain. Each elongation cycle in the
non-ribosomal peptide biosynthesis needs the interaction of three basic domains and one
terminal module as well as it has been broadly described in figure 4 and 6 [Steller et al.,
1999; Stein 2005; Chen et al., 2007; Jacques 2011; Wu et al., 2007; Luo et al., 2015]. It
should be noted that additional domains can be involved in the biosynthesis of the peptide
either to modify its structure or to incorporate some external compounds such as the fatty
acids.

Role of Sfp in NRPS synthesis

Phosphopantetheinyl transferases (PPTases), which are called Sfp, play an essential
role in priming non-ribosomal peptide synthetases by converting peptidyl carrier protein
(PCP) domain within those multidomainal enzymes from inactive apo-forms to active holo-
forms [Nakano et al., 1992; Quadri et al., 1998]. This is performed by the addition of the
phosphopantetheinate group of coenzyme A on a serine residue. Thus the sfp gene is
requested by B. subtilis to produce the fengycin [Tsuge et al., 1999]. Different sfp types may
play a role in the level of lipopeptide production [Kim et al., 2000]. Nevertheless, there is no

evidence showing that overexpression of sfp gene resulted in the enhancement of the
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lipopeptide production [Nakano and Zuber, 1991]. On the other hand, the sfp activity
appeared to be significantly influenced by the modification of pH level in the culture and the
ideal pH level for expression has to be between 6-8, while a scale down of expression occurs
when the pH is below or up of this interval. According to Quadri et al., [1998] and
Duckworth et al. [2010], there is no difference in the sfp expression using a temperature
comprised between 20 to 30C°. Recently, Ledes et al., [2015] showed that the sfp expression
is modulated by inactivated cells of target microorganisms such as Staphylococcus aureus
and Aspergillus parasiticus.

Fengycin operon

The first description of fengycin or plipastatin operon in B. subtilis 168 was in
performed by Tosato et al. [1997] who showed that this operon was composed of five ORFs
ppsA-E. Then, Lin et al. [1999] cloned and sequenced five fengycin synthetases genes (fenC-
B; unusual order) in B. subtilis F29-3. Afterwards, several strains were found to harbor this
operon [Tosato et al., 1997; Steller et al., 1999; Plaza et al., 2015]. Generally, the five
fengycin ORFs encode for the five fengycin synthetases Fenl-Fen5 [Tapi et al., 2010].
Notably, Fenl is responsible for the synthesis of the side chain of the peptidic moiety of
fengycin by incorporating a B-hydroxy fatty acid chain and by activating and combining
glutamate in position 1 and ornithine in position 2. Tyrosine in position 3 and allo-threonine
in position 4 are activates and incorporates by Fen2. Fen3 activates and joins glutamate in
position 5 and alanine or valine (fengycin B) in position 6. While, Fen4 consists of three
modular enzyme, which catalysis the activation and combination of proline, glutamine and
tyrosine in position 7, 8 and 9, respectively. And finally, Fen5 allows the incorporation of the
last amino acid residue isoleucine in position 10. The last module catalyses the release of the
peptide and the construction of an ester link between the carboxylic group of lle (the last
amino acid) and the hydroxyl group of a tyrosine in position 3. D-form of the corresponding
amino acid residues is observed in the final product, in the presence of epimerization domains
in modules 2, 4, 6 and 9 [Tosato et al., 1997; Steller et al., 1999; Tapi et al., 2010; Ptaza et
al., 2015].
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Figure 6. Schematic diagram of the fengycin operon adapted from [Jacques, 2011].
A: Adenylation domain, C: Condensation domain, PCP: Peptidyl Carrier protein domain

E: Epimerization domain, Te: Thioesterase domain

Regulation factors:
UP Element

The expression of fengycin operons could involve complex regulatory machineries.
Remarkably, the promoter is located 86 nucleotides upstream from the translation initiation
codon of fenA or from the start site of ppsA [Lin et al., 1999]. Another sequence located
between positions -55 and -39, known as “UP element”, is crucial for fengycin synthesis in B.
subtilis F29-3 [Ke et al., 2009].

Usually, the bacterial promoters consist of at least three RNA polymerase (RNAP)
recognition sequences: the —10 element, the —35 element, and the UP element, which is
commonly composed of a poly-A (-51 to —54) and a poly-T (- 47 to - 50) sequence [Estrem
et al., 1999]. The UP element region was shown to increase the transcription by interacting
with the C-terminal domain of a subunit of RNA polymerase [Aiyar et al., 1998]. The
importane of UP element sequence was shown not only with the fengycin promoter but also
with other promoters in B. subtilis. Caramori and Galizzi [1998] indicated that the
replacement of the UP element region in two different promoters by the flagellin promoter
stimulates the transcription activity in B. subtilis. In addition, Meijer and Salas [2004]
reported that the change in the UP element sequence located upstream from the -35 boxes
enhanced the promoter activity in vivo as well as in vitro in three B. subtilis 168 promoters. In

a previous study carried out on B. subtilis F29-3 fengycin promoter, it was established that
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UP element sequence was critical for the promoter activity and mutations realized in this
sequence decreased the production of fengycin until 85% [Ke et al., 2009].

Recently, we observed that the differences in the promoter sequence between B.
subtilis BBG21 mutant strain and its mother strain ATCC 21332 strains, represented by the
change of one nucleotide in the UP element increased the fengycin production of B. subtilis
BBG21 of about 10-fold [Yaseen et al., 2016]. All these studies unveiled the important role
of the promoter on the fen transcription activity and confirmed that the use of strong promoter
can enhance significantly the production of fengycin [Ongena et al., 2007].

DegQ gene

degQ is a pleiotropic regulatory gene which encodes a small polypeptide of 46 amino
acids and controls the production of degradative enzymes : an intracellular protease and
several secreted enzymes (levansucrase, alkaline proteases and metalloproteases, a-amylase,
B-glucanase, and xylanase) [Msadek et al., 1990; Yang et al., 1986]. The overexpression of
degQ enhanced the production of plipastatin in B. subtilis 168 sfp+ until 10-fold [Tsuge et
al., 1999]. Similar results were obtained with B. subtilis NCD-2 strain, when a significant
decrease in the antifungal activity as well as the fengycin expression was observed with its
degQ derivative mutant [Wang et al., 2015]. Many studies reported that a single base
substitution within the -10 region of the degQ promoter (TACACT instead of CACACT),
allowed overexpression of the intact degQ gene, and this led to both increased expression of
this gene [Msadek et al., 1990; Yang et al., 1986; Koumoutsi et al., 2007; Xu et al., 2014]
and overproduction of plipastatin/fengycin [Tsuge et al., 1999; 29; Wang et al., 2015]. Most
of the wild-type Bacillus strains that produce antibiotic peptides showed elevated degQ
expression compared to that of the laboratory strain B. subtilis 168 [Yang et al., 1986;
Koumoutsi et al., 2007]. Expression of degQ was shown to be subjected to catabolite
repression and DegS-DegU-mediated control, allowing an increase in the rate of synthesis of
DegQ under conditions of nitrogen starvation [Msadek et al., 1990; Do et al., 2011; Tanaka
et al., 2015]. On the other hand, DegQ stabilizes phosphorylated DegS in the presence of
DegU, indicating a complex interaction of these three proteins [Do et al., 2011]. Moreover,
ComA was also reported as regulator factor for the lipopeptide production either directly in
the case of surfactin or indirectly by activating degQ, which increases the production of
fengycin [Deng et al. 2013]. According to Do et al. [2011] comA encodes a global
transcriptional regulator in the stationary phase and is strongly induced under dense-cell
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conditions. Msadek et al. [1991] noticed that the expression of degQ'-'lacZ was strongly
influence by ComA, since it was decreased about 50- to 100-fold in a strain disrupted in
comA gene. In addition, the deletion of comP decreased degQ gene expression about 20-fold.
ComA likely promotes the expression of degQ in Bacillus spp., indicated by the two ComA
boxes which were found in the degQ promoter in B. subtilis that are conserved in B.
amyloliquefaciens FZB42 [Koumoutsi et al., 2007; Raaijmakers et al., 2010]. The DegU-
DegS control system responds to an environmental signal such as limitations of nitrogen,
carbon, or phosphate sources. In this system, one component accepts an environmental signal
and transduces the information to the other component, resulting in activation of the target
gene or cell machinery [Louw et al., 1994; Gabdrakhmanova et al., 2005]. Similarly, the
ComA-ComP system started under certain environmental conditions. The response regulator
ComA is primarily activated by ComP, a histidine kinase that mediates response to nutrient
conditions and cell density [Kim et al., 2001; L6pez et al., 2010].

An indirect regulatory effect was reported for the global transcriptional regulators
CodY and CcpA on degQ expression and activity via their effects on the two degQ regulatory
system (DegU-DegS and ComA-ComP) [Molle et al., 2003; Ogura and Tsukahara, 2010].
The level of expression of degQ was low during the exponential growth phase and was
shown to increase substantially in the stationary phase [Msadek et al., 1991]. Similarly but
curiously, the fengycin promoter appeared to be active during the log phase, and its activity
reached the highest level during the late of the log phase. The highest fengycin production
occurred during the late lag and stationary phases [Koumoutsi et al., 2004; Yaseen et al.,
2016]. Whether DegQ directly influences the transcriptional regulation of the antibiotic
operon or controls the expression of a posttranscriptional regulator involved in the fengycin
synthesis (for example, Sfp) remains to be elucidated.
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Figure 7. Regulatory network governing DegQ activity in Bacillus amyloliquefaciens strain
FZB42 (adapted from Koumoutsi et al., 2007)

PhoP-PhoR system

PhoP is one of the positive factors that influence fengycin production in B. subtilis.
The deletion of this gene led to a significant decrease in fengycin production, while this
production was restored by complementation of phoP in the deletion mutant strain [Dong et
al., 2014]. The antifungal activity of B. subtilis NCD-2 decreased significantly by disrupting
the phoR gene, whereas restoration of this activity was observed with the complementation of
phoR [Guo et al., 2010]. PhoP-PhoR system was found to be one of the fengycin regulator
factors in the new sequenced strain B. subtilis BAB-1 [Guo et al., 2014a; Guo et al., 2014b].
PhoP/PhoR is an important two-component regulatory system in B. subtilis and other gram-
negative and gram-positive bacteria. In response to phosphate deficiency, PhoR, a histidine
sensor kinase, phosphorylates its cognate response regulator PhoP (PhoP~P) [Salzberg et al.,
2015]. In B. subtilis, more than 30 genes were classified as belonging to the Pho regulons and
being controlled by the PhoR/PhoP system [Martin, 2004] and by genome-wide
transcriptional analysis increasingly more genes were identified as being subjected to the Pho
regulon [Allenby et al., 2005].The carbon source was reported to affect the PhoP/PhoR
regulation via a transcriptional regulator known as CcpA which operates as a DNA binding
protein, either activating or repressing a number of genes in the presence of a preferred

carbon source [Puri-Taneja et al., 2006].
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Another regulon called SigB can provide a general response to the resulting energy
stress, and also to the phosphate starvation condition [Allenby et al., 2005; Antelmann et al.,
2000]. SigB mutant showed to induce significantly ppsA expression in B. subtilis [Allenby et
al., 2005]. Meanwhile, SigB mutant induced significantly the PhoP/PhoR system;
consistently, the PhoP mutant increased significantly sigB gene expression [Paul et al., 2004].
Based on this, we can deduce that the PhoP plays certainly an important role in the fengycin

regulation. However, this role has to be elucidated.

AbrB regulator

AbrB is a global transcriptional regulator in B. subtilis that represses the expression of
various genes; this factor usually represses the stationary phase genes during exponential
growth phase [Strauch et al., 1989; Strauch and Hoch 1993; Jakobs et al., 2014]. The genes
involved directly in the antibiotic production represent more than 100 genes by the repression
effect of this regulator, and other hundreds genes affected indirectly [Kobir et al., 2014].
AbrB protein was found to repress the expression of the ppsABCDE genes responsible for the
plipastatin production in B. subtilis 168 [Chumsakul et al. 2010]. The disruption of abrB in B.
amyloliquefaciens SQR9 improves the biocontrol activity for this strain (which produces
three lipopeptide families) against cucumber wilt disease [Xu et al., 2014]. During the
transition from exponential growth phase into stationary phase, the SpoOA protein
(sporulation transcription factor) is phosphorylated by a complex phosphorelay system,
resulting in an increase in SpoOA levels which repress the abrB transcription, thus exciting
AbrB-dependent repressive effects upon the production of the various antimicrobials,
antibiotic resistance determinants [Qian et al., 2002; Chumsakul et al., 2013]. Indirectly,
AbrB was found to reduce of 20% the PhoP expression [Hulett et al., 1994], or via ScoC
(former name Hpr; belonging to the group of transition state regulators) which is activated by
abrA [Caldwell et al., 2001; Kaushal et al., 2010], resulting in a decrease of fengycin
production (as described above for the positive role of PhoP in fengycin production). In
addition, Nagorska et al. [2008] suggested that the presence of AbrB also facilitates the
binding of other negative regulators to the UP region of the target genes, which is a very
important region in the fengycin promoter as described above.
Vargas-Bautista et al. [2014] showed that SpoOA was required to activate pks gene
(responsible for the NRPS bacillaene) expression through repression of the transition state

regulator AbrB. The abrB  derivative of B. amyloliquefaciens resulted in a significant
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increase in the production of bacilysin (an NRPS product), whereas the abrB™ mutation

suppressed the bacilysin-negative phenotype of a spoOA™ mutant [Karatas et al., 2003]. In
harmony, the biofilm of B. subtilis spollGB mutant was found to induce ppsADE expression,
suggesting that products of these genes may help the biofilm cells to enhance their chances
for survival by inhibiting the growth of nutrient competitors [Ren et al., 2004]. Another
regulatory protein recently renamed LutR (formerly named Yvfl) was found to impact
positively on the fengycin gene expression, and the EMSA analysis demonstrated that LutR
directly binds to the regulatory region of ppsABCDE operon [Irigiil-Sénmez et al., 2014]. The
same study indicated that SinR also directly interacts with the regulatory region of pps
operon, knowing that LutR and SinR have a close target overlap between their regulators.
LutR and SinR are pleiotropic regulators involved in the regulation of a wide variety of
cellular processes associated with the onset of stationary phase by effecting, either negatively
or positively, degradative enzyme production, antibiotic production and resistance,
carbohydrate utilization, sporulation, and biofilm formation [K&roglu et al., 2008]. Similar
actions for LutR and SinR were also identified as genes required for production of the
polyketide dipeptide antibiotic bacilysin in B. subtilis [irigiil-Sonmez et al., 2014; Kim et al.,
2010].

Cross-talk between the fengycin and other lipopeptides

Most of Bacillus strains which produce fengycins contain one (or more) other NRPS
operon(s) responsible for production of other lipopeptides. Surfactin is the most often found
lipopeptide accompanying fengycin [Galli et al., 1994; Roongsawang et al., 2002;
Roongsawang et al., 2010]. Four large ORFs coding for surfactin synthetases are designated
srfAA, srfAB, srfAC and srfAD [Hamoen et al., 1995; Lee et al., 2007]. A small gene,
designated coms, is located within the coding region of the fourth amino acid-activation
domain of srfAB and thus co-expressed with the srfA operon. The ComS protein, which
contains 46 amino acid residues, is not directly involved in the biosynthesis of surfactin but
required for competence development in B. subtilis [Nakano and Zuber 1991; Jacques 2011,
Ogura et al., 1999]. ComsS is required for the auto-activation of comK by binding of the N-
terminal domain of ComS with MecA [Turgay et al., 1998]. Thus, ComS release ComK from
degradation by the ClpC/CIpP proteolytic complex which, instead, targets the newly formed
MecA/ComS complex for degradation [Berka et al., 2002]. Besides the important role of
ComK in the competence development in Bacillus spp. [Ogura et al., 2002], the expression of
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at least 165 genes are upregulated in the presence of ComK. 16 ComK-directly dependent
genes were identified using microarray technique with more other genes which were
indirectly dependent [Ogura and Tanaka 1997]. Ogura et al. [2002] also found that ComK
negatively regulates degR expression by preventing oD-driven transcription of degR.
Surfactin-deficient mutants were found to influence production of the other non-ribosomally
synthesized lipopeptides. The production of bacillomycin was blocked, as well as a
significant decrease in the production of fengycin was observed in a B. subtilis 916 srf
mutant, while the disruption of bacillomycin increased the fengycin yield to 25% more than
in the wild-type strain [Luo et al., 2015]. Zeriouh et al. [2014] showed that the biocontrol
activity resulting from the act of the bacillomycin and the fengycin was significantly reduced
in B. subtilis sfrAB mutant. Similarly, the production of bacilysin from B. subtilis ATCC
21332, which also produces surfactin, was reduced to 12.5% of that produced by the wild-
type strain [Karatas et al., 2003]. In contrast, the deletions of srfAB, srfAC and srfAD had no
effect on the fengycin yield in B. subtilis 168 [Ongena et al., 2007]. Previous work in our
laboratory showed that the srfAA mutation in the surfactin operon influences negatively
mycosubtilin production by B. subtilis ATCC 6633 [Béechet et al., 2013]. The same result was
obtained in our previous study in which disruption of the srfAA gene resulted in a significant
decrease in fengycin production by B. subtilis ATCC 21332 (data not published). On the
other hand, the inactivation of fengycin operon was shown to influence surfactin production
positively. Coutte et al. [2010] demonstrated that this disruption clearly increases the
surfactin yield in B. subtilis 168 sfp+. A similar result was obtained with B. subtilis BBG21
in our previous work by disrupting the fengycin operon, together with the gfp marker to
observe the fengycin promoter activity. Under these conditions, surfactin production
increased about 30% comparing to the wild-type strain [Yaseen et al., 2016]. Luo et al.
[2015] also mentioned that the block of fengycin operon increased the surfactin production
about 20% more than the wild-type strain. Whatever the interaction between the lipopeptides
regulation which can be direct or indirect influence on the expression of the genes implied in

synthesis of these lipopeptides, this relation still remains unclear and needs more study.
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Figure 8. The model of gene regulation involved in fengycin biosynthesis. Closed-head

arrows indicate positive regulation whereas line-head arrows indicate negative regulation.

Conclusion

Depending on the culture conditions, many regulators could interact with fengycin
production. Several external factors lead to activation of genes which may affect fengycin
operon expression either negatively or positively. However, in most cases, their role was been
clearly determined. It was found that factors influencing fengycin synthesis depend on the
availability and nature of nutrient sources, as well as environmental conditions. Moreover,
the interaction in the same strain between lipopeptides belonging to different families could
influence the quantity of lipopeptides produced directly or indirectly. Fengycins with all their
characteristics could be used as biological pesticide, for oil recovery agent, as non-toxic
antibiotic or antitumor agent. Using the industrial residues may be a good solution for
reducing the cost of production of this lipopeptide.
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Brief description of the bioinformatics analysis of B. subtilis BBG21 whole
genome

The whole genome of the strain BBG21 has been sequenced in our laboratory by Dr. V.
Leclere, yet the result of this sequencing was not analyzed. In this part of the work we firstly
compared the genome of this strain with the strain B. subtilis 168 genome. The result of this
comparison showed that the identity ratio between the two strains was 99% (data not shown).
In order to discover novel secondary metabolites, several bioinformatics tools are available to
accomplish genome mining. Among these tools, antiSMASH, allows BLAST and search on
the expected cluster to identify closest homologous sequence in the database. AntiSMASH
allows the analysis of fragmented genomes and metagenomes making it a powerful prediction
tool [Medema et al., 2008]. Predicted peptides can be queried on NORINE database
containing more than 1000 non-ribosomal peptides to find similar structures [Caboche et al.,
2008]. Another useful prediction tool is the NRPS/PKS substrate predictor. This software
focuses on the specificity of A and AT domains (from NRPS and PKS respectively), this is
useful to narrow the ambiguity of A domains specificity that occur in other prediction tools
[Chen et al., 2006; Boddy et al., 2014].

Analyzing the BBG21 genome using AntiSMASH software showed that the strain
contain 6 clusters. Four of them are NRPS clusters including the well-known families of
surfactin and fengycin, a catecholate type siderophore (bacillibactin) and, the bacilysin.
Figure 1 shown two other clusters: a polyketide (bacillaene) and a bacteriocin (subtilosin)
clusters.

Bacillibactin is an antibacterial and anti-oxidative molecule produce non- ribosomally in
most of Bacillus spp. strains under iron-limited growth conditions. Bacillibactin is part of a
specific transport system enabling Bacillus cells to accumulate and take up limited iron from

their natural environment [May et al., 2001; Raza et al., 2012].

52

© 2016 Tous droits réservés. lilliad.univ-lille.fr


http://www.sciencedirect.com/science/article/pii/S2001037015000124#bb0385
http://www.sciencedirect.com/science/article/pii/S2001037015000124#bb0385
http://www.sciencedirect.com/science/article/pii/S2001037015000124#bb0385
http://www.sciencedirect.com/science/article/pii/S2001037015000124#bb0385
http://www.sciencedirect.com/science/article/pii/S2001037015000124#bb0385

Thése de Yazen Mohlab Yaseen, Lille 1, 2016

The peptide/polyketide bacillaene is produced by many Bacillus strains. This antibiotic is

active against a broad spectrum of bacteria [Patel et al., 1995; Muller et al., 2014]. Bacilysin

is a non-ribosomally synthesized di-peptide antibiotic that comprises L-alanine residue at the

N terminus attached to a non-proteinogenic amino acid:

L-anticapsin. The antimicrobial

activity of bacilysin is initiated by the proteolysis of the di-peptide by a peptidase which

release L-anticapsin. This molecule is active against a wide range of bacteria and some fungi

[Hilton et al., 1988; Rajavel et al., 2008].

BBG21 strain also contains the subtilosin cluster, a macrocyclic bacteriocin with three

intramolecular bridges. Subtilisin which shows a strong bactericidal activity is produced by

B. subtilis and other Bacillus as B. amyloliquefaciens. It acts against a variety of Gram-

positive bacteria, including Listeria [Stein et al., 2004; Baruzzi et al., 2011].

Identified secondary metabolite clusters

Cluster

Cluster 1

Type From
The following clusters are from record sequence:
Nrps 315673
Terpene 1039053

Cluster 2
Cluster 3

Cluster 4

Cluster 5
Cluster 6
Cluster 7
Cluster 8
Cluster 9

Cluster 10

© 2016 Tous droits réservés.

Otherks-Nrps-Transatpks 1642744
Nrps 1803168
Terpene 1946476
T3pks 2089857
Nrps 3036160
Other 3355868
Sactipeptide 3574191
Other 3597908

To Most similar known cluster MIBiG BGC-ID

380807 Surfactin_biosynthetic_gene_cluster (82% of genes show similarity) ~ BGC0000433_c1
1059877 -
1751619 Bacillaene_biosynthetic_gene_cluster (92% of genes show similarity) ~ BGC0001089_cl
1885216 Fengycin_biosynthetic_gene_cluster (100% of genes show similarity) ~ BGC0001095_c1
1966970 -
2131005 -
3086070 Bacillibactin_biosynthetic_gene_cluster (92% of genes show similarity) ~ BGC0000309_c1
3396623 -
3595537 Subtilosin_A_biosynthetic_gene_cluster (100% of genes show similarity) BGC0000602_c1
3639326 Bacilysin_biosynthetic_gene_cluster (100% of genes show similarity) ~ BGC0001184 c1

Figure 1. Overview of the antiSMASH analysis for BBG21 complete genome
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The four NRPS clusters in BBG21 and B. subtilis 168 strains (surfactin, fengycin,
bacillibactin and bacillaene) have been compared using antiSMASH software. Interestingly
the identity between the two clusters of surfactin is 100%, whereas 5% of dissimilarety exists
between the fengycin clusters. The analyses show 94% of identity between the two clusters of

bacillaene while the bacillibactin clusters showed only 64% of identity (Fig. 2).

a_

d@E@E MO TS MU CHhanind
CP010052_c2: Bacillus subtilis subsp. subtilis str. 168, complete genome. (100% of genes show similarity)

b-

POMOMMMICCUECEEEEN" (I 4> e o
CP010052_c5: Bacillus subtilis subsp. subtilis str. 168, complete genome. (95% of genes show similarity)

Cc-

S4IHEEOEEEC PR [ e N atibuea
AL009126_c10: Bacillus subtilis subsp. subtilis str. 168 complete genome. (64% of genes show similarity)

d-

CHICOMBC R H D ! A A PAIMOMOIHOIRD
CP010052_c4: Bacillus subtilis subsp. subtilis str. 168, complete genome. (34% of genes show similarity)

Figure 2. Cluster blast result between B. subtilis BBG21 with B. subtilis 168 of each NRPS
gene cluster: a- surfactin gene cluster. b- Fengycin gene cluster. c- Bacillibactin gene cluster.
d- Bacillaene (hybrid NRPS/PKS protein) gene cluster.
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Abstract

Fengyein is a promising antifungal lipopeptide from Bocillis spp. syntheskzed by non-ribosomal peptide symthetases (WRES). In this waork,
fengvein production of a spontanecus fengyoin overproducing strain, Saciifns mibiis BRG], was first compared to those of 8. acheilis BRG]
{a 168 derivative), B. subrilis ATCC 21332 and Bacillus amyloliguefaciens FZB42 under two different experimental conditions. In both con-
ditions, very high fengyein yields were ohtained from strain BBGZ1 (450 mg/L) in comparisen b its counterparts, The high efliciency of the
fengycin promater (Fy.,) of BBG2 1 compared to the promoter of BEG 111 and FZB42 was confirmed asing a GFP reparter gene, Under all fested
conditions, this promoter showed highest expression in comparsison to the other sirains. The highest Auorescence rate was obtained with manaiiol
as carbon source. In addition, when the P, promater from 8. subrilis BRG] was replaced by promater Py, from BEGI, fengycin production
increased abouot 10-fold, while no fengycin overproduction was observed when replacement was performed with Py, from ATOC 21332,
Comparalive sequence analyss of these different promoters revealed one nuclestide modification in the UF elensent known for ils importance i
the regulation process, This point mutation is thus responsible for overproduction of fengycin in BEG21,
© 2016 Institat Pasteur. Pablished by Elsevier Masson SAS. All rights reserved.

Keywords: Bacilfus subrlir Fengycin: Plipaststin: Promaoter role; GFF expression

1. Introduction

CGram-positive bacteria belenging w the genus Bacillus can
prichice more than twenly antibiotics with vanous struciures
[1], including non-ribosomally-synthesized lipopeptides.
These lipopeptides are gathered into five families: surfacting,
femgveins, iturins, kurstakins and locillomycins [2—4].

Fengycin displays sirong widespread antifungal activiry
[5.6], but also antibacteral and antiviral activities [7.5]. A
recent report unveiled its anti-cancer activity inhibiting,
growth of human lung cancer cells (9], This inding confirms

the strong potential of this hiosetive compound.
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Fengycing are cyclic lipodecapeptides containing a f-hy-
droxy fatty acid chwn of 16— 19 corbon mtoms. They are pro-
duced as a mixture of Isoforms that vary in length and
branching of the fally acid motety, as well as in the aming acd
composition of the peptide moiety [10,11]. Two main forms of
fengyein are produced, which differ i their amine acid
compaosition by only one residue in position 6, that is, D-Ala in
fengyein A and [-Val in fengycin B. Fengycins could also be
termed “plipastatins” bosed on the place of L- and D-forms of
tyrosine [5,10.02]. Non-ribosomal peptide synthetases respon-
sihle for fengvein biosynthesis are encoded by five penes,

including fend to fenE (named ppeddppsE in Bacillus subigilis
1681 [15,14]. These synthetases are transformed from apo-
proteins to holo-proteins by the addition of the 4'-phospho-
pantetheinic cofactor. This reaction is catalyzed by a phos-
phopantetheinyl transferase encoded by the sfp gene. The
expression of lipopeptide operons involves a complex negula-
tory machinery linked o quorum sensing, also desenibed at a
malecular level for surfactin or mycosubdtilin (a member of the
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Influence of promoters on the production of fengycin in

Bacillus spp.

Abstract

Fengycin is a promising antifungal lipopeptide from Bacillus spp. synthesized by
NonRibosomal Peptide Synthetases (NRPS). In this work, the fengycin production of a
spontaneous fengycin overproducing strain, Bacillus subtilis BBG21, was first compared to
those of B. subtilis BBG111 (a 168 derivative), B. subtilis ATCC 21332 and Bacillus
amyloliquefaciens FZB42 under two different experimental conditions. In both conditions,
very high fengycin yields were obtained from the strain BBG21 (480 mg/L) in comparison to
its counterparts. The high efficiency of the fengycin promoter (Ps,) of BBG21 compared to
the promoter of BBG111 and FZB42 was confirmed by using GFP reporter gene. Under all
tested conditions, this promoter showed the highest expression in comparison to the other
strains. The highest fluorescence rate was obtained with mannitol as carbon source. In
addition, when the Pp,s promoter from B. subtilis BBG111 was replaced by the promoter Pre,
from BBG21, fengycin production increased about 10-fold, while none fengycin
overproduction was observed when replacement was performed with P, from ATCC21332.
Comparative sequence analysis of these different promoters revealed one nucleotide
modification in the UP element known for its importance in the regulation process. This point
mutation is thus responsible for the overproduction of fengycin in BBG21.

Keywords: Bacillus subtilis; Fengycin; Plipastatin; Promoter role; GFP expression
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1. Introduction

The Gram positive bacteria belonging to the genus Bacillus can produce more than twenty
antibiotics with various structures [1] including non-ribosomally synthesized lipopeptides.
These lipopeptides are gathered in five families: surfactins, fengycins, iturins, kurstakins and
locillomycins [2,3,4].

Fengycin displays a strong and wide antifungal activity [5,6], but also antibacterial and
antiviral activities [7,8]. A recent report unveiled its anticancer activity inhibiting thereof the
growth of human lung cancer cells [9]. This finding confirms the high potential of this
bioactive compound.

Fengycins are cyclic lipodecapeptides containing a f3-hydroxy fatty acid chain of 16 to 19
carbon atoms. They are produced as a mixture of isoforms that vary in length and branching
of the fatty acid moiety, as well as in the amino acid composition of the peptide moiety
[10,11]. Two main forms of fengycin are produced, which differ in their amino acid
composition by only one residue in position 6 which is D-Ala in fengycin A and D-Val in
fengycin B. Fengycins could also be named plipastatins based on the place of L and D-forms
of tyrosine [5,10,12]. NonRibosomal Peptide Synthetases responsible for its biosynthesis are
encoded by five genes including fenA to fenE (named ppsA/ppsE in B. subtilis 168) [13,14].
These synthetases are transformed from apo-proteins to holo-proteins by the addition of the
4’-phosphopantetheinic cofactor. This reaction is catalyzed by a phosphopantetheinyl
transferase encoded by sfp gene. The expression of lipopeptide operons involves a complex
regulatory machinery linked to quorum sensing as well described at molecular level for
surfactin or mycosubtilin (a member of iturin family) but not for fengycin. The few
information mentioned in literature related to the regulation of fengycin operon expression
was the importance of degQ gene which positively regulated this expression [15, 16], and the
identification of a nucleotide sequence in the promoter region, located between positions -55
and -39 and known as “UP element”, which is crucial for fengycin synthesis in B. subtilis
F29-3 [17].

Several studies about the influence of environmental factors on lipopeptide biosynthesis
indicated that both the carbon and nitrogen sources in the media and growth conditions such
as temperature, pH or oxygen rate influence the type and yield of the produced lipopeptides
[18,19]. The presence of amino acids acting as lipopeptide precursors in the medium
composition may also play a role in the biosynthesis of the molecule by modifying the

amount of the produced lipopeptides but also in some cases their structure [20,21]. Regarding
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fengycin specifically, three cultivation parameters have been highlighted for their influence
on its production: source of nitrogen, oxygen transfer rate and temperature [2,22].

Four fengycin-producing strains have been used in this study: B. amyloliquefaciens
FZB42, B. subtilis BBG111, B. subtilis ATCC 21332 and B. subtilis BBG21. B.
amyloliquefaciens FZB42 can produce three types of lipopeptides including fengycin,
surfactin and bacillomycin [23,24]. B. subtilis BBG111 is a Sfp* B. subtilis 168 derivative
which produces high amounts of surfactin but a weak amount of fengycin [25]. B. subtilis
BBG21 is a spontaneous mutant of B. subtilis ATCC 21332, a co-producer of surfactin and
fengycin [26]. Compared to its mother strain, BBG21 is able to overproduce fengycin up to
500 mg/L [27,28]. This work aimed at understanding the influence of fengycin operon
promoter on the overproduction of this lipopeptide by BBG21 under several environmental

conditions.

2. Materials and methods
2.1. Bacterial strains, plasmids and primers
Plasmids and strains used in this study are listed in Table 1. All the primers used for genetic

construction or inspection are shown in Table 2.

2.2. Bacillus transformation

B. subtilis BBG111 was transformed by natural competence pathway [29]. B. subtilis
BBG21 was firstly transformed by pMMComK plasmid carrying comK gene under control of
the Py, promoter, by protoplast electroporation protocol [30]. The resulting strain named B.
subtilis BBG201 was then transformed using induced competence transformation procedure
in the presence of 0.125 to 0.25% of xylose [26]. A modified electroporation method using

trehalose was used for transformation of B. amyloliquefaciens FZB42 [31].

2.3. Culture conditions

For transformation experiments, Bacillus strains and Escherichia coli JM109 were grown at
37°C under shaking at 130 rev min™ in Luria—Bertani medium (LB) [29], supplemented with
antibiotics (Sigma-Aldrich, St. Louis, MO, USA): spectinomycin di-hydrochloride (100
pg/mL); chloramphenicol (5 pg/mL); tetracycline hydrochloride (6 pug/mL) and erythromycin
(1 pg/mL) when required. The a-amylase activity was detected by growing Bacillus colonies
overnight on LB plates containing 1% soluble starch and staining plates with iodine [32].

Microbial growth was monitored by optical density (OD) at 600 nm with an Uvikon 940
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spectrophotometer (Kontron Instruments, Plaisir, France). Landy medium [33] containing
100 mM 3-(N-morpholino) propanesulfonic acid (MOPS) was used as the basic medium for
lipopeptide production with 10% filling ratio of Erlenmeyer, 30°C and 160 rpm (Condition
"a"). A modified Landy medium containing 100 mM MOPS, 2.2 g/L of ammonium sulphate
and 2.5 g/L of glutamic acid with 33% filling ratio of Erlenmeyer, 30°C and 160 rpm was

used in condition "b" [34].

2.4. DNA manipulation

Polymerase chain reaction (PCR) was done using the PCR Master Mix (2X) (Thermo
Scientific Fermentas, Villebon sur Yvette, France) as a mixture of Tag DNA polymerase.
DNA extraction was performed using the Wizard® Genomic DNA Purification Kit (Promega
Corp., Madison, WI, USA). Ligation of PCR products was done into pPGEM-T Easy vector
(Promega Corp.). Plasmid extraction was carried out using GeneJET Plasmid DNA
Purification Kit (Thermo Scientific Fermentas). Restriction endonucleases were supplied by
Thermo Scientific Fermentas. Ligation of inserts to different vectors was effected using the
DNA Ligation Kit <Mighty Mix> from Takara (Ozyme, Saint Quentin en Yvelines, France).
Recovery of DNA from agarose gels was performed with GeneJET Gel Extraction kit
(Thermo Scientific Fermentas). In all cases, the instructions of the suppliers were followed.
All the construction sequences were verified by DNA sequencing (Eurofins Genomics,
Ebersberg, Germany).

2.5. GFP integration in Bacillus strains with pMUTIN-GFP+ vector

Three fragments of dacC-Pp,s/Pren Were amplified by PCR using respectively the primers
Terminator-Pr, of B. subtilis BBG21 and B. amyloliquefaciens FZB42, and Terminator-Ppps
of B. subtilis BBG111. The fragments were cloned in pGEM-T Easy vector. The resulting
three plasmids were named pBG306, pBG308 and pBG307 respectively. Plasmids pMUTIN-
GFP+, pBG306, pBG307 and pBG308 were Kpnl and Clal double digested. The dacC-
Ppps/Pfen fragments were inserted between the Kpnl and Clal sites of pMUTIN-GFP+ to
obtain pBG309, pBG311 and pBG310, respectively.
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2.6. Constructions with pFB01 vector

Fragments of dacC-Ps,, were amplified by PCR using the primers dacC-Ps,/B. subtilis
BBG21 and dacC-Pgn/B. amyloliquefaciens FZB42. Two plasmids were obtained after
cloning in pGEM-T Easy vector (pBG312 and pBG313 respectively). Then double digestions
were realized with Kpnl and Xmalll for these two plasmids and pFBO1. For each plasmid, the
dacC-ppsA/fenA fragments were inserted between the Kpnl and Xmalll sites in pFBO01, giving
pBG314 and pBG315 respectively. Integration was confirmed by both PCR and the loss of
ability to use starch. Green fluorescence under fluorescence microscope was observed for all
mutants and comparison in the fluorescence intensity between the mutants and their mother
strains was carried out using microplate wells containing Landy MOPS medium and

incubated in the BioLector device (m2p-labs GmbH, Baesweiler, Germany).

2.7. GFP expression

Each mutant was tested through the high-throughput system of fermentation BioLector.
Precultures were realized at 30°C in 500 mL Erlenmeyer flasks containing 50 mL Landy
medium. Then, test cultures were carried out in 48 wells flower plate (triplet for every
condition) designed for the BiolLector (containing pH, pO,, fluorescence and biomass
optodes). Growth and production analyses were carried out in Landy medium at 30°C, under
shaking at 1,100 rpm and at pH 7.0. Different nitrogen sources, i.e., tyrosine, threonine,
valine (5 g/L each) or urea + NH4Cl (2.5 g/L each) were investigated as alternatives to
glutamic acid in Landy medium. Mannitol (20 g/L) was used as a carbon source to replace
glucose (20 g/L) in the medium. The influence of oxygen rate was tested using 1.2 mL of
medium instead of 1 mL (80% instead of 66% filling volume) The media were supplemented
with 100 mM MOPS except in one experiment designed to follow the change in pH. Samples
were withdrawn after 72 h of culture. Biomass and optical density measurements for

BioLector calibration were carried out as described previously [35].
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2.8. Ppps replacement of B. subtilis BBG111 by promoter P, from B. subtilis BBG21 and
ATCC 21332

The expected Py, DNA fragments were amplified by PCR using the primers dacC fwd and
fenA rev from BBG21 and ATCC 21332 (Table 2), and then cloned in pGEM-T Easy. The
resulting plasmids pBG302 and pBG322 were Mfel-Sacl double digested. The two fragments
were inserted between Mfel and Sacl sites (replacing the old dacC-fenA fragment carried by
pBG193), generating the plasmid pBG303 and pBG223 respectively. The latter were
successfully transferred into the strain BBG111 by natural competence transformation,
leading to the strain BBG203 and BBG216 respectively.

2.9. Lipopeptide purification and quantification

1 mL of supernatant was extracted using C18 cartridges (Extract-clean SPE 500 mg, Grace
Davison-Alltech, Deerfield, IL, USA). Lipopeptide production was quantified by HPLC
(Waters Corporation, Milford, MA, USA) using a C18 column (5 pum, 250 x 4.6 mm,
VYDAC 218 TP, Hesperia, CA, USA). Analyses of lipopeptides were performed as
previously described [26-28].
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Table 1 Strains and plasmids used in this study

Plasmid or bacterial Genotype (Phenotype) or plasmid description Reference
strain
pGEM-T Easy bla® Promega Corp.
PMMComK tet? Pxyl-comK Hoffmann et al.,
(2010)
pFBO1 bla®, erm®, amyE-front and amyE-back cassettes , gfp ,(7526 bp) Fan et al. (2012)
pMUTIN-GFP+ bla®, erm® , gfp, (6192 bp) Bacillus genetic
stock center, USA
340 bp EcoRI Pfen/BBG21 fragment from pBG185 cloned
pBG193 : R R Hussein,
into pBG191 (5,453 bp); bla®, spc
ProBioGEM
pBG302 pGEM-T Easy, 991 bp Mfel-Sacl Pfen amplicon from B. This study
subtilis BBG21; bla® (4008 bp)
pBG303 991 bp Mfel-Sacl, Pfen/BBG21 amplicon from pBG302 This study
cloned into pBG193; bla®, spc” (5610 bp)
pBG306 pGEM-T Easy, Kpnl-Clal, Pfen amplicon from BBG21; bla®,  This study
(3683 bp)
pBG307 pGEM-T Easy, Kpnl-Clal, Ppps amplicon from B. subtilis This study
BBG111; bla®, (3849 bp)
pBG308 pGEM-T Easy, Kpnl-Clal Pfen amplicon from B. This study
amyloliquefaciens FZB42; bla®, (3916 bp)
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pBG309 bla®, erm?, Kpnl-Clal Pfen amplicon from B. subtilis BBG21,  This study
(gfp), (6858 bp)

pBG310 bla®, erm?, Kpnl-Clal Ppps amplicon from B. subtilis BBG111, This study
(9fp), (7001 bp)

pBG311 bla®, erm®, Kpnl-Clal Pfen amplicon from B. This study
amyloliquefaciens FZB42, (gfp), (7045 bp)

pBG312 pGEM-T Easy, Kpnl-Xmalll Pfen amplicon from B. subtilis This study
BBG21; bla®, (3590 bp)

pBG313 pGEM-T Easy, Kpnl-Xmalll Pfen amplicon from B. This study
amyloliquefaciens FZB42; bla®, (4001 bp)

pBG314 bla®, erm®, Kpnl-Xmalll Pfen amplicon from B. subtilis This study
BBG21, pFBO1, (8058 bp)

pBG315 bla®, erm®, Kpnl-Xmalll Pfen amplicon from B. This study
amyloliquefaciens FZB42, pBFO01, (8473 bp)

pBG322 pGEM-T Easy, 991 bp Mfel-Sacl Pfen amplicon from B. This study
subtilis ATCC 21332; bla®, (4008 bp)

pBG323 991 bp Mfel-Sacl Pfen amplicon from B. subtilis ATCC This study
21332, pBG322 cloned into pBG193; bla®, spc®, (5610 bp)

B. subtilis ATCC Wild-type strain, fen+, srf+ Lab stock
21332
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B. subtilis BBG21

BBG201

BBG205

BBG208

B. subtilis BBG111

BBG203

BBG216

BBG206

B. amyloliquefaciens
FzZB42

BBG207

BBG209

Escherichia coli
JM109

Spontaneous mutant of B. subtilis ATCC 21332, fen+, srf+

tet ® | B. subtilis BBG21 PMM @ comK+

erm®, B. subtilis BBG21 APfen::(Pfen BBG21 —gfp- erm®)

erm®, BBG21 AamyE:: (Pfen BBG21 —gfp- erm®)

cat®, B. subtilis 168 sfp+, pps+, srf+

cat®, BBG111 Ppps ::(Pfen BBG21:: spc 7)

cat”, BBG111 Ppps ::(Pfen ATCC21332:: spc 7

BBG111 APpps::(Ppps BBG111 —gfp- erm®)

Wild-type strain, fen+, srf+, bmy+

erm®, B. amyloliquefaciens FZB42 Pfen/FZB42::gfp, A fen

erm®, B. amyloliquefaciens FZB42 A amyE::Pfen/FZB42-gfp

recAl, endAl,gyrA96, thi, hsdR17, supE44 A(lac-
proABYF’[traD36, proAB+, laclg, lacZAM15]

Fahim et al.
(2012)

This study

This study

This study

Coutte et al.
(2010)

This study

This study

Koumoutsi et al.
(2004)

This study

This study

Promega Corp.

ApR, resistance to ampicillin; Spc®, resistance to spectinomycin ; Erm®, resistance to

erthromycin; CmF, resistance to chloramphenicol; TcR, resistance to tetracycline.
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Table 2 PCR primers used for genetic constructions and their verification

PRIMER PRIMER SEQUENCE (5°-37)

dacC/Bs. BBG21 Mfel F AACAATTGCGGCAGACCTGTTTT

fenA/Bs. BBG21 Sacl R GTATTCCAACGGGAGCTCAAAG

tr-ppsA/Bs. F ATCGGGGTACCTAATAACGCTTTG
ppsA/Bs. R ATCGATGCGGGAGATGGAATGAT
Tr-ppsA Bs. F2 GGGGTACCCAGAAACAAAGAGC
ppsA/Bs. R2 ATCGATGCGGGAGATGGAATGAT
dacC/Bam. F GGTTCAGAAAGAAAAGTGGTACCC
fenA/Bam. R GCAGTACGTCAAAATCGATGTC
GFP+F TGGCTAGCAAAGGAGAAGAACT
GFP+R CTCATCCATGCCATGTGTAATC
dacCF GTTGGTTCGCGGCTTATCTA
PMUTIN-GFP R AGCATCACCTTCACCCTCTC

dacC-gfp F2 TGACATTCAGGATCAGAGTTGG

PMUTIN-GFP+ R2 TAAGGGTAAGCTTTCCGTATGT

dacC/Bs.21332 D TATCGGGGTACCCAGAAACA
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ppsA/Bs. 21332 R GTATCTGGCTCCGGCCGTTC
dacC/Bam. F AAAAGTGGTACCCGGCTTTC
fenA/Bam. R AGATACGGCCGGGGTTCT
dacC/Bam. F2 AGAAAAGTGGTACCCGGCTTT
fenA/Bam. R2 AGATACGGCCGGGGTTCTGAT
amyE/Bam. F CTTGCCGGCTTTTTATACG
GFP+R TTTGTAACTGCTGCTGGGATTA
PMUTIN-GFP+-ermB F TTGAGTACCTTTTCATTCGTTAAAAA
amyE back Bam. R GATATTGGCGTGACTCCATACA
amyE front Bam. F CTTGCCGGCTTTTTATACG
amyE back Bam. R GATATTGGCGTGACTCCATACA
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3. Results

3.1. Lipopeptide production by the Bacillus spp.

B. subtilis BBG21, ATCC 21332 and BBG111 and B. amyloliquefaciens FZB42 were
compared in their lipopeptide synthesis (fengycin and surfactin). Based on previous results
[34], two experimental sets of conditions were tested by modifying the nitrogen source
available in the medium (glutamic acid or glutamic acid and ammonium sulphate) and the
oxygenation rate (expressed as 10 or 33 % filling volume). The Table 3 clearly shows the
significant difference between BBG21 and the three other strains as fengycin specific
production was between 2.4 to 33.5 times higher in BBG21 under the two tested conditions.
For the three B. subtilis strains, the low oxygen rate and presence of glutamic acid allowed
enhancing about twice the specific production of fengycin but no difference could be
observed for B. amyloliquefaciens FZB42. Regarding the specific surfactin production, the
strains B. subtilis ATCC 21332, BBG111 and B. amyloliquefaciens FZB42 clearly
overproduced this molecule independently of the conditions tested. In the case of B. subtilis
BBG21, surfactin was overproduced under condition "a", while surfactin and fengycin were

synthesized at similar rate under condition "b".

3.2. GFP mutant construction

Several mutant strains were constructed in order to compare the efficiency of the fengycin
promoters using GFP+ fused marker. Firstly, pMMComK carrying the comK competence
gene was introduced into B. subtilis BBG21, generating the strain B. subtilis BBG201, within
which both tetracycline resistance and the presence of the plasmid were confirmed. The three
strains (B. amyloliquefaciens FZB42, B. subtilis BBG201 and BBG111) were successfully
transformed by the corresponding vector (pBG309, pBG310 and pBG311) carrying the fused
Pfen/Ppps-ppsA::gfp integrated at the promoter of plipastatin/fengycin operon. The new
strains were named BBG205 (from BBG201), BBG206 (from BBG111) and BBG207 (from
FZB42). Constructions were verified by PCR and the disruption of fengycin/plipastatin
production was shown by the lack of these lipopeptides by HPLC and MALDI-TOF mass
spectrometer analyses. In all these strains, GFP-generated fluorescence was emitted (data not

shown).
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Fig.1. Fluorescence intensity (au/ODgg) in strain BBG205 (1-A), BBG206 (1-B) and
BBG207 (1-C) grown in Landy medium under eight conditions. (a) Landy medium; (b)
Landy MOPS tyrosine; (c) Landy MOPS urea+NH4Cl; (d) Landy MOPS threonine; (e)
Landy MOPS valine; (f) Landy MOPS mannitol; (g) Landy MOPS, 1.2 mL volume; and (h)

Landy MOPS (control). Fluorescence was measured by BioLector.

3.3. Comparative studies of promoter strength in different environmental conditions

The influence, on promoter strength, of several parameters known to be important for the
synthesis of fengycin was then tested in these three strains. Based on literature information,
eight experiments were designed to test the influence of the pH, the oxygenation rate, the
carbon (glucose or mannitol) and nitrogen sources (tyrosine, threonine, valine or urea +
NH,4CI). The results obtained for the three strains are given in Fig.1.
According to these results, the strength of the promoters from BBG21 is between two to ten
times (depending on the medium condition) better than that of the two other promoters

whatever the environmental tested conditions. These results also highlight the different
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conditions which are favorable for the best expression of the different promoters. For
BBG205, the highest fluorescence intensity was obtained when glucose was replaced by
mannitol (0.3 au/ODggo). There was no noticeable effect of both decrease in the oxygen rate
and the absence of MOPS buffer on GFP expression. Addition of three amino acid precursors
of fengycin peptidic moiety (tyrosine, threonine and valine) allowed obtaining about 0.05
au/ODggp; this addition did not increase GFP expression compared to Landy MOPS as
control. For strains BBG206 and BBG207, there was no significantly difference in
fluorescence under the different conditions.

Fig.2. shows the fluorescence intensity (au and au/ODggo) and the biomass obtained for the
three mutants incubated in Landy medium complemented with mannitol or glucose as carbon
sources. The fluorescence intensity of BBG205 with mannitol was about 10-fold more
compared to the two other mutants. It was about 2 to 4-fold more with glucose, while the
differences in biomass between the three strains were not significant under each condition.
Biomass was significantly lower in Landy MOPS mannitol culture medium than in Landy
glucose one. The results demonstrated also that the promoter expression started after 24 h of
culture corresponding to the end of the log phase and the beginning of the stationary phase.
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Fig.2. Fluorescence intensity (au and au/ODgg) and the optical density at (600 nm)
measured by BioLector for three Bacillus mutant strains (BBG206, BBG207 and
BBG208) grown in Landy medium with mannitol and glucose.
a- Fluorescence intensity (au) in Landy MOPS-mannitol.
b-  Fluorescence intensity (au) in Landy MOPS-glucose.
c- Optical density in Landy MOPS-mannitol.
d- Optical density in Landy MOPS-glucose.
e- Fluorescence intensity (au/ODgq) in Landy MOPS-mannitol
f-  Fluorescence intensity (au/ODggy) in Landy MOPS-glucose.
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3.4. Simultaneous analysis of fengycin operon expression and fengycin production

To complete these experiments, a second group of mutants were constructed, allowing the
simultaneous production of fengycin and GFP protein under the control of Ppps/Pfen
promoters. These strains were constructed using pBFO1 plasmid. The integrative plasmids
(pBG314 and pBG315) containing Pfen/Ppps-gfp flanked by two amyE border cassettes were
used to recombine at the amylose degradation amyE locus by double crossover in B. subtilis
BBG201 and B. amyloliquefaciens FZB42. The resulting erythromycin resistant strains were
named BBG208 (from BBG201) and BBG209 (from FZB42). Experimental conditions
previously used were tested with the mutant strains B. subtilis BBG208 and BBG209. The
results permitted to establish that there were no significant differences between the GFP
expression from these strains and B. subtilis BBG205 and BBG207.

In order to corroborate the results obtained from B. subtilis BBG205, production of
lipopeptides from BBG208 was investigated after 48 h of incubation under three different
conditions: Landy culture medium, Landy culture medium with mannitol instead of glucose
and Landy culture medium with urea and NH,ClI instead of glutamic acid. Fig.3. shows that
the highest fengycin yield (445 mg/L) was obtained with mannitol used as carbon source.
This quantity was twice higher than those obtained under the other two conditions. Surfactin
production was also affected by changing the carbon and nitrogen sources. The use of urea
and NH4CI as sources of nitrogen enhanced the production of surfactin which reached 803
mg/L, while it was close to the fengycin level with Landy + mannitol (480 mg/L). The
maximum fengycin production for the other two strains BBG111 and BBG209 under the

same conditions were 22.43 and 68.8 mg/L respectively (data not shown).
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Fig.3. Lipopeptide production by BBG208 after 48 h of growth under three conditions.
(c): Landy MOPS urea +NHA4CI; (f) Landy MOPS mannitol; and (h) Control Landy MOPS
glucose.

3.5. Ppps replacement mutant

In order to confirm the role played by the promoter of BBG21 in its fengycin overproducing
phenotype, the Ppps promoter from B. subtilis BBG111 was successfully replaced by the
promoter Pfen from BBG21, generating a novel strain named B. subtilis BBG203. This
mutant was characterized by growth in LB agar containing 100 pg/mL spectinomycin, and
verified by PCR (data not shown). As shown in Table.4, fengycin specific production in
BBG203 was increased 8-11.8 fold depending on the culture conditions (0.49 to 5.8 and 1.4
to 11.2 mg/ODggo under the conditions (a) and (b) respectively) as well in the presence of
ammonium sulphate with either 10 or 33% filling volume. On the other hand, no increase in
fengycin production was observed in the mutant strain BBG216 which contains the fengycin
promoter of ATCC 21332 comparing to its mother strain BBG111 under the two tested
conditions (Table 4).
This result confirms that the differences observed between the promoters of BBG21 and
BBG111 influences fengycin production. Nevertheless, this production in BBG203 remained
low compared to that of B. subtilis BBG21, under both conditions.
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Table.3. Lipopeptide production in batch by four strains of Bacillus spp.

Strain

BBG21

ATCC 21332

BBG111

FZB42

Time

(h)

48

72

48

72

48

72

48

72

Condition a
Fengycin Surfactin
19.1+1.2 1258+ 12.4
239+1.6 105.2+9.8
3.7+£0.17 123+5.3
4.1+0.37 183.2+ 124
0.76 £0.3 57.7+0.8
0.8x0.17 533+ 7.7
7.9+£0.7 41.1+15
8.7+0.9 49.9 +14.7

Condition b
Fengycin Surfactin
50+1.6 446 +£3.5
523+25 64.4 +£10.9
6.4+09 83.9+26
79x0.8 110.3£1.3
1.85+0.36 43.1+7.2
1.56+0.5 52.3+5.2
7.2+0.54 324+£38

89x0.6 40.8+3.7

(Expressed in specific production)

Specific fengycin production was calculated as the ratio of fengycin (mg/L) over ODgg unit,
both of them were determined at the same time point.
Condition a- Landy MOPS medium, pH 7, 10% filling ratio, 30°C and 160 rpm.

Condition b- Landy MOPS medium pH 7, (contains 2.2 g/L ammonium sulphate with 2.5g/L
glutamic acid] with 33% filling ratio, 30°C and 160 rpm.
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Table 4. Fengycin production from BBG203, BBG216 and their mother strain BBG111 after
48 h of growth under two different conditions.

Strain Condition a Condition b

*Fengycin mg/ODgqo Fengycin mg/ODggo

BBG111 0.49+0.14 1.4+0.5
BBG203 (BBG111 Pyengecc21) 5.8+0.75 11.5+1.46
BBG216 (BBG111 Pyen atcc 21332) 0.76 £ 0.36 1.54 +0.48

= Specific fengycin production was calculated as the ratio of fengycin (mg/L) over ODggo Unit,
both of them were determined at the same time point.

Condition a- Landy MOPS medium, pH 7, 10% filling ratio, 30°C and 160 rpm.

Condition b- Landy MOPS medium pH 7, (contains 2.2 g/L ammonium sulphate with 2.5g/L
glutamic acid) with 33% filling ratio, 30°C and 160 rpm.

3.6. Sequence analysis of fengycin operon promoters

Sequences of Pren/Ppps promoters were analyzed in order to check differences that could
explain the overproduction of fengycin in B. subtilis BBG21 (Fig. 4). The sequences of B.
subtilis BBG21 and B. subtilis ATCC 21332 promoters were nearly identical (> 99%
identity) with only one nucleotide different in the UP element sequence. To confirm this little
difference, the sequence was performed three times. Two supplementary differences were
observed between B. subtilis 168 and B. subtilis BBG21 (identity percentage was 97%): one
A was added seven nucleotides before the UP element, as well as a small sequence of 10
nucleotides between the -10 TATA box and the ribosome binding site (RBS). The identity
percentage between BBG21 and B. amyloliquefaciens FZB42 was only 77%.
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ELFVREA RSB A RN RN a R Ed RSN S
ARATTITGATAAAARAAAGAAACGAAARAATARAAGAAATAATACTATATICAAAAARARAATGTT

UP element -35 box -10 TATAAT
ata atttaatgttttttattgtactttaaaaaatATCCGTTAATATAGTGCATATAT
1 R R R R R R R R RN R R R R R R RN RN R R R R R RN RN RN EREEEREREE!
AT TTTAATGT I T I T TATIGTACT T TAAR AR R ATATCCGTTAATATAGTGCATATAT

GGATTATATAGTCATATAATTIICITITATIGTICATTITITICIGCTITTIIT

frrrrernrnrnnnnnnnnnnnnnnnnnnnnrnnnnnnrnnrnnnrnnl
GGATTATATAGTCATATAATTICTITITATIGICATTIITICTIGCTITITIT

b- UP element
ataaaaaaagaaacgaaaaataaagaaataatactatattcaaaaaaaStgttata

e A A A A A

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII Trrrrnni
ATAAAAAAAGAAACGAAAAATAAAGAAATAATACTATATTC GTTAT

UP element -35 box
cttaatgttttttattgtacgttaaaagatATCQGITAAIAIAGIQCATAIAT GATTAT
AR R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R RN R R R RN
TTTAATGTTTITITTATIGTACTTTAARAAAATATCCGTTAATATAGTGCATATATGGATTAT

ATAGTCATATAATTIICITTITATIGICATITIICIGCITIIIT—————————"—~ CTTATCCIC

PLEESEEEY EVELE I R R LR R )] trrrrrntd
ATAGTCATATAATTITICTIITTATIGICATITITCIGCTITITICTACATTITICTTATCCIC

GGAAATTTGataaaaaaagaaacgaaaaataaagaaataatactatattcaaaaaaaltg
000 R ORI RN RE S B PL RO CA R B R R BN OM B H BN RN NN
GGAAATTTGATAAAAAAAGAAACGAAAAATAAAGAAATAATACTATATTCAAAAAAARNTG
UP element -35 box 4_? T@ \
ttataaaaatttaatgttttttattgtactttaaaaaatATCCGTTAATA GCATAT

PEERrer e r e e e e e e ettt
TTATARARATTTAATGTIITITTATIGTACTTTARRAAATATCCGTTAATATAGTGCATAT

ATGGATTATATAGTCATATAATTTCTITITTIATIGICATITIICIGCTITIIT——————————~

008 W00 0N L O
ATGGATTATATAGTICATATAATTICITITATIGTICATTITITICIGCTTITITICTACATTITIT

Fig.4. Alignment of the Pfen promoter of B. subtilis BBG21 with the other strains ones.
(@) Alignment of the Pfen promoter of B. subtilis BBG21 with its mother strain B. subtilis
ATCC 21332. (b) Alignment of the Pfen promoter of B. subtilis BBG21 with B. subtilis 168.
(c) Alignment of the Pfen promoter of B. subtilis ATCC 21332 with B. subtilis 168.

78

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Yazen Mohlab Yaseen, Lille 1, 2016

4. Discussion

B. subtilis BBG21 is a spontaneous mutant strain from B. subtilis ATCC 21332, known to
produce two types of lipopeptides, i.e., fengycin and surfactin. Fengycin production reached
up to 500 mg/L when BBG21 was grown under optimal conditions, while only 40 mg/L were
produced in the case of B. subtilis ATCC 21332 [28].

To highlight on the particularly elevated fengycin productivity of B. subtilis BBG21,
comparison between the lipopeptide yield of this strain and those of B. subtilis ATTC 21332,
B. subtilis BBG111 and B. amyloliquefaciens FZB42, was realized in batch culture under two
conditions. The results confirmed the high productivity of fengycin for B. subtilis BBG21
compared to the three other strains, especially when low oxygen rate is provided and when
ammonium sulphate is used as nitrogen source. Previous works in our laboratory have clearly
established the effect of oxygen rate on both surfactin and fengycin productions from B.
subtilis ATCC 21332 and the results were comparable to those found in this study [3,25].
Another work performed on B. subtilis BBG21 demonstrated that fengycin production is
influenced by the oxygen transfer limitation and increased at low culture temperature (30°C),
whereas surfactin production shows a high correlation with the enhancement of oxygen
transfer rate [28]. The efficiency of the BBG21 promoter was then confirmed in different
environmental conditions, using the green fluorescent protein. Using GFP expression system
as a reliable and quantitative reporter of underlying varieties of the promoter activity is a
performant biological tool [36,37]. This sensor can provide high accuracy description of the
promoter action in reply to each stimulation factor [38,39]. Under different medium
compositions known to influence fengycin production [5,17], the expression was monitored
by fluorescence spectroscopy using a BioLector device. Different fluorescence intensities
were recorded with the three promoters under the same conditions. Under all tested
conditions, the strain BBG205 which contains the fengycin promoter of BBG21 showed the
highest expression in comparison to the other strains. This expression was significantly
influenced by the medium composition. Nicolas et al. [40] studied the effect of 104
nutritional and environmental conditions on the promoter expression in B. subtilis 168 using
269 RNA samples and, in the best of our knowledge, this is the only study on the direct
impact of the environmental factors on the fengycin promoter activity. The ppsA gene
expression responded positively with the oxygen stress during the growth and from many
carbon sources the highest expression obtained was in M9 medium with fructose [40].

In our experiments, the use of mannitol as carbon source or urea and NH4Cl as nitrogen

source enhanced the fengycin promoter expression. The mannitol was already used as a sole
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carbon source in the optimal medium for the fengycin production for the strain F29-3 and it
was the best carbon source for lipopeptide production from different Bacillus strains
[10,24,41].

Our results also showed that replacement of glutamic acid in Landy medium by different
amino acids (tyrosine, threonine and valine) did not have any effect on gfp expression.
Previous study showed that supplying the culture with the amino acids precursors changes the
fengycin type; however, the study did not refer to the effect of those amino acids on fengycin
production [42]. The effect of amino acids that are structural components of iturinA on the
production was variable with each amino acid [21].

To explain the different rate of fengycin synthesis, promoter sequences from the four strains
have been investigated. Promoter sequence of B. subtilis BBG21 appeared rather identical to
the promoter sequence of its "mother” strain as only one nucleotide was different. In a
previous study, it was established that the sequences in the promoter upstream from the fenC
gene of B. subtilis F29-3 and the Ppps of B. subtilis 168 promoters differed by one nucleotide
in the -10 region[17]. In this work, we show that the difference is located neither in the -10
nor in -35 regions, but in UP element sequence. This sequence is very critical for the
promoter activity and the mutation in this sequence can reduce the production of fengycin
until 85% in B. subtilis F29-3 [17]. In addition Meyer et al. [43] reported that the change in
the UP element sequence located upstream of the -35 boxes enhances promoter activity in
vivo as well as in vitro in three B. subtilis 168 promoters. In a previous study, the promoter of
BBG111 was replaced by promoter PamyQ, the production of fengycin increased about 10-
fold in the mutant strain (Bs2508) grown in the optimal medium [44]. A similar result was
obtained by replacing the native promoter of B. subtilis BBG111 by the Pfen of B. subtilis
BBG21, leading to a significant increase of fengycin production, while no increase in the
fengycin yield was observed by replacing the native promoter of B. subtilis BBG111 by the
Pfen of B. subtilis ATCC 21332. The results obtained with the two mutants confirm that the
point mutation in the UP element is responsible for the increase in fengycin yield in BBG21
strain. Moreover, another similar result was obtained when the degQ regulator was
introduced into the strain 168, suggesting that this is a major factor in plipastatin operon

regulation [15].
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5. Conclusion

We can conclude from the sequence analysis and promoter expression data, that a point
mutation in UP element can significantly influence the expression of fengycin operon and the
fengycin yield. However, the promoter is not the sole factor involved in this complex
regulation system. To our knowledge, this is also the first study that used the gfp expression
as indicator of fengycin promoter activity. This system provides huge and accurate
information that can be used as a database to optimize the lipopeptide production or to study
lipopeptide biosynthesis in natural conditions (rhizosphere ecosystem, for example). Many
conditions as well as many promoters could be investigated in a short time, allowing
attaching the role of the promoters in the operon regulation without passing through the long

procedure of lipopeptide production, extraction and estimation.

Conflict of interest

Authors declare that they have no conflict of interest

Acknowledgements.

Yazen Yaseen received a PhD grant from the Iraqi and French governments through Campus
France.

We thank Prof. F. Meinhardt (University of Minster, Germany) for providing us with
Bacillus licheniformis strain MW3 carrying plasmid pMMComK. We thank the REALCAT
platform for their collaboration. The REALCAT platform is benefiting from a Governmental
subvention administrated by the French National Research Agency (ANR) with the
contractual reference ANR-11-EQPX-0037.

81

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Yazen Mohlab Yaseen, Lille 1, 2016

References

[1] Ongena M, Jacques P, Bacillus lipopeptides: versatile weapons for plant disease
biocontrol. Trends Microbiol 2008;16:115-25.

[2] Jacques P, Surfactin and other lipopeptides from Bacillus spp., in Soberon-Chavez G (Ed)
Biosurfactants, Microbiology Monographs, Springer-Verlag, Berlin Heidelberg,, 2011, vol.
20, pp 57-91.

[3] Hathout YA, Ho YP, Ryzhov V, Demirev P, Fenselau C, Kurstakins: a new class of
lipopeptides isolated from Bacillus thuringiensis. J Nat Prod. 2000; 63:1492-6.

[4] Abderrahmani A, Tapi A, Nateche F, Chollet M, Leclere V, Wathelet B, et al.
Bioinformatics and molecular approaches to detect NRPS genes involved in the biosynthesis
of kurstakin from Bacillus thuringiensis. Appl Microbiol Biotechnol. 2011;92:571-81.

[5] Jacques P, Hbid C, Destain J, Razafindralambo H, Paquot M, De Pauw E, et al.
Optimization of biosurfactant lipopeptide production from Bacillus subtilis S499 by Plackett-
Burman design. Appl Biochem Biotechnol 1999;77-79:223-33.

[6] Chen XH, Koumoutsi A, Scholz R, Schneider K, Vater J, Stissmuth R, et al. Genome
analysis of Bacillus amyloliquefaciens FZB42 reveals its potential for biocontrol of plant
pathogens. J Biotechnol 2009;140:27-37.

[7] Huang QX, Lu ZX, Zhao HZ, Bie XM, Lu FX, Yang SJ, Antiviral activity of
antimicrobial lipopeptide from Bacillus subtilis fmbj against Pseudorabies Virus, Porcine
Parvovirus, Newcastle Disease Virus and Infectious Bursal Disease Virus in vitro. Int J Pept
Res Therap 2006;12:373-7.

[8] Fracchia L, Cavallo M, Giovanna M, Banat IM, Biosurfactants and bioemulsifiers
biomedical and related applications, Present Status and Future Potent, CC BY 3.0 license
(2012).

[9] Yin H, Guo C, Wang Y, Liu D, Lv Y, Lv F, et al. Fengycin inhibits the growth of the
human lung cancer cell line 95D through reactive oxygen species production and

mitochondria-dependent apoptosis. Anticancer Drugs, 2013;24:587-98.

82

© 2016 Tous droits réservés. lilliad.univ-lille.fr


http://www.lipofabrik.com/surfactin-and-other-lipopeptides-from-bacillus-spp/
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hathout%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=11087590
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ho%20YP%5BAuthor%5D&cauthor=true&cauthor_uid=11087590
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ryzhov%20V%5BAuthor%5D&cauthor=true&cauthor_uid=11087590
http://www.ncbi.nlm.nih.gov/pubmed/?term=Demirev%20P%5BAuthor%5D&cauthor=true&cauthor_uid=11087590
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fenselau%20C%5BAuthor%5D&cauthor=true&cauthor_uid=11087590
http://www.ncbi.nlm.nih.gov/pubmed/11087590
http://www.ncbi.nlm.nih.gov/pubmed/?term=Abderrahmani%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21751008
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tapi%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21751008
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nateche%20F%5BAuthor%5D&cauthor=true&cauthor_uid=21751008
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chollet%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21751008
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lecl%C3%A8re%20V%5BAuthor%5D&cauthor=true&cauthor_uid=21751008
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wathelet%20B%5BAuthor%5D&cauthor=true&cauthor_uid=21751008
http://www.ncbi.nlm.nih.gov/pubmed/21751008
http://creativecommons.org/licenses/by/3.0/
http://www.ncbi.nlm.nih.gov/pubmed?term=Yin%20H%5BAuthor%5D&cauthor=true&cauthor_uid=23552471
http://www.ncbi.nlm.nih.gov/pubmed?term=Guo%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23552471
http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23552471
http://www.ncbi.nlm.nih.gov/pubmed?term=Liu%20D%5BAuthor%5D&cauthor=true&cauthor_uid=23552471
http://www.ncbi.nlm.nih.gov/pubmed?term=Lv%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23552471
http://www.ncbi.nlm.nih.gov/pubmed?term=Lv%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23552471
http://www.ncbi.nlm.nih.gov/pubmed/23552471

Thése de Yazen Mohlab Yaseen, Lille 1, 2016

[10] Wei YH, Wang LC, Chen WC, Chen SY, Production and characterization of fengycin by
indigenous Bacillus subtilis F29-3 originating from a potato farm. Int J Mol Sci,
2010;11:4526-38.

[11] Ramarathnam R, Bo S, Chen Y, Fernando WGD, Xuewen G, de Kievit T, Molecular and
biochemical detection of fengycin- and bacillomycin D-producing Bacillus spp., antagonistic

to fungal pathogens of canola and wheat. Can J Microbiol 2007;53:901-11.

[12] Steller S, Vollenbroich D, Leenders F, Stein T, Conrad B, Hofemeister J, et al. Structural
and functional organization of the fengycin synthetase multienzyme system from Bacillus
subtilis b213 and A1/3. Chem. Biol 1999;6:31-41.

[13] Tosato V, Albertini AM, Zotti M, Sonda S, Bruschi CV, Sequence completion,
identification and definition of the fengycin operon in Bacillus subtilis 168. Microbiology
1997;143:3443-50.

[14] Wu CY, Chen CL, Lee YH, Cheng YC, Wu YC, Shu HY, et al. Nonribosomal synthesis
of fengycin on an enzyme complex formed by fengycin synthetases. J Biol Chem
2007;282:5608-16.

[15] Tsuge K, Ano T, Hirai M, Nakamura Y, Shoda M, The genes degQ, pps, and Ipa-8 (sfp)
are responsible for conversion of Bacillus subtilis 168 to plipastatin production. Antimicrob
Agents Chemother, 1999;43:2183-92.

[16] Tsuge K, Matsui K, Itaya M, Production of the non-ribosomal peptide plipastatin in
Bacillus subtilis regulated by three relevant gene blocks assembled in a single movable DNA
segment. J Biotechnol. 2007;129(4):592-603.

[17] Ke XJ, Chang BY, Lin TP, Liu ST, Activation of the promoter of the fengycin
synthetase operon by the UP element. J Bacteriol 2009;191:4615-23.

[18] Singh AK, Rautela R, Cameotra SS, Substrate dependent in vitro antifungal activity of
Bacillus sp. strain AR2. Microb Cell Fact, 2014;13:67.

[19] Volpon L, Besson F, Lancelina JM, NMR structure of antibiotics plipastatins A and B
from Bacillus subtilis inhibitors of phospholipase A2. FEBS Lett 2000;485:76-80.

83

© 2016 Tous droits réservés. lilliad.univ-lille.fr


http://www.ncbi.nlm.nih.gov/pubmed/?term=Wei%20YH%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20LC%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20WC%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20SY%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=de%20Kievit%20T%5BAuthor%5D&cauthor=true&cauthor_uid=17898845
http://www.sciencedirect.com/science/article/pii/S0168165607001071
http://www.sciencedirect.com/science/article/pii/S0168165607001071
http://www.sciencedirect.com/science/article/pii/S0168165607001071
http://www.ncbi.nlm.nih.gov/pubmed/17376553

Thése de Yazen Mohlab Yaseen, Lille 1, 2016

[20] Islam R, Jeong T, Lee YS, Song SH, Isolation and Identification of antifungal
compounds from Bacillus subtilis C9 inhibiting the growth of plant pathogenic fungi.
Mycobiology 2012;40:59-66.

[21] Besson F, Chevanet C, Michel G, Influence of the culture medium on the production of
iturin A by Bacillus subtilis. J Gen Microbiol 1987;3:767-72.

[22] Cameotra SS, Makkar RS, Kaur J, Mehta SK, Synthesis of biosurfactants and their
advantages to microorganisms and mankind. Adv Exp Med Biol 2010;672:261-80.

[23] Chen XH, Koumoutsi A, Scholz R, Eisenreich A, Schneider K, Heinemeyer I, et al.
Comparative analysis of the complete genome sequence of the plant growth—promoting
bacterium Bacillus amyloliquefaciens FZB42. Nat Biotechnol 2007;25:1007-14.

[24] Koumoutsi A, Chen XH, Henne A, Liesegang H, Hitzeroth G, Franke P, Structural and
functional characterization of gene clusters directing nonribosomal synthesis of bioactive
cyclic lipopeptides in Bacillus amyloliquefaciens strain FZB42. J Bacteriol 2004;186:1084—
96.

[25] Coutte F, Leclére V, Béchet M, Guez JS, Lecouturier D, Chollet-Imbert M, Effect of pps
disruption and constitutive expression of srfA on surfactin productivity, spreading and
antagonistic properties of Bacillus subtilis 168 derivatives. J Appl Microbiol 2010;109:480—
91.

[26] Gancel F, Montastruc L, Liu T, Zhao L, Nikov I, Lipopeptide overproduction by cell
immobilization on iron-enriched light polymer particles. Process Biochem, 2009;44:975-78.

[27] Chtioui O, Dimitrov K, Gancel F, Dhulster P, Nikov I, Selective fengycin production in
a modified rotating discs bioreactor. Bioprocess Biosyst Eng, 2014;37:107-14.

[28] Fahim S, Dimitrov K, Gancel F, Vauchel P, Jacques P, Nikov I, Impact of energy supply
and oxygen transfer on selective lipopeptide production by Bacillus subtilis BBG2L1.
Bioresour Technol 2012;126:1-6.

[29] Sambrook J, Russell DW, Molecular Cloning: A Laboratory Manual, 3rd edn. Cold
Spring Harbor, NY: Cold Spring Harbor Laboratory, 2001.

84

© 2016 Tous droits réservés. lilliad.univ-lille.fr


http://www.ncbi.nlm.nih.gov/pubmed/?term=Chtioui%20O%5BAuthor%5D&cauthor=true&cauthor_uid=23694986
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dimitrov%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23694986
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gancel%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23694986
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dhulster%20P%5BAuthor%5D&cauthor=true&cauthor_uid=23694986
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nikov%20I%5BAuthor%5D&cauthor=true&cauthor_uid=23694986
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dimitrov%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23073082
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gancel%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23073082
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vauchel%20P%5BAuthor%5D&cauthor=true&cauthor_uid=23073082
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jacques%20P%5BAuthor%5D&cauthor=true&cauthor_uid=23073082
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nikov%20I%5BAuthor%5D&cauthor=true&cauthor_uid=23073082
http://www.ncbi.nlm.nih.gov/pubmed/23073082

Thése de Yazen Mohlab Yaseen, Lille 1, 2016

[30] Romero D, Perez-Garcia A, Veening JW, de Vicente A, Kuiper OP, Transformation of
undomesticated strains of Bacillus subtilis by protoplast electroporation. J Microbiol Meth
2006;66:556-9.

[31] Cao G, Zhang X, Zhong L, Lu Z. A modified electro-transformation method for Bacillus
subtilis and its application in the production of antimicrobial lipopeptides. Biotechnol. Lett
2011;33:1047-51.

[32] Mathew CD, Rathnayake S, Isolation and characterization of alpha amylase isolated
from a hot water spring in Sri Lanka. Int Res J. Microbiol. 2014;5:50-61.

[33] Landy M, Warren GH, Rosenman SB, Colio LG. Bacillomycin an antibiotic from
Bacillus subtilis active against pathogenic fungi. Proc Soc Exp Biol Med, 1948;67:530-41.

[34] HusseinW, Study on the regulation and biosynthesis of fengycin and plipastatin
produced by Bacillus subtilis. PhD. Thesis, Lillel University, France, 2011.

[35] Coutte F, Lecouturier D, Yahia SA, Leclére V, Béchet M, Jacques P, et al. Production of
surfactin and fengycin by Bacillus subtilis in a bubbleless membrane bioreactor. Appl
Microbiol Biotechnol. 2010;87:499-507.

[36] Fan B, Plant colonization by GFP-labeled Bacillus amyloliquefaciens FZB42 and
transcriptomic profiling of its response to plant root exudates. PhD Thesis, Humboldt-

Universitat zu Berlin, Germany, 2011.

[37] Lewis PJ, Thaker SD, Errington J. Compartmentalization of transcription and translation
in Bacillus subtilis. EMBO J 2000;15:710-8.

[38] Botella E, Sebastian H, Hokamp K, Hansen A, Bisicchia P. Cell envelope gene
expression in phosphate-limited Bacillus subtilis cells. Microbiology 2011;157:2470-84.

[39] Soboleski MR, Oaks J, Halford WP, Green fluorescent protein is a quantitative reporter
of gene expression in individual eukaryotic cells. FASEB J 2005;19:440-2.

[40] Nicolas P, Mé&der U, Dervyn E, Rochat T, Leduc A, Pigeonneau N, et. al. Condition-
dependent transcriptome reveals high-level regulatory architecture in Bacillus subtilis.
Science 2012;2:1103-6.

85

© 2016 Tous droits réservés. lilliad.univ-lille.fr


http://www.ncbi.nlm.nih.gov/pubmed/?term=Lewis%20PJ%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Thaker%20SD%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Errington%20J%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Soboleski%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=15640280
http://www.ncbi.nlm.nih.gov/pubmed/?term=Oaks%20J%5BAuthor%5D&cauthor=true&cauthor_uid=15640280
http://www.ncbi.nlm.nih.gov/pubmed/?term=Halford%20WP%5BAuthor%5D&cauthor=true&cauthor_uid=15640280
http://www.ncbi.nlm.nih.gov/pubmed/15640280
http://www.ncbi.nlm.nih.gov/pubmed/?term=M%C3%A4der%20U%5BAuthor%5D&cauthor=true&cauthor_uid=22383849
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dervyn%20E%5BAuthor%5D&cauthor=true&cauthor_uid=22383849
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rochat%20T%5BAuthor%5D&cauthor=true&cauthor_uid=22383849
http://www.ncbi.nlm.nih.gov/pubmed/?term=Leduc%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22383849
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pigeonneau%20N%5BAuthor%5D&cauthor=true&cauthor_uid=22383849
http://www.ncbi.nlm.nih.gov/pubmed/22383849

Thése de Yazen Mohlab Yaseen, Lille 1, 2016

[41] Makkar RS, I.M Banat SS. Advances in utilization of renewable substrates for
biosurfactant production. AMB Express 2011;1:5.

[42] Akpa E, Jacques P, Wathelet B, Paquot M, Fuchs R, Budzikiewicz H, et al. Influence of
culture conditions on lipopeptide production by Bacillus subtilis. Appl Biochem Biotechnol
2001;93:551-61.

[43] Meijer WJ, Salas M. Relevance of UP elements for three strong Bacillus subtilis phage
phi29 promoters. Nucleic Acids Res. 2004;32(3):1166-76.

[44] Ongena M, Jourdan E, Adam A, Paquot M, Brans A, Joris B. Surfactin and fengycin
lipopeptides of Bacillus subtilis as elicitors of induced systemic resistance in plants. Environ
Microbiol, 2007:9:1084-90.

86

© 2016 Tous droits réservés. lilliad.univ-lille.fr


http://www.ncbi.nlm.nih.gov/pubmed/?term=Makkar%20RS%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Banat%20IM%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Meijer%20WJ%5BAuthor%5D&cauthor=true&cauthor_uid=14973248
http://www.ncbi.nlm.nih.gov/pubmed/?term=Salas%20M%5BAuthor%5D&cauthor=true&cauthor_uid=14973248
http://www.ncbi.nlm.nih.gov/pubmed/14973248

© 2016 Tous droits réservés.

Thése de Yazen Mohlab Yaseen, Lille 1, 2016

Chapter 4

Study of the correlation between fengycin
operon expression and fengycin production

under different culture conditions
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General introduction

In the previous chapter, we verified the promoter activity by constructing several mutants
integrating the GFP marker under the control of fengycin promoter in several strains. GFP
marker showed a high sensitivity reading according to the different strains and conditions
which influenced the promoter expression. The clear effect of the conditions previously
analyzed on the promotor expression and lipopeptide production lead us to test the influence

of the carbon and nitrogen sources in the culture medium.
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Abstract

Aims: To establish the correlation between fengycin operon expression and fengycin
production under different culture conditions and to optimise fengycin production taking into
account the study of this correlation.

Material and results: The strain Bacillus subtilis BBG208 (derived from a fengycin
overproducing strain called BBG21, and harbouring the GFP protein under the control of
fengycin promoter) was used to study the influence of different carbon and nitrogen sources
on lipopeptide (surfactin and fengycin) production as well as the fengycin promoter
expression. Significant promoter expression and fengycin as well as surfactin productions
were obtained using starch or mannitol as carbon source and urea or a mix of urea and
ammonium carbonate as nitrogen source. Some conditions (maltose, galactose and sorbitol)
showed disaccording results between the production levels of surfactin and fengycin.
Temperature, pH and oxygenation influenced the lipopeptide biosynthesis differently
according to the provided substrates. Optimisation of the production medium enabled the
fengycin production to be increased more than twice, to reach until 768 mg L™, the highest
production reported from this strain.

Conclusion: This study permits to demonstrate that the nutrient conditions play an important
role on the fengycin biosynthesis, either by their influence on the operon expression or at
another step of this biosynthesis.

Significance and Impact of the Study: This study provides insightful information regarding
fengycin production. This data will serve to scale-up production of lipopeptides and likely
help to decrease the production costs.

Keywords: Fengycin, surfactin, promoter expression, carbon and nitrogen sources, culture

conditions

90

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Yazen Mohlab Yaseen, Lille 1, 2016

Introduction

Gram positive bacteria belonging to the Bacillus genus are known to produce more than
twenty different secondary metabolites with antagonistic activities (Sinchaikul et al. 2002;
Chen et al. 2007). The non-ribosomally synthesized lipopeptides are the most important ones.
These substances are cyclic peptides linked to a fatty acid chain. The lipopeptides group
includes five families: surfactins/lichenysins/pumilacidins, fengycins/plipastatins, iturins
(bacillomycins/iturins A/mycosubtilins), kurstakins and locillomycins (Hathout et al. 2000;
Ongena and Jacques 2008; Chen et al. 2009; Luo et al. 2015). Fengycins are cyclic
lipodecapeptides containing a [-hydroxy fatty acid chain of 16 to 19 carbon atoms. This
family includes fengycins A and B, also named plipastatins, (Jacques et al. 1999;
Ramarathnam et al. 2007; Raaijmakers et al. 2010; Wei et al. 2010). Non-Ribosomal Peptide
Synthetases responsible for fengycins/plipastatins biosynthesis are encoded by five genes
named fenA to fenE or ppsA to ppsE (Tosato et al. 1997; Steller et al. 1999; Wu et al. 2007).
Fengycins have been characterized for their antibacterial, antiviral and antifungal properties
(Tosato et al. 1997; Huang et al. 2006; Fracchia et al. 2012; Cawoy et al. 2015). Notably,
fengycins are also endowed with anti-cancer activity by inhibiting the growth of human lung
cancer cells (Yin et al. 2013; Ditmer et al. 2014). Environmental conditions appeared to
influence the type and vyield of the lipopeptides produced (Volpon et al. 2000; Islam et al.
2012). Regarding fengycin specifically, four cultivation parameters have been highlighted for
their influence on its production: source of nutriments, oxygen transfer rate, temperature and
pH (Pryor et al. 2007b, Jacques 2011; Fahim et al. 2012, Varadavenkatesan and Murty 2013,
Zhu et al. 2014). The source of nitrogen was shown to strongly influence the biosurfactant
synthesis, suggesting that fengycin synthesis was correlated with the nitrogen metabolism
(Makkar and Cameotra 1998; Steller et al. 1999; Jacques 2011). A few studies were realized in
order to establish the effect of these factors on the amount of fengycin produced. To our
knowledge, there is no study correlating the fengycin promoter activity with the fengycin
produced under different biotic or abiotic conditions. Recently, we cloned, the gene coding
for the green fluorescent (GFP) protein under the control of the fengycin promoter strain in B.
subtilis BBG21, a spontaneous mutant of B. subtilis ATCC 21332, overproducing fengycin.
The resulting mutant strain was called BBG208 (Yaseen et al. 2016). According to its
fluorescence stability and absence of adverse effect, the GFP protein was used as a promoter
marker activity in a myriad of studies. In this work, we used GFP expression to study the
effects of biotic factors (carbon, hydrocarbon and nitrogen sources) or abiotic factors (pH,
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temperature and oxygen transfer rate) on fengycin biosynthesis regulation, by correlating the
promoter expression and the fengycin production under every condition. In the last

experiments, the fengycin biosynthesis was optimised.

Materials and methods

Media and strains used in this work

The Landy medium (Landy et al. 1948) containing 100 mM of 3-(N-morpholino)
propanesulphonic acid (MOPS) was used as the basic medium for lipopeptide production. B.
subtilis BBG208 was the strain used in all the experiments. This BBG21 derivative produces
surfactin and fengycin, and carries the GFP ORF integrated within the amyE gene under the

control of fengycin promoter as described in a previous work (Yaseen et al. 2016).

Assessment of lipopeptide production and promoter activity by using BioLector

The promoter expression was tested via the high-throughput system of fermentation
BioLector (Mp2-labs GmbH, Baesweiler, Germany). Pre-cultures were effected at 30°C in
500 mL Erlenmeyer flasks containing 50 mL of Landy medium (10% filling volume).
Cultures were carried out in 48 wells flower plate designed for the BioLector, containing pH,
dissolved oxygen, fluorescence and biomass optodes in 1 mL of Landy medium at 30°C,
1100 rpm and initial pH of 7.0 during 72 h. All experiments were performed
in triplicate wells for each condition and repeated at least twice and the standard deviation
was less than 1% for all the means. Eleven carbon sources (at 20 g L™) were used to replace
glucose in Landy medium, i.e., galactose, lactose, maltose, mannitol, sucrose, starch,
fructose, arabinose, glycerol, mannose and sorbitol. Different nitrogen sources (at 5 g L™)
were used to replace glutamic acid in Landy medium: urea, beef extract, peptone, casein
hydrolysate, tryptone, seven different amino acids (alanine, proline, threonine, ornithine,
valine, glycine and isoleucine) and several inorganic nitrogen sources including NH;NO3,
NH;sHCO3; NaNO3;, KNO3; and NH,HCO3 mixed with urea. Vegetable and hydrocarbon oils
(including sunflower oil, olive oil, paraffin oil and silicon oil), benzene and diesel were tested
individually by adding them at 1% (v/v) into Landy medium. Biomass and optical density
measurements for BioLector calibration were carried out as described previously (Yaseen et
al. 2016).
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Influence of physical and chemical parameters on fengycin production

An overnight culture of B. subtilis BBG208 grown 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 ODggo of 0.05. Cultures were performed at 160
rpm, 10 % filling volume at 30°C. After 16 h of growth in Landy urea medium, the cultures
were centrifuged at 2300 g, 20 °C for 10 min and the supernatants were discarded. Cells were
inoculated in seven different media named C1 to C7 as described in Table 1, to quantify the
lipopeptide production. In the same manner, after 15 h of growth in Landy mannitol medium,
cultures were centrifuged and cells were inoculated in seven different media named C’1 to
C’7 as described in Table 1. For all the cultures, the pH, ODggo and fengycin concentration

were recorded at 24 and 48 h.

Influence of nitrogen and carbon sources on fengycin production

As previously described, the B. subtilis BBG208 was grown during 16 h in Landy MOPS
glucose + urea to test nitrogen source or during 15 h in Landy MOPS glutamic acid +
mannitol to test carbon source. Cultures were centrifuged at 2300 g, 20 °C for 10 min and the
supernatants were discarded. According to the preculture (influence or carbon or nitrogen
sources) cells were then replaced in fresh Landy MOPS media complemented with glutamic
acid and one carbon source (glucose or maltose or sucrose) at 160 rpm, 10 % filling volume
at 30°C or in fresh Landy MOPS media complemented with glucose and one nitrogen source

(glutamic acid or a mix of glutamic acid or ammonium nitrate).

Influence of nitrogen or carbon source concentration on lipopeptide production

The influence of nitrogen concentration was tested using Landy medium complemented with
glucose (20 g L™) and 4, 5, 6, 8 or 10 g L™ of urea. The influence of carbon concentration
was tested by using Landy medium complemented with glutamic acid (5 g L™) and 15, 20,
25, 35 or 45 g L™ of mannitol.

Lipopeptide purification and quantification

1 mL of supernatant was extracted using C18 cartridges (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 pum, 250 X 4.6 mm,
VYDAC 218 TP, Hesperia, CA, USA). Analyses of fengycin were performed as previously
described (Coultte et al. 2010).
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Table 1. Experimental conditions for lipopeptide production by B. subtilis BBG208

© 2016 Tous droits réservés.

Conditions Nitrogen source Carbon source Filling Initial | Temperature
GgLh (20g L™ Volume (%) | pH
Ul Urea Glucose 10 7.0 25°C
M1 Glutamic Acid Mannitol 10 7.0 25°C
U2 Urea Glucose 10 7.0 30°C
M2 Glutamic Acid Mannitol 10 7.0 30°C
U3 Urea Glucose 10 7.0 37°C
M3 Glutamic Acid Mannitol 10 7.0 37°C
U4 Urea Glucose 30 7.0 30°C
M4 Glutamic Acid Mannitol 30 7.0 30°C
us Urea Glucose 50 7.0 30°C
M5 Glutamic Acid Mannitol 50 7.0 30°C
U6 Urea Glucose 10 7.5 30°C
M6 Glutamic Acid Mannitol 10 7.5 30°C
urs Urea Glucose 10 6.5 30°C
M7 Glutamic Acid Mannitol 10 6.5 30°C
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Results

High-throughput screening of the influence of culture conditions on lipopeptide

production

In order to study the effect of several substrates on surfactin and fengycin productions and on
fengycin operon promoter expression by B. subtilis BBG208, 18 nitrogen sources, 12 carbon
sources and six hydrocarbon and vegetable sources were tested in Landy MOPS medium. The
seven amino acids residues tested as nitrogen sources are precursors of the fengycin peptide
chain. Most of the other substrates have been mentioned in previous studies to have a

positive effect on the lipopeptide production.

Surfactin production

The strain BBG208 is a co-producer of surfactin and fengycin. First, the specific production
of surfactin was measured under the 36 conditions after 72 h of culture. The results are shown
in Fig 1. There was no significant difference in the growth rate under the different conditions
(data not shown). When the effect of nitrogen source in the medium was evaluated, the
surfactin specific production was ranging from 20.34 to 285 mg L™ ODsgo™. The conditions
showing the highest specific productions were urea, urea with ammonium carbonate and
alanine, i.e., 257.8 mg L™ ODeo” (surfactin production: 2.1 g L™), 285 mg L™ ODggo™
(surfactin production: 2.43 g L™) and 276 mg L™ ODgg” (surfactin production: 2 g L™),
respectively. A second set of interesting nitrogen sources were glutamic acid (213 mg L™
ODgoo), usually recognized as a central point in the nitrogen metabolism and present in the
Landy medium and ammonium carbonate (192 mg L™ ODggo ). Peptone, 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. 1.a). Most of the
carbon sources led to a specific production of 100 to 224 mg L™ ODggo*. However, when
galactose or arabinose was used, production dropped to 30 mg L™ ODgg™ Lactose gave
logically average production of those obtained with glucose and galactose. Interestingly,
maltose was less efficient than glucose but also than starch (Fig. 1.b). In the media
supplemented with 1% vegetable and hydrocarbon sources, surfactin production did not

increase as compared to reference Landy medium (Fig. 1.c).
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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: KNO3z, NaNO; NH4HCO3;, NH4NOs3, Beef extract,
Casein, Peptone, Tryptone, Urea, Urea (2.5g)+ NH4HCO; (2.5 g), Alanine, Glycine,
Isoleucine, Ornithine, Proline, Threonine, 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.

c. Addition of hydrocarbon sources: Landy medium (control) was modified by supplying the
medium with 1% of 6 different hydrocarbon sources: Benzene, Diesel, Olive oil, Paraffin,

Silicon oil, Sunflower oil.
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Fengycin production

The synthesis of fengycin was also measured under the conditions described above. When the effect
of nitrogen source in the medium was evaluated, fengycin specific production was ranging
from 7 to 61.4 mg L™ ODggo™. As for surfactin, the highest productions were obtained with
urea, urea + NH4CO3, NH,CO3 alanine and glutamic acid (52, 61.46 48.39, 56.38 and 43.3
mg L ODego?, respectively). Contrary to surfactin, NHsNO; also led to high specific
production of fengycin (43.8 mg L' ODggo?). Low productions were observed for casein,
tryptone, beef extract and peptone, while less than 28 mg L™ ODgoo™ were produced using the
other amino acids than alanine and glutamic acid (Fig. 2.a). Among the 12 different carbon
sources, mannitol significantly enhanced the production (77.7 mg L™ ODggo™) with about 17-
fold more than the lowest production level obtained with mannose (5.7 mg L™ ODggo™). The
production was 47.7 mg L™ ODggo ! when using starch as carbon source. The production with
the disaccharides (maltose, sucrose and lactose) was between 37 and 44 mg L ODgoot With
arabinose or sorbitol, production was less than 20 mg L™ ODgoo™ (Fig. 2.b). When unusual
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™ ODggo™)
compared to the control. Equivalent production to the control was obtained with diesel and
olive oil. Using the media containing paraffin, silicon oil benzene or olive oil, the productions
were under 30 mg L™ ODggo™ (Fig. 2.C).
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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: KNO3z, NaNO3; NH4HCO3;, NH4;NO3, Beef extract,
Casein, Peptone, Tryptone, Urea, Urea (2.5g)+ NH4HCO; (2.5 g), Alanine, Glycine,
Isoleucine, Ornithine, Proline, Threonine, 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, Lactose, Maltose,
Mannitol Mannose, Sorbitol, Starch, Sucrose.

c. Addition of hydrocarbon sources: Landy medium (control) was modified by supplying the
medium with 1% of 6 different hydrocarbon sources: Benzene, Diesel, Olive oil, Paraffin,

Silicon oil, Sunflower oil.
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Fengycin operon promoter activity

Surfactin regulation has been well studied while only little information is available
concerning the fengycin biosynthesis regulation. This fact encouraged us to focus on the
production of fengycin by comparing it with the fengycin operon promoter expression under
the same tested conditions. In BBG208, the fused Pfen::gfp cassette was integrated at the
amyE gene. Using the BioLector device, it is possible to follow on-line the fluorescence
emitted by GFP and thus the expression of the operon in the presence of the different
nitrogen, carbon or hydrocarbon and vegetable sources tested in order to compare the
fengycin production with the fengycin operon expression. Interestingly, analysis of the
production and promoter activity showed that a high expression level does not always
correspond to a high fengycin production. Some conditions permitted to stimulate the
promoter although the production was not significantly important or on the contrary, a good

production was obtained in spite of a moderate gene expression.

Nitrogen sources

The promoter expression under different nitrogen sources is shown in Fig. 3. The highest
fluorescence intensity was registered with urea (1.9 au ODggo ), urea + NH4HCO3 (1.48 au
ODeoo'l) and alanine (1.24 au ODeoo'l). Under these conditions, the promoter expression was
correlated to high levels of fengycin production. On the contrary, low expression (0.3 to 0.66
au ODgg') was obtained with glutamic acid, NH;NOs; and NH4HCO; even though the
fengycin production under the same conditions reached 43 to 48 mg L™ ODggo ™. Under other
conditions, there was no significant expression and synthesis (Fig. 3.a). Measuring the
fengycin promoter activity enabled us to conclude that the expression started after 10 h of
cultivation in Landy urea medium, and, in most of the tested conditions, stopped (0.6 au
ODsoo'lAt'l) upon 18 and 20 h. Under most of the conditions, the pH level decreased after 14
h of incubation to the minimum value after 30 h before it raised up again to achieve a
maximum level in the end of the culture incubation. The highest level was recorded with urea
(pH 8.1) after 36 h and the lowest level was also obtained after 36 h with NH;HCO3 (pH 5.8).

Under the other conditions, the pH level was between 6.2 to 7.2 (data not shown).

Carbon sources
The highest promoter expression was obtained with starch (1.2 au ODego), Whereas the
production under this condition was only 61% of that obtained with mannitol. Differences in

fen genes expression and fengycin production were observed with mannitol, lactose, glucose
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and sucrose. Indeed, with mannitol which showed the highest fengycin specific production,
promoter expression reached only 0.63 au ODgoo ™, unlike the expression with lactose (0.8 au
ODgoo™) which was correlated with a low fengycin production (37 mg L™ ODgg™).
Expression with sucrose was nearly half of those obtained with glucose but productions
remained identical (40 mg L™ ODggo™) (Fig. 3.h).

For most of the conditions, the expression stopped at 18 h. The highest promoter activity was
recorded in Landy starch at 22h while it was between 16 and 18 h in Landy mannitol. During
the fermentation, the changes in the pH were not important, the pH remaining under all the

conditions between 6.7 and 7.2 (data not shown).

Influence of the addition of different hydrocarbon sources

The effect of adding different hydrocarbon sources (1%) on the promoter expression was also
analyzed (Fig. 3.c). The best promoter expression was obtained in Landy complemented with
sunflower oil (0.78 au ODggo™). The expression was about twice more important than that
obtained in the control assay (Landy medium), while the specific fengycin production was
about 1.28-fold more important than that in the control medium. No significant difference in
the expression level under the other conditions could be observed. The changes in the pH
were not important, the pH remaining under all the conditions between 6.7 and 7.2 (data not

shown).
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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 experiments 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 glutamic acid
with 5 g of 17 different nitrogen sources: KNO3z, NaNO3; NH4HCO3;, NH4;NO3, Beef extract,
Casein, Peptone, Tryptone, Urea, Urea (2.5g)+ NH4HCO; (2.5 @), Alanine, Glycine,
Isoleucine, Ornithine, Proline, Threonine, 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, Lactose, Maltose,
Mannitol, Mannose, Sorbitol, Starch, Sucrose.

c. Addition of hydrocarbon sources: Landy medium (control) was modified by supplying the
medium with 1% of 6 different hydrocarbon sources: Benzene, Diesel, Olive oil, Paraffin,
Silicon oil, Sunflower oil.
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Fengycin production optimisation

Effects of temperature, pH and aeration rate

As the highest expression was obtained with urea, this nitrogen source was used with glucose
in order to observe the influence of different physiological and chemical conditions on the
fengycin production. Separately, mannitol was used also as carbon source with glutamic acid
as nitrogen source. After 16h of cultivation, the cells were centrifuged and transferred in fresh
media under different aeration rates, initial pHs or temperatures as shown in Table 1. In the
presence of urea, the highest fengycin production was obtained after 48 h at 30°C (550 mg L~
1, with a filling volume of 10% at pH7.0 (C2) (Table 2). When the temperature was 25 or
37°C, the production was lower. The reduction in the oxygen rate and the modification of
initial pH of the medium influenced also the production. Interestingly with mannitol, the best
production was obtained after 48 h at 25 °C (C’1) with 588 mg L™ (Table 3). At 30°C, a high
aeration rate and an initial pH of 7.0 were the best conditions but the influence of the initial

pH was less important than in the presence of urea.

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 (ODgq) Relative fengycin Final
yield (mg L™ ODggo?) pH

U1 368 £ 22 9.6+0.6 38.3 8.0

U2 550 + 15 105+ 0.6 52.2 8.1

u3 380+ 14 105+1.1 35.5 7.7

U4 33213 10.1+0.9 32.8 8.5

us 328 £ 15 104 +0.7 315 8.3

u6 187 £ 11 92+1.2 20.3 8.7

u7 345+ 12 9.0+1.2 38.3 8.3

*Culture conditions are described in table 1.
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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 (ODgq) Relative fengycin Final
yield (mg L™ ODgyo ) pH
M1 588 + 31 10.2+0.3 57.6 7.3
M2 532+25 10.2+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+£1.2 36.1 6.1

*Culture conditions are described in table 1.

Influence of urea and mannitol concentrations

To optimise the fengycin production we took into account the previous results, and two sets
of experiments were performed. In the first set, mannitol was added (15, 20, 25,350r45g L’
Y in Landy media with glutamic acid (5 g L™). In the second set urea was used (4, 5, 6, 8 or
10 g LY in Landy media with glucose (20 g L™). The best specific fengycin production was
obtained by adding 20 or 25 g L™ of mannitol (60.5 mg L™ ODgoo™), whereas 5 or 6 g L™ of
urea in the culture was enough to produce the highest fengycin concentration with 43.8 mg L
! ODgoo™ (Fig. 4). Moreover, 78.5 mg L™ ODgoo™ (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).
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Fig. 5. Effect of successive cultivations in the presence of two different nitrogen or carbon
sources on specific fengycin production by B. subtilis BBG208: a. Nitrogen sources and b.
Carbon sources.

B. subtilis BBG208 was grown during 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 at 2300 g for 10 min and the supernatants were discarded. According to the
preculture (influence or carbon or nitrogen sources), the cells were then replaced in fresh
Landy medium (control) or in a Landy medium in which glucose is replaced by maltose or
sucrose, and incubated at 160 rpm, with 10 % filling volume at 30°C or in fresh Landy

medium or in a Landy medium in which glutamic acid was replaced by ammonium nitrate.

Cultures with two successive different nitrogen or carbon sources

After 16 h or 15 h of growth in Landy urea or Landy mannitol culture medium, the cells were
centrifuged and resuspended in five fresh different Landy media with two other nitrogen
sources or three other carbon sources, respectively. These sources are selected for their ability
to favour fengycin production but not fengycin operon expression. Optimal temperature
(30°C), initial pH (7.0) and filling 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 production (Fig. 5).
But the successive use of mannitol and sucrose increase the specific fengycin production of
20,7 % (85.3 mg L™ ODggo™) compared to the use of mannitol only (70.7 mg L™ ODggo™). In
these conditions, the fengycin production is also the highest obtained (768 mg L™).
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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.
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Discussion

Production of secondary metabolites such as lipopeptides is governed by complex cascades of
mechanisms involving the different steps of their biosynthesis. Five main steps can be easily
identified: the transcription of the operon, the translation of the mRNA in the NonRibosomal
Peptide Synthetases, the post-translation modification of NRPS from apo-protein in holo-
protein by the phosphotransferase encoded by the sfp gene, the biosynthesis of the lipopeptide
by the multienzyme assembly line machinery, and the excretion of the compound by a
transporter. Most of the previous works dedicated to the optimisation of the lipopeptide
production completely ignore these different steps, considering the all process as a black box.
In this work, we undertook, using GFP reporter genes and BiolLector device, to screen the
influence of a high set of 38 substrates on both operon expression and lipopeptide production.
The choice of different conditions was inspired from several publications in literature
showing in different strains, the influence of these substrates on the production of different
lipopeptides. We also decided to check the feeding of fengycin precursors, such as the amino
acid residues of the peptide chain. This strategy should lead to distinguish between
parameters influencing the first step of the synthesis from others playing a role in the
following steps especially the supply of precursors to the synthetases. This work should also
lead defining new strategy of culture for overproducing these compounds. We decided to
focus our work on fengycin, a lipopeptide displaying several interesting biological activities
(antifungal, immunomodulatory, anticancer compounds and inducers of systemic resistance
in plants), and whose regulation of its production was not well described in literature. The
strain we used was a derivative of BBG21, a spontaneous mutant of ATCC 21332, able to
produce increased amounts of fengycin. This strain is a co-producer of surfactin and fengycin
and thus the opportunity of this high-throughput analysis of 36 conditions was taken to
compare their effect on both lipopeptide production. The ratio of specific production of
surfactin/fengycin varies between 1 and 36 depending on the substrate tested. The biggest
difference was observed with mannose which clearly favors surfactin production and with
valine which leads to a more equivalent production between both lipopeptides but with low
concentrations. Singh et al. (2014) also showed that some environmental conditions can
orient the production of a specific lipopeptide at the expense of the other one. Recently, we
also observed a significant enhancement of surfactin production in a mutant disrupted in
fengycin operon (Yaseen et al. 2016). Previous studies on B. subtilis ATCC 21332 stated that

surfactin regulation depends on the nutrient sources provided in the medium, and was
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strongly influenced by the conditions of nitrogen metabolism (Davis et al. 1999). Further,
Abushady et al. (2005) reported that ammonium salts and urea are among the preferred
nitrogen sources for surfactin production; the positive influence of urea and ammonium
carbonate was confirmed in the present study for both lipopeptides. From an industrial point
of view, these nitrogen sources are less expensive than glutamic acid which is currently used
for lipopeptide production. Surfactin and fengycin differ in their amino acid composition:
surfactin contains 1 Asp, 1 Glu, 1 Val/Ala/Leu/lle, 2 Leu and 2 Leu/lle/Val, while fengycin is
composed of 1 Orn, 1 aThr, 1 Pro, 1 lle, 1 GIn, 2 Tyr, 2 Glu and 1 Ala/Val. Except for
proline, the positive effect of which could be linked to the presence of proline in fengycin, the
influences of the other amino acid residues are more complex to be analysed. For example,
the role of the different branched amino acid residues such as valine, leucine and isoleucine
which are substrates of both lipopeptide synthetases but which are also known for their role
in the modulation of the codY regulator which represses the surfactin operon directly and
indirectly via the llv-Leu operon (Handke et al. 2008; Belitsky, 2015). Ammonium nitrate is
more favourable to fengycin production. This mineral source of nitrogen was shown to be
favourable to surfactin production (Cooper et al. 1981) but with a surfactin monoproducing
strain. It could play a role in oxygen limitation conditions to modify the metabolism of the
cells (Kim et al., 1997). This result has to be correlated with those obtained by Fahim et al.
(2012) with the strain BBG21, who have shown that oxygen transfer rate can modulate the
ratio of surfactin/fengycin. A moderate oxygen transfer rate is favourable to fengycin
biosynthesis. To end with this influence of substrates on surfactin/fengycin ratio, we have to
highlight that mannose, sorbitol, silicon oil and paraffin are more favourable to surfactin
production. Abushady et al. (2005) found that using glucose, sucrose and mannose as carbon
source in the medium enhanced the production of high yield of surfactin from B. subtilis
BBK1. When starch was used as a carbon source to optimise the surfactin production from B.
subtilis NEL-01, the synthesis achieved 1,879 mg L™*(Zheng et al. 2013). Abdel-Mawgoud et
al. (2008) showed that using galactose and lactose increased surfactin production, which was
not the case here, and confirms that the influence of environmental factors on lipopeptide
production is strain-dependent.

The second part of this study aimed to correlate the influence of environmental factors on
both fengycin operon expression and fengycin production. Thus, the influences on the
fengycin promoter activity (via the GFP expression) of the previous conditions were tested.
Regarding the nitrogen source used, four (urea, urea + ammonium carbonate, alanine and

ammonium carbonate) of the six best substrates for fengycin production also showed the best
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positive effect on the fengycin operon expression. Interestingly the fifth one, glutamic acid,
frequently used for lipopeptide production, did not lead to a high expression. The last one,
ammonium nitrate also exerts its positive influence on fengycin production at another level
than transcription. Globally, the main significant expression was obtained with urea, urea
with ammonium carbonate or alanine as the sole nitrogen source in medium. Indeed, a 20-
fold higher expression was obtained with Landy urea than Landy beef extract, while no
significant difference in biomass was observed between the two conditions. Mols and Abee
(2008) reported that B. subtilis catalyses the conversion of urea into ammonia. NH; was
found to be the main nitrogen source absorbed by B. subtilis ATCC 21332 and the use of NH,4
increased B. subtilis cell growth (Makkar and Cameotra 1997; Huang et al. 2015). This
ammonia release could also slightly increase the intracellular pH. The alkaline pH was shown
to positively influence surfactin expression (Cosby et al. 1998). According to Mukherjee and
Das (2005), the use of ammonium as nitrogen source could allow the best biosurfactant
production in B. subtilis DM-03 and the same result was obtained with B. subtilis ATCC
21332, which preferred this nitrogen source due to the short assimilation pathway of
ammonium (Huang et al. 2015). But urea may influence the fengycin promoter expression in
other ways. The use of urea as sole nitrogen source may lead to the activation of a switching
signal to the secondary metabolism that promoted the synthesis of fengycin.

It is known that the degQ gene is one of the fengycin synthesis regulatory factors (Wang et
al. 2015). According to an early study by Msadek et al. (1991), two sets of growth limiting
conditions, amino acid deprivation and poor carbon sources, increased strongly degQ gene
expression.

This gene is also one of the targets of codY which can repress about 200 other genes, and also
interact with the sfp gene activity which is essential for fengycin production. The decrease in
codY repressive activity occurs under certain culture conditions, thereby activating genes
such as sfp and degQ. (Wray et al. 1997 ; Molle et al. 2003; Vargas-Bautista et al. 2014).
That could also explain the low fengycin concentration obtained using valine and isoleucine,
the branched chain amino acids which activate codY (Belitsky 2015).

Compared to the other amino acid tested in this study, alanine was the best nitrogen source to
enhance the production. This could result from an efficient alanine dehydrogenase which
catalyzes the reversible conversion of alanine to its keto acid pyruvate, with reduction of
NAD" and release of ammonia (Allaway et al. 2000).

Among the 12 carbon sources tested in Landy medium, starch, lactose, mannitol and glucose

improved the promoter expression. The highest fengycin production was obtained with
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mannitol (14-fold more than the lowest one and 1.6-fold more than with glucose). Mannitol
was stated in several studies to be a preferable carbon source for fengycin production (Besson
et al. 1998; Wei et al. 2010; Islam et al. 2012). In the presence of glucose, the reference
carbon source for Bacillus growth, the level of fengycin operon expression reach a maximum
value after 18h which is faster than with the other sources. It should be pointed out that starch
is a good promoter activator but is not the best carbon source for the production. For several
B. subtilis strains, starch was reported to be the best source for the lipopeptide production
(Zheng et al. 2013). As reported similarly in B. subtilis ATCC 21332, starch is difficult to
metabolise according to its low aqueous solubility even with the presence of amylase gene
(Thompson et al. 2001). Conversely, strains are stimulated to produce higher amount of
lipopeptides, which might help to adapt to the low aqueous solubility of the substrate. The
addition of crude lipopeptides in the culture increases the growth rate and the biosurfactants
production in B. subtilis ATCC 21332 (Mukherjee and Das 2005).

Recently, it was reported that the fengycin operon is regulated by the PhoP regulon which
represses or activate the expression of phosphate-regulated genes (Guo et al. 2010; Dong et
al. 2014). This regulon was indirectly influenced by the carbon source available in the
medium because PhoP represses CcpA, which functions as a DNA binding protein, either
activating or repressing many genes in the presence of particular carbon source (Puri-Taneja
et al. 2006). The complex metabolism of the carbon sources in B. subtilis and the expected
regulation interacting with the lipopeptide syntheses can give many hypotheses to explain the
effect of each carbon source on the fengycin production.

The use of sunflower oil was reported as improving biosurfactant production from Bacillus
sp. (Ghribi and Ellouze-Chaabouni 2011; Rajendran et al. 2014). In the present study,
sunflower oil as a supplementary carbon source in the medium was the only vegetable source
able to enhance both promoter activity and fengycin synthesis.

In a third step of this work, we focused on the optimisation of fengycin production taking into
account the previous results. Thus, we first studied the effects of temperature, pH and
aeration in two different nutrient conditions allowing a good promoter expression level: with
urea as nitrogen source and with mannitol as carbon source. The results showed that
conditions such as temperature level for optimal production of fengycin can differ in function
of the substrate used. Indeed the best specific fengycin production was obtained at 30°C in
the presence of urea but at 25°C in the presence of mannitol. The optimum initial pH was 7.0

for both conditions. Influence of the final pH level during production seems to be very
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important for the fengycin production. Indeed, minimal production was recorded for a final
pH of 8.9 (urea with initial pH 7.5), while a significant decrease in production was observed
with mannitol for a final pH of 6.1 (mannitol with an initial pH of 6.5). According to
Varadavenkatesan and Murty (2013), the optimum pH for fengycin production was between
6.5 and 7.5. In our work, a pH ranging from 6.3 and 8.1 still allowed an important production.
Decreasing the oxygen supplied to the culture led to a decrease in fengycin production under
both conditions. On the contrary, a maximal fengycin production (about 0.3 g L™) was
obtained by Chtioui et al. (2014) at moderate oxygen supply with kLa = 0.01 s™*. Generally,
the aeration has a strong positive effect on lipopeptide production.

We also checked if a culture using substrate recognized for its positive influence on fengycin
operon expression in a first step, followed by its replacement by a substrate leading to a good
fengycin biosynthesis in a second step, may lead to a better production. Here, we found that
the successive use of mannitol and sucrose enhanced the specific fengycin production of 97%
compared to the control, 93% compared to the production obtained in Landy sucrose and 20
% compared to the production obtained in Landy mannitol.

In conclusion, the use of different nitrogen and carbon sources strongly influences the ratio of
specific production surfactin/fengycin (varying from 1 to 36) and fengycin promoter
expression, which can either or not reflect directly on fengycin production. Activation of
promoter by mannitol followed by feeding the culture with sucrose leads to the highest
specific production. This strategy enabled us to increase the fengycin production more than
twice with many sources to reach 768 mg L™, as the highest production never reported from
this strain. Maximum surfactin production (2.33 g L™) was observed when using a mix of
urea and ammonium carbonate as nitrogen source, which was also a favorable source for
fengycin production as many other sources, leading to conclude that both lipopeptides
(fengycin and surfactin) produced from this strain probably shared several direct or indirect

regulation factors.
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Chapter 5

Impacts of srf4 and pnpA pleitropic
genes on the fengycin production in
Bacillus subtilis

120

lilliad.univ-lille.fr



Thése de Yazen Mohlab Yaseen, Lille 1, 2016

General introduction

As shown in the previous chapter the use of different carbon and nitrogen sources in culture
medium allowed different levels of expression of fengycin promoter and lipopeptide
production. In all experiments, surfactin and fengycin productions have been analyzed. Some
conditions proved that there is a significant link between of surfactin and fengycin
productions, while others showed different results. These results raised the following query:
how fengycin and surfactin productions are they correlated?

In order to answer to this question, two surfactin negative mutants were constructed using
BBG201 strain as mother strain. The first mutant was obtained by disrupting the srfAA gene
and the second by the srfAC gene disruption. In both mutants fengycin production was
verified and compared to wild strain.

A second interesting results generated by this previous chapter is, in some culture conditions,
the absence of a correlation between the level of fengycin operon expression and fengycin
production. Indeed in the same medium, high fengycin promoter expression could be
obtained while low fengycin is produced. One of the hypotheses to explain this result could
be a low stability of mRNA. Indeed fengycin operon is quite big and long mRNA are well
known foe their high sensitivity to RNAse. We thus decided to check the role of the mRNA
degradation enzymes such as PnpA. So, we carried out pnpA deletions in BBG 21 and 168
derivatives. The effects of knock out were analysed on fengycin and surfactin productions

and, antifungal activities of the mutant strains.
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Abstract

Bacillus subtilis produces a large variety of lipopeptides trough a non-ribosomal mechanism,
I.e., iturins, surfactins and fengycins or plipastatins. These molecules show a broad range of
biological properties. Their biosynthesis is most often subject to complex regulation. Thus
several regulatory factors could play a role on the production of these secondary metabolites.
This work focuses on the regulatory effects of surfactin operon on the fengycin production as
well as on the role of the mRNA stability on lipopeptide expression. Several mutant strains
were obtained via the knock-out of two genes of the surfactin operon (srfA), one gene of the
fengycin operon (pps) and the gene pnpA which encodes the Polynucleotide phosphorylase
3'-5' RNA-degrading enzyme. The results showed a clear regulatory interaction between the
fengycin and the surfactin operons. In srfAA mutant a significant decrease in fengycin
production was obtained while the production was not influenced in the srfAC mutant. In
contrast, the fengycin disrupted mutant BBG205 increased the surfactin production up to
30%. The deletion of pnpA showed also a significant decrease on the production of the two

lipopeptides: 95% and 70% for fengycin and surfactin respectively.
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Introduction

Polynucleotide Phosphorylase (PNPase) is a multifunctional enzyme responsible for Mg2*-
and inorganic phosphate dependent 3' — 5’ possessive exoribonuclease activity [Luttinger et
al., 1996]. In B. subtilis PNPase is the major RNA-degrading enzyme as well as it is involved
in various nucleic acid metabolic pathways [Cardenas, 2009]. It has been reported that
PNPase is the major mMRNA decay enzyme and its lack resulted in the accumulation of decay
intermediates for several small, monocistronic mRNAs [Liu et al., 2014]. Besides the role of
PNPase in quality control of RNA precursors, this enzyme is involved in DNA repairing via
its important role in the degradation of ssDNA [Liu et al. 1996; Oussenko et al. 2005].
PNPase has been shown to influence many genes such as sinR, abrB, mecA, comS [Cardenas
et al. 2009]. Liu et al. [2014] reported that among 2276 genes tested 66% showed significant
deferential expression in the wild type comparing to the pnpA mutant strain in B subtilis.

A B.subtilis pnpA mutant strain showed a number of phenotypes including cold
sensitivity or competence deficiency which is controlled by the regulator comS (within the
surfactin operon), tetracycline sensitivity and long multi-septate growth resulting of the effect
of the pnpA on the regulatory factors of degD. All of these phenotypes are presumably linked
to mRNA turnover and/or recycling of NDPs [Luttinger, 1996; Wang and Bechhofer, 1996;
Cardenas, 2009].

Most of Bacillus strains which produce fengycins contain at least one other operon
responsible for production of other NRP products. Surfactin is most of the time synthetized
with fengycin [Roongsawang et al., 2002; Roongsawang et al., 2010; Kim et al., 2010].
Organization and regulation of surfactin operon are well known. Four large ORFs coding for
surfactin synthetases are designated srfAA, srfAB, srfAC and srfAD (Fig. 1) [Galli et al.,
1994; Lee et al., 2007].
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Figure 1. schematic regulatory interaction between the operon of surfactin including the gene comS
and pnpA gene in B.subtilis [this figure is adapting from Schultz et al., 2009; Jaccques, 2001].

The small comS gene, is located within the coding region of the fourth amino acid-
activation domain of srfAB and thus co-expressed with the srfA operon. The ComS protein
which contains 46 amino acid residues, is required for competence development in B. subtilis
[Nakano and Zuber 1991; Hamoen et al., 1995; Jacques 2011].

Surfactin-deficient mutants were found to influence production of the other non-
ribosomally synthesized lipopeptides. Indeed several studies showed that surfactin mutant
influence directly or indirectly on the production of fengycin, mycosubtilin and bacilysin
[Karata et al., 2003; Zeriouh et al., 2014; Luo et al., 2015].

This work aimed at understanding the influence of the pnpA gene on the fengycin
expression in both B. subtilis BBG21 and B. subtilis 168. Furthermore, the work highlighted
the regulation role of srfA operon on the fengycin synthesis thanks to two surfactin mutant
strains with srfAA and srfAC in order to better understand the relation between the two

lipopeptides produced by the same strain.
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Material and methods
Bacterial strains, plasmids and primers
Plasmids and strains used in this study are listed in Table 1. All the primers used for genetic

construction or inspection are shown in Table 2.

Bacillus transformation

All the strains derived from B. subtilis 168 were transformed by natural competence
method [Sambrook and Russell 2001]. A modified electroporation method using trehalose
was used for transformation of B. subtilis BBG201 [Cao et al., 2011].

Culture conditions

For transformation experiments, B. strains and Escherichia coli JM109 were grown at 37°C
under shaking at 130 rev min™ in Luria—Bertani medium (LB) [Sambrook and Russell 2001].
Media were supplemented with antibiotics (Sigma-Aldrich, St. Louis, MO, USA): apramycin
(100 pg/mL), erythromycin (1 pg/mL), chloramphenicol (1 pg/mL), phleomycin (4 pg/mL)
and neomycin (5 pg/mL) when required. The haemolysis activity was detected by growing
Bacillus colonies overnight on LB blood plates [Coutte et al., 2010]. Microbial growth was
monitored by optical density (OD) at 600 nm with an Uvikon 940 spectrophotometer
(Kontron Instruments, Plaisir, France). Landy medium [Landy et al., 1948] containing 100
mM 3-(N-morpholino) propanesulfonic acid (MOPS) was used as the basic medium for
lipopeptide production with 10% filling ratio of Erlenmeyer, 30°C and 160 rpm [Hussein
2011].

DNA manipulation

Polymerase chain reaction (PCR) was done using the PCR Master Mix (2X) (Thermo
Scientific Fermentas, Villebon sur Yvette, France) as a mixture of Tag DNA polymerase.
DNA extraction was performed using the Wizard® Genomic DNA Purification Kit (Promega
Corp., Madison, WI, USA). Ligation of PCR products was done into pGEM-T Easy vector
(Promega Corp.). Plasmid extraction was carried out using GeneJET Plasmid DNA
Purification Kit (Thermo Scientific Fermentas). Restriction endonucleases were supplied by
Thermo Scientific Fermentas. Ligation of inserts to different vectors was effected using the
DNA Ligation Kit <Mighty Mix> from Takara (Ozyme, Saint Quentin en Yvelines, France).

Recovery of DNA from agarose gels was performed with GeneJET Gel Extraction Kit
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(Thermo Scientific Fermentas). In all cases, the instructions of the suppliers were followed.
All the construction sequences were verified by DNA sequencing (Eurofins Genomics,

Ebersberg, Germany).

Surfactin mutant construction

Fragments of hxIR-srfAA and srfAC-srfAC were amplified by PCR using respectively, the
primers HXIR B.S. BBG21-SrfAA B.S. BBG21 and primers SrfAC fw B.S. BBG21-SrfAC rv
B.S. BBG21. The two fragments were cloned in pGEM-T Easy vector. The resulting
plasmids were named pBG331 and pBG332 respectively. Plasmids pMUTIN-GFP+ and
pBG331 were Kpnl and Xmalll double digested. The hxIR-srfAA fragment was inserted
between the Kpnl and Xmalll sites of pMUTIN-GFP+ to obtain pBG334. While the plasmids
p0J206 and pBG332 were EcoRI and Hindlll double digested. The srfAC-srfAC was inserted
between EcoRI and Hindlll of pOJ206 to obtain pBG335.

PNPase mutant derivative strains

The expected DNA fragments were amplified by PCR using the primers ribC fwd and pnpA
rev from BBG21 (Table 1), and then cloned in pGEM-T Easy. The resulting plasmids
pBG330 was Kpnl-Xmalll double digested. The fragment then was inserted between Kpnl
and Xmalll sites, in pMUTIN-GFP+ generating the plasmid pBG333. The latter were
successfully transferred into the strain BBG201 by electroporation transformation [Cao et al.,
2011], leading to the recombinant strain BBG230.

Using the primers pnpA Fw, pnpA delta Rv and the primers pnpA delta Fw, pnpA Rv from the
strain B. subtilis BBG258 and B. subtilis BSB1 (derivatives of the strain B.subtilis 168); four
fragments were amplified by PCR. The primers P3, P5 were used to amplify the fragment k7
contain the phleomycin resistant gene. The three fragments were ligated using the joint PCR
program (NEBuilder Assembly, Ipswich, USA). Natural competence transformation was
carried out resulted the strain BBG236 and BBG237.

Lipopeptide purification and quantification

1 mL of supernatant was extracted using C18 cartridges (Extract-clean SPE 500 mg, Grace
Davison-Alltech, Deerfield, IL, USA). Lipopeptide production was quantified by HPLC
(Waters Corporation, Milford, MA, USA) using a C18 column (5 pum, 250 X 4.6 mm,
VYDAC 218 TP, Hesperia, CA, USA). Analyses of lipopeptides were performed as
previously described [Coutte et al., 2010].
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5uL of culture (O.D 600 nm = 0.2) were spotted in the center of a PDA Petri dish. A small

square of Botrytis cinerea was spotted on one side of the dish and the bacteria on the other

side. Plates were incubated at 25 °C for 4 days to measure the inhibition zone.

Table 1. PCR primers used for genetic constructions.

Fragment length

PRIMER PRIMER SEQUENCE 5'—3’ bp

HxIR B.s. 186 Kpnl fwd CACAGGGAAGTGGTACCAGT

srfAAB.s. 186 Xmalllrv AATCGGCCGCTCAACAAG 902

srfAC B.s. EcoRI fwd GAATTCGATGAGGAAGCCAAC

srfAC B.s. Hindlll rv.  CTTCAAACAAAAGCTTCACTGG 1620

pnpA B.s. Kpnl fwd ATATCGGTACCGCGCTTCAA

pnpA B.s. Xmalll rv. CGGCCGTCCGGTCTTACTTT 1551

pnpA B.s. ribC fwd CCTTAATGTGCAGCACGCAG

PNpA B.s. VIXY rv. TTTTAATCAATGTGGCATGG 3409

pnpA fwd TCATGGTGATAAAAGAGGGC

O Delta v CGACCTGCAGGCATGCAAGCTACCGT 1069

pnp AGCGGATCATCACAGCACCATTTGC
GCTCGAATTCACTGGCCGTCGGCAAATG

pnpA Delta fwd GTGCTGTGATGATCCGCTACGGTACAAG
GACGAGTGAATTTATCCCGCAAAGC 1039

PNPA rv TCGGATGCATTAAAATCATGGC

K7 P3 AGCTTGCATGCCTGCAGGTCG 2660

K7 P5 CGACGGCCAGTGAATTCGAGC

© 2016 Tous droits réservés.
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Table.2. Strains and plasmids used in this study

Plasmid or
bacterial strain
pGEM-T Easy
pPMUTIN-GFP+
pBG330

pBG331

pBG332

pBG333

pBG335

pBG334

B. subtilis BBG21
B.subtilis BBG258
B.subtilis BSB1
BBG201

BBG231

BBG232
BBG235

BBG236

BBG237

Escherichia coli
JM109

plasmid description or Genotype (Phenotype)

bla®
bla®, erm® , gfp, (6192 bp)

pGEM-T Easy, Kpnl-Xmalll ribC-pnpA amplicon from B.
subtilis BBG21; bla®, (4625 bp)

pGEM-T Easy, Kpnl-Xmalll hxIR -srfAA amplicon from B.

subtilis BBG21; bla®, (3903 bp)

pGEM-T Easy , EcoRI-Hindlll srfAC-srfAC amplicon from
B. subtilis BBG21; bla® (4630 bp)

bla®, erm®, Kpnl-Xmalll ribC-pnpA amplicon from B.
subtilis BBG21, pMUTIN-gfp+, (7801 bp)

bla®, am®, EcoRI-HindIIl srfAC-srfAC amplicon from B.
subtilis BBG21, p0OJ206

bla®, erm®, Kpnl-Xmalll hxIR -srfAA amplicon from B.
subtilis BBG21, pMUTIN-gfp+, (7078 bp)

Spontaneous mutant of B. subtilis ATCC 21332, fen+,
srf+

cat®, B. subtilis 168 sfp+, pps+, srf+

nem", B. subtilis 168 sfp-,

tet X, B. subtilis BBG21 PMM o comK+

erm®, B. subtilis BBG21 AsrfAA::( srfAA BBG21 —gfp-
erm®)

am”, B. subtilis BBG21 A srfAC:: srfAC / BBG21 am”
erm®, B. subtilis BBG21 ApnpA::( pnpA BBG21 —gfp-
erm®)

phl®, B. subtilis BBG258 ApnpA::( pnpA BBG258 —phl®-
pnpA)

phl®, B. subtilis BSB1 ApnpA::( pnpA BSB1 —phl®-pnpA)
recAl, endAl,gyrA96, thi, hsdR17, supE44 A(lac-
proAB)F’[traD36, proAB+, laclq, lacZAM15]

Reference

Promega Corp.

Bacillus genetic stock center,

USA

This study

This study

This study

This study

This study

This study

Fahim et al. (2012)

Dellhi et al. (2016)

This study
This study

This study
This study

This study

This study

Promega Corp.

Ap®, resistance to ampicillin; Spc®, resistance to spectinomycin ; Erm®, resistance to
erthromycin; Cm", resistance to chloramphenicol; Tc¥, resistance to tetracycline and phl®,
resistant to phleomycin.
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Results and discussion

Surfactin mutants

The surfactin operon was disrupted in the strain BBG201 targeting two srf genes. The first
mutant was obtained by disrupting srfAA and the resultant strain was named BBG231. The
second disruption was done in srfAC and the resultant strain was named BBG232. The
haemolytic activity was verified in strains (Figure 2). The fengycin and surfactin were
quantified using HPLC method in the wild type and mutant strains as shown in table 3.

A &

Figure 2. Haemolysis activity test on LB blood agar medium for the wild strain BBG201 and
mutant strain BBG231

129

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Yazen Mohlab Yaseen, Lille 1, 2016

Table.3. Lipopeptide production in Landy MOPS medium, pH 7, 10% filling ratio, 30°C and

160 rpm, after 48 hours by B. subtilis BBG201 and sfr mutants

Strain Fengycin mg/L Fengycin Surfactin mg/L
mg/L.ODgy

BBG201 (wild type) 385+ 16.3 35+29 644 +22.2

BBG231 (sfrAA) 76.4+£5.6 8.4+0.9 00

BBG232 (sfrAC) 4026 +21.4 37.9+3.3 00

As expected the surfactin production was zero for srfAA mutant (strain BBG231) and
BBG232 (srfAC mutant strain). Surprisely, in BBG231 the fengycin production showed also
an important decrease (80%) when compared to the mother strain (385 mg/L versus 76.4
mg/L in the mutant strain). In another hand, the disruption of srfAC in BBG232 did not
influence the fengycin production as 402.6 mg/L were reached.

The significant decrease in the fengycin production from the mutant strain BBG231 indicates
that the gene srfAA play a role on the fengycin production. This gene also includes comS
which regulates the natural competence in Bacillus via comK. The latter gene (comK)
negatively regulates degQ expression [Ogura et al., 2002], which is wellknown regulator of
the fengycin operon [Tsuge et al., 1999]. This hypothesis could explain the positive effect of
srfAA on fengycin production. Althought, previous studies showed that the surfactin operon
influenced the other lipopeptides produced from the same strain. For example, the production
of bacilysin from B.subtilis ATCC 21332 was reduced to 12.5% in a SrfA” mutant [Karatas et
al., 2003]. In contrast, the deletions of srfAB, srfAC and srfAD had no effect on the fengycin
yield in B. subtilis 168 [Ongena et al., 2007]. Previous work in our laboratory showed that the
srfAA mutation in the surfactin operon influences negatively mycosubtilin production by B.
subtilis ATCC 6633 [Béchet et al., 2013]. Zeriouh et al., [2014] showed also that the
antifungal activity of the fengycin was significantly reduced in B. subtilis sfrAB mutant.
Interestingly, the role of fengycin on the surfactin production has been shown in our previous
work. Disruption of fenA has been carried out in order to measure the fengycin promoter
activity by introducing gfp in front of fengycin promoter (the strain BBG205). Surfactin
production increased in the fenA mutant (30%). The enhanced of the surfactin production

could be simply due to the availability of the precursors when no fengycin is produced.
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Whatever the interaction between the lipopeptides and the regulation (direct or indirect
influences) of the genes involved in synthesis of these lipopeptides, remain unclear and need

more study.

PnpAse mutants

In order to study the influence of the pnpAse on the fengycin regulation and production, three
pnpA disrupted mutants were constructed as described in materials and methods. The B.
subtilis strain BBG201 was successfully transformed by electroporation method producing
the strain BBG235. On the other hand, two strains derived from B. subtilis 168; BBG258
(sfp+) and BSB1 (sfp-) were also successfully transformed by natural competence
transformation generating two strains named BBG236 and BBG237 respectively. All the
mutant strains were shown as the multi-septate form resulting from the pnpA deletion (Fig. 3)

For BBG235 and BBG236, the fengycin and surfactin production were measured and

compared in the wild type and mutant strains (table 4).
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Figure 3. The multi-septate form of the pnpA mutant strains versus wild type strains:

BBG235, b- BBG201, c- BBG236, d- BBG258, e- BBG237, f- BSB1
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Table.4. Lipopeptide production in batch by four strains of B. subtilis after 48 hours of

growth in Landy MOPS medium, pH 7, 10% filling ratio, 30°C and 160 rpm.

Strain Fengycin mg/L  Fengycin Surfactin Surfactin
mg/L.ODgy mg/L mg/L.ODgg
BBG21 (wild type) 346 +12.3 37.6+£3.2 644 +22.2 70+21
BBG235 (pnpA) 184+14 2.96 +0.8 190.4 +£13.7 30.7+3.3
BBG258 (wild type) 1534+132 19+09 746.4+17.3 81.3%53
BBG236 (pnpA) 44+11 04+0.7 388+11.1 42+43

The fengycin production showed a significant decreased (95%) in the mutant strain BBG 235
with only 18.4 mg/L compared to 346 mg/L in the wild strain. In this strain, production of
surfactin was also influenced negatively with a decrease of 70 % in the total production in the
mutant strain compared the wild strain with 190.4 mg/L and 644 mg/L respectively. The
reduction in the lipopeptide production in the mutant strain BBG236 compared to the wild
type BBG258 was less than that observed with BBG201 strain but still significant.

A significant decrease in the antifungal activity against the plant pathogen fungi Botrytis
cinerea was observed with the mutant strain BBG235 comparing to the wild strain,
confirming the negative influence on the fengycin production by disrupting the pnpA gene in

mutant strain (Fig. 4).
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PLATE1  BBG235

Figure 4. In vitro growth inhibition of Botrytis cinerea caused by the mutant strain BBG235
(plate 1) and the wild strain BBG201 (plate 2) on potato dextrose agar (PDA) medium. The

antagonism was scored after incubation of the plates for 3 days at 25°C.

The results of the lipopeptides production as well as the antifungal activity test showed an
important role of pnpA on the fengycin and surfactin productions. The positive influence of
this gene may occur via different pathways. The first pathway proposed is the role of pnpA on
the comS and srfA regulation. Actualy, the effect of pnpA mutant on the surfactin production
has been already carried out. The promoter activity of the surfactin operon showed slightly
decreased (as well as the expression of comS as it is controlled by the same promoter) while,
significant negative effect have been noticed on srfAB, srfAC, srfAD. The post transcription
effect, as well as the expression of comS (the gene controlled by srfAA) was also decreased
[Luttinger et al., 1996]. Gamba et al., (2015) indicated that pnpA is required for the
expression of comS in B. subtilis. Moreover, the pnpA mutant strain showed twofold higher in
the expression of sigB [Liu et al., 2016]. Knowing that the regulator sigB has been mentioned

to has a repressing effect on fengycin expression [Allenby et al., 2016].
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The second pathway PnpA interacts with the essential genes in the glycolytic pathway (pfkA
and eno) [Commichau et al., 2009]. We hypothesize that deletion of this gene might have an
effect on the precursor synthesis from the cental carbon metabolism which ultimately have a
significant effect on the production of the lipopeptides.

A direct effect of the lack of PNPase was observed for about 10% of expressed genes, for
which there was a significant increase in the level of 5'-proximal reads relative to the level of
3'-proximal reads while most of the changes in gene expression in the ApnpA strain are likely
due to indirect effects [Liu et al., 2016]. In gram negative bacteria pnpA plays a role in
expression of virulence functions and growth resumption after cold shock [Song et al., 2013].
The fact that effective decay of an mRNA figures obviously in the regulation of a large
number of genes supports the conception that models of gene expression networks must
consider not only transcriptional and translational control, but also control at the level of

MRNA decay [Liu et al., 2016].

Conclusion

The positive role of srfAA or comS which is controlled by srfAA on the fengycin
regulation has been highlighted, while, there is no post-transcriptional effect of the surfactin
operon on fengycin production. Conversely, mutant in the fengycin operon stopped the
biosynthesis of this lipopeptide as well as increased the surfactin production. The influence of
pnpA on the lipopeptide biosynthesis was significant based on the decline on the productivity
between the mutant and the wild type strains. To strengthen this original data, more
experiments are requested especialy to confirm the role of comS which influenced by the

srfAA and pnpA mutants, resulting, a significant reduction in the fengycin production.
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Chapter 6

General discussion and
perspectives

140

lilliad.univ-lille.fr



Thése de Yazen Mohlab Yaseen, Lille 1, 2016

Part 1: General discussion

During the past decades, lipopeptides have gained attention and interest for developing
environmentally friendly approaches allowing to reduce the use of chemicals. These
lipopeptides are especialy studied for their potential uses in several domains such as
agriculture with natural pesticides [Ongena, 2007], cosmetics industry [Meena and Kanwar,
2015], pharmaceutical uses [Moryl et al., 2014], bioremediation of polluted soils [Sang-
Cheol et al., 2007] and much else. Fengycins are important molecules synthesized by
Bacillus, however, little information is available concerning their biosynthesis regulation.
These facts encouraged us to study this family of lipopeptides regarding two general aspects:

molecular regulation and production (physiology) of fengycins in Bacillus spp.

The bibliographic study (chapter 1) shows that many quorum sensing compounds or
regulators could play a role as activator or suppressor to regulate the fengycin operon either
directly or indirectly. Among these factors PhO-PhR, ComA-ComP, DegQ-DegR, AbrB,
SinR, CodY can be mentioned. Most of these regulators are directly or indirectly stimulated
by the nutrient and stress conditions [Msadek et al., 1990; Allenby et al., 2005; Chumsakul et
al. 2010; Guo et al., 2014; Irigiil-S6nmez et al., 2014].

In chapter 3 B. subtilis BBG21 strain (a spontaneous mutant of B. subtilis ATCC 21332
overproducing fengycins) was used to study the fengycin regulation and production. Whole

genome sequence for this strain was previously carried out in our laboratory.

The analysis by the AntiSmash software indicated that this strain contains the two known
NRPs clusters of surfactin and fengycin, as well as three secondary NRPS clusters
(bacillaene, bacillibactin and bacilysin). Comparison of the genome sequence of this strain
with sequence of B. subtilis 168 showed 99% of identity, while only 95% of identity was
obtained between the fengycin clusters in the two strains. These differences in fengycin
clusters lead us to study the 5% of dissimilarity in order to check their influence on fengycin
biosynthesis. We first highlight that B. subtilis BBG21 produce more than 10-fold of
fengycin than B subtilis BBG111 (B. subtilis 168 strain modified with sfp). By comparing the
promoter sequence of both strains we showed that there one nucleotide differs and 10
nucleotides are lacking. The different nucleotide is situated in the UP element zone is the sole
difference between the promoter of BBG21 and its mother strain ATCC 21332. Meijer and

Salas (2004) still refer to the critical role of the UP element sequence and its effect on the
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promoter stability and activity in B. subtilis and according to Tsuge et al. (2007) a significant
decreased of the fengycin production were observed after a mutation in this sequence in the
strain B. subtilis F29-3. In order to confirm that the differences in the production background
between the strains are a result from the differences in promoter sequences, we integrated the
GFP protein in front of the promoter of three fengycin producer strains (BBG21, BBG111
and B. amyloliquefaciens FZB42). The results of the promoter expression showed that the
promoter of BBG21 strain is more active than other promoters under all the tested conditions.
The study of Nicolas et al., [2012] still clarified the effect of several conditions on the
fengycin promoter expression, but under our knowledge this work showed for the first time
the effect of the different medium conditions on the fengycin operon expression as well as the

fengycin production.

Therefore, in chapter 4 the influences on the promoter expression of different nutrient
conditions as carbon and nitrogen sources in the medium have been studied. Influences were
tested directly using GFP mutants and indirectly by measuring the fengycin produced under

these conditions.

Most of the conditions showed related effect on both promoter activity and fengycin
production as shown below in table 1. The effects of urea as nitrogen source were positive
allowing to increase the promotor expression as well as the production. Actually, the
expression with urea showed 6-fold higher than that obtained with glutamic, and the
production was 20% higher.

Positive effects were also observed with mannitol as carbon source when expression was 3-
fold higher and production about 2-fold compared to that one obtained with glucose.
Negative effects with valine, peptone, galactose, and sorbitol were observed for both
expression and production.

Actually, the influence of urea and mannitol on the fengycin expression and production have
been well discussed in chapter four as a hypotheses to explain their effect [Koumoutsi et al.,
2004; Makkar et al., 2011 ; Huang et al. 2015].

Using starch or lactose, production of fengycin was not significant comparing to the high
expression obtained. On the contrary, significant productions were obtained with glucose and
sucrose while moderate promoter expression was shown. Sucrose has been mentioned as a
favorable carbon source to produce the fengycin from Bacillus sp. [Liu et al. 2013]. In our

experiments replacing mannitol by sucrose in the medium after 16 hours of growth increased
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the production of fengycin 30% to reach 768 mg/L. This production is the highest production
reported from the strain BBG21.

Table 1. Tested conditions that positively influenced either the expression or the production
of fengycin.

Conditions Promoter expression  Fengycin synthesis
Urea ++
Glutamic acid +
Alanine ++
Ammonium +
Glucose +
Mannitol ++ +
Starch ++
Galactose +
Maltose +
Sucrose ++
Lactose +

The use of different nitrogen and carbon sources strongly influences the fengycin promoter
expression which can either reflect directly on fengycin production or the gene translation
scale-down under certain conditions. According to Nicolas et al., 2012, the ppsA gene
expression responded positively with many carbon sources and the highest expression
obtained was in M9 medium with fructose.

Few studies have compared the influence of nutrient conditions on two families of
lipopeptides produced from one strain [Zeriouh et al., 2014; Luo et al., 2015]. In this work
surfactin was also analyzed under numerous conditions and the results showed that the
production varied in the same way as fengycin under most of the conditions. The highest
surfactin productions obtained were with the urea and ammonium carbonate as nitrogen
sources and starch or mannitol as carbon sources. Previous studies showed the positive

influence using the urea or ammonium as nitrogen source as well as mannitol or starch as
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carbon sources [Abushady et al. 2005; Abdel-Mawgoud et al. 2008; Zheng et al. 2013]. Few
carbon substrate conditions (mannose, maltose, and galactose) showed disaccording results
between the productions level of surfactin and fengycin. These observations indicated that
expression of NRPS genes could act as a response to the environmental conditions, while
some nutrient sources could play a role as lipopeptide precursors. We can hypothesize from
these results that there might be an interaction among the regulatory factors of the two
operons. However in other works, some culture conditions direct the production toward a
specific lipopeptide at the expense of the other one [Singh et al 2014].

To confirm this regulatory relation, surfactin or fengycin negative mutants were constructed
(Chapter 5). The fengycin production was slightly increased in srfAC™ mutant (10%) but
surprisingly, the fengycin concentration was significantly decreased in srfAA" mutant.
Published results indicate that srfAA is probably not involved directly in the regulation of
fengycin but may act indirectly through comS competence gene which is situated at the end
of the srfAA gene and controlled ComA-ComP and degQ [Molle et al., 2003; Ogura and
Tsukahara, 2010]. On the other hand, the surfactin production increased for 30% in the fenA’
mutant this could result from a competition for precursors between both synthetases.

The comS expression requires pnpA (gene controlling mMRNA degradation enzyme PnpAse)
[Gamba et al., 2015; Liu et al., 2016]. In the last part of work, effect of deletion of pnpA in B.
subtilis BBG21 and B. subtilis 168 strains were studied. The mutation significantly reduced
the productions of both fengycin (70-80%) and surfactin (40-50%) compared with wild
strains. All the molecular results were concluded in figure 1.
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Figure 1. Summary of the results obtained in this thesis about the molecular mechanism
involved in the regulation of fengycin operon expression.

A4 knockout of the gene. Red arrows represent the work realized in this study.

-ve effect: negative effect; +ve effect: positive effect.
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Part 2: Future prospects

Regarding the results obtained in this study, the following perspectives are proposed:

1- All the physiological parameters tested in this study showing positive results
regarding the fengycin production could be tested in continuous culture to allow the

optimization of the production.

2- The interactions between the fengycin and surfactin biosynthesis which were obvious
in the results of srfAA and fenA mutants, as well as the role of comS need to be
confirmed. The study of the overlaps and the ability of binding for these genes in the
fengycin promoter region can be also verified using DNase | fingerprinting as well as
the potential competition for common substrates for both synthetases.

3- Transcriptomic of the fengycin producer strains could be tested under several
conditions such as urea or mannitol using microarray technology. This technique help
to highlight expected regulator factors which could play a role in the activating or

repressing the fengycin operon.

4- We could specify the roles of several regulators which may have an influence on the
fengycin regulation (AbrB, CodY, ComP, and SinR). By knock-outing the genes of
interest we can verify their role in the fengycin biosynthesis either directly by
measuring the fengycin operon expression or indirectly by observing the fengycin

production.

5- We could intend to characterize the structure and the functional for the fengycin

isoforms produced under different nitrogen or carbon sources.

6- We could intend to study the post-translated factors which may lead to degrade the

fengycin produced (protease).
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Part 1: supplementary data chapter 3

Supplementary 1: Victors used in this study:
Al the victors used have been described in table (1)
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Supplementary 2: Insert ComK (the natural competence gene) in BBG21

After many unsuccessful trials to insert the GFP gene in the strain BBG21 by electroporation

method, we choose another strategy. We first transfer the natural competence gene comK in

the wild strain BBG 21 then we try to insert the GFP gene in the strain. Between many

protocols the protoplast electroporation was the only method that gave the positive result for

ComK to produce the strain BBG201;

© 2016 Tous droits réservés.
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Supplementary 2.a. Protoplast electroporation

Cells were overnight grown in 10ml of X1 PAB (Penassy broth) at 37°C, the culture diluted
1/10 with 10ml X1 PAB, incubated 2 hours at 37°C until (ODgso = 1.5-2). Subsequently cells
were collected by centrifugation, suspended in 5-10ml SMPP medium, and protoplasts were
obtained after incubation at 37°C on a rotary shaker at 100 rpm for 30 min in presence of
lysozyme (10mg/ml). The presence of protoplasts was verified by phase contrast microscopy.
Protoplasts were then carefully harvested by centrifugation 5000 tim/min for 5 min, washing
two times with SMM buffer and suspended in 2ml of SMMP medium. For the electroporation
trials, volumes of 150ul of protoplast suspensions were mixed with of 0.5-1ug DNA and kept
on ice for at least 2min.The mixture was then transferred to a pre-chilled electroporation
cuvette (0.2 cm electrode gap) and exposed to a single electrical pulse in a Gene Pulser Xcell
System (Bio-Rad Laboratories, USA) set at 25 uF, 400 Q and0.7 kV. Immediately after the
pulse delivery, 1 ml of recovering medium (SMMP) was added to the cuvette, and the
mixture was transferred to a 2 ml tube and incubated at 37 °C and 100 rpm for 2h. Then, the
cells are spread on LB plates with the selective antibiotic for 24 h at 37 °C.
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p.5

I

Supplementary 2.b: verification of pMMcomK insertion in the strain BBG21 producin the

strain BBG201, lane 1 represent the mother strain, lane 2 represent the mutant strain.
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Supplementary 2: Schematic representation of gfp insertion using the two vectors pMUTIN-GFP+
and pFBO1. (a) Transformation of B. subtilis BBG201, BBG111 and B. amyloliquefaciens FZB42
with pMUTIN-GFP+ by homologous recombination through a single crossing-over between the end
of the gene dacC and the start beginning of the gene fenA/ppsA. (b) Transformation of B. subtilis
BBG201 and B. amyloliquefaciens FZB42 with pFBO1 by homologous recombination through a

double crossing-over up and down of the gene amyE.
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Supplementary 3: Fluorescence microscopic observations for the Bacillus modified strain
takes using Nikon fluorescence microscope under 490 nm excitation at 100X magnification.
Images are: a- B. subtilis BBG21/pMUTIN. b- B. subtilis BBG21/pFB01 c- B.
amyloliquefacienesFZB42/pMUTIN. d- - B. amyloliquefacienesFZB42/pFB01 d- B. subtilis
BBG111/pMUTIN. f- B. subtilis 168 (control).
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Supplementary 4: Starch analysis test for the mutant cells: a- B. subtilis BBG21/pFB01 and
b- B. amyloliquefacienesFZB42/pFBOL1.
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Supplementary 6: Verification of the insertion of gfp gene in the different strains:

A-Verification of gfp insertion in fengycin operon under the control of its promoters using
PCR of dacC upstream-gfp dwonstream and amyE upstream-gfp dwonstream ampliconts in
the muatnt and the mother strains: 1- BBG205 transferd by pMUTIN-GFP+ carring Pfen
BBG21. 2- BBG208 transferd by pFBOl1 carring Pfen BBG21. 3- BBG209 transferd by
pFBO1 carring Pfen FZB42. 4- BBG209 (another colony) transferd by pFBO1 carring Pfen
FZB42. 5- BBG207 transferd by pMUTIN-GFP+ carring Pfen FZB42. 6- BBG21 mother
strain. 7- FZB42 mother strain.

B- Verification of gfp insertion in the strain BBG111: lanel represent the mutant strain
BBG206, lane 2 represent the mother strain.
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Part 2: supplementary data chapter 4

Supplementary data 1:
a-
&= Thrionene == Beef extract =fe=Jrea+ Ammonium carbonate
= |spleucine === Proline —@—\aline
+ Urea — Alanine = Ornthine
&— Glutamic acid =l—Glycine == Casien
== Ammonium carbonate ==t Pepton ===trypton

Potassium nitrate Ammonium nitrate

== Sodium ntrate

0,25 4

Time h

—¢— Arahinose == actose == Sorbitole = Frictose
efeSLCTOSE —0—Galagtose =+ Maltose = Starch

FIO 25—G|ycero| —4—Glucose == Mannosse —=Mannitol

ore
sce 92
nce

auP’15
oD

600/
A0,05
tim
e 0

0,1

-0,05 -

Time h

160

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Yazen Mohlab Yaseen, Lille 1, 2016

C_
Fluorescence au/ ODgyy/ A time
== "Silicon oil == Benzene == Diesel
=== Olive oil === Sunflower oil =@ Parrafine
Hdrogen peroxide Glucose
0,25
0,2
0,15 -

0,1

0,05

80
-0,05

Figure 1. The fengycin promoter activity (Fluorescence intensity/ ODgo/ Atime (when
time = time 2- timel) by BBG208 after 48 h of growth under Landy medium modified with
different substrate conditions:

a. Nitrogen SOUICeS *Landy medium was modified by replacing the glutamic acid in Landy medium with 5 g of 18 different

nitrogen sources: Landy Urea, Landy Urea- NH,HCO;, Landy NH,HCO;, Landy NHsNOs, Landy Tryptone, Landy Peptone, Landy Beef
extract, Landy Casein, Landy Valine, Landy Proline, Landy Isoleucine, Landy Ornithine, Landy Threonine, Landy Glycine, Landy Alanine,
Landy KNOs, Landy NaNO; and Landy Glutamic acid.

b. Carbon sources *Landy medium was modified by replacing the glucose in Landy medium with 5 g of 13 different

carbon sources: Landy Arabinose, Landy Lactose, Landy Fructose, Landy Sucrose, Landy Mannose, Landy Sorbitol, Landy

Maltose, Landy Starch, Landy Galactose, Landy Glycerol, Landy Mannitol, and Landy Glucose.
C. Hydrocarbon sources *Landy medium was modified by supplied the medium with 1% of 6 different hydrocarbon

sources: Landy diesel, Landy benzene, Landy sunflower oil, Landy silicon oil, Landy paraffin, Landy olive oil, Landy H,0,

(oxidative stress condition), where Landy medium without any addition used as control.
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Table 1: Effect of the use the Urea as nitrogen source with different culture conditions on

surfactin production by Bacillus subtilis BBG208 strain.

Condition* Surfactin mg/L *Relative surfactin yield
mg/L.DOggo
Cl1 480 £ 17 43.6
C.2 483 +16.4 63.5
C3 510 £ 23.2 55.4
c4 435+11.8 47.8
C5 327 +9.7 43.6
C.6 400+ 31.1 48.7
C.7 450 £ 13 69.2

* Condition 1: Landy Urea 25°C, Condition 2: Landy Urea 30°C, Condition 3: Landy Urea 37 °C, Condition 4: Landy Urea
30% filing volume, Condition 5: Landy Urea 50% filing volume, Condition 6: Landy Urea pH 7.5, Condition 7: Landy Urea

pH 6.5.
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Table 6: Effect of the use the Mannitol as carbon source with different culture conditions on

surfactin production by Bacillus subtilis BBG208 strain.

Condition surfactin mg/L *Relative surfactin

yield mg/ L.DOggq
C1l 649 + 28.2 63.7
C2 525 +8.8 59.6
C3 529 +12.6 58.8
C4 600 +£41.1 56.1
C5 476 +9.2 50.5
C.6 625+ 7.7 63.7
C.7 751+22.2 68.1

*Condition 1: Landy Mannitol 25°C, Condition 2: Landy Mannitol 30°C, Condition 3: Landy Mannitol 37 °C, Condition 4:

Landy Mannitol 30% filing volume, Condition 5: Landy Mannitol 50% filing volume, Condition 6: Landy Mannitol pH 7.5,
Condition 7: Landy Mannitol pH 6.5.
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Part 3: chapter 5 supplementary data

Supplementary chapter 5

aiahthatibtadith i a2

Figure 1. Agarose gel represents:

a- PCR amplicon for the fragment srfAC-srfAC (1620 bp).
b- p0J260 double digested by EcoRI-HindlIII.
c- PCR for verified the disruption of srfAC using the primer srfAC-srfAC.
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Figure 2. Agarose gel represents:

a- PCR amplicon for the fragment ribC-pnpA (1551 bp).
b- pMUTIN double digested by Kpnl-Xmall.
c- PCR mutant verified by the primer ribCfwd —yIxYrv.

165

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Yazen Mohlab Yaseen, Lille 1, 2016

Figure 3. Agarose gel represents:

a- The joint PCR amplicon whine the three fragments are ligated (pnpA fw,pnpA delta
rv — K7 p3,K7 p5 - pnpA delta fw, pnpA rv) generated a liner fragment with 4768 bp.
b- Verification of the disruption mutant using the primers pnpA fw — pnpA rv.
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