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Abstract

In this study, a set of biosurfactant molecules grassen in function of their structural diversityda
their ability to be easily produced in industriabgesses.

This set contains members of three families ofgguiidic compounds produced Bgcillus subtilis
strains including surfactin S1, iturin A and mycbsiin (two members of the iturin family) and
fengycin, as well as rhamnolipids produced Bseudomonas aeruginosa PTCC 1637. After
purification and/or characterization by severallgieal methods, these compounds were examined

for their ability to modify the surface hydrophaibjaof the two substrata stainless steel and Teflon

These modifications were evaluated by water cordagte measurements. The effects depend on
the biomolecule, the concentration, and the substraTreatment of stainless steel with different
concentrations between 1 and 100 thgflsurfactin S1 and rhamnolipids showed an increagiee
hydrophobicity. On the same substratum, fengyare@ased hydrophobicity up to its critical micelle
concentration (6.25 mg"). With higher concentrations of fengycin, a deseein hydrophobicity
was observed. Surfactin, mycosubtilin and iturind@creased hydrophobicity on Teflon. XPS
analyses of surfaces treated by lipopeptides coafirthe presence of the different biomolecules.

Relationships between structure, CMC, and modi@ioatof surface properties are discussed.

Then, the attachment Bécillus cereus 98/4 spores to conditioned surfaces with thessubiactants
was studied. There are promising correlations betvwdrophobicity modifications of surfaces and
the attachment oB. cereus 98/4 spores to these surfaces. Enhancement irogtyabicity of

surfaces increases the number of adhering spotieertoand vice versa.

Finally, a strategy was developed to overproducéess studied lipopeptide fromBacillus
licheniformis, lichenysin that is slightly different structusafrom surfactin but has demonstrated a
potent property of biosurfactant. Bioinformatic sas were also performed on the sequenced
genome ofB. licheniformis ATCC 14580 to confirm its ability to produce lictysin and
accordingly, a genetic engineering work was unéerta

14
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Résumé

Dans cette étude, un ensemble de molécules biotantas a été choisi en fonction de leur diversité
structurale et leur aptitude a étre produites dasgprocédés industriels.

Cet ensemble contient des membres des trois fandidecomposés lipopeptidiques produits par des
souches deBacillus subtilis comprenant la surfactine S1, liturine A et la mosabtiline (deux
membres de la famille des iturines) et la fengycieasi que des rhamnolipides produits par
Pseudomonas aeruginosa PTCC 1637.

Aprés purification et/ou caractérisation par pluseméthodes analytiques, ces composés ont été
etudiés pour leur aptitude a modifier I'hnydrophdtiéicde surface de deux substrats, I'acier

inoxydable et le Téflon.

Ces modifications ont été évaluées par des medianegle de contact de I'eau. Les effets dépendent
de la biomolécule, de sa concentration et du satbdte traitement de l'acier inoxydable avec
différentes concentrations, entre 1 et 100 glé surfactine S1 et de rhamnolipides a montré une
augmentation de I'hydrophobicité. Sur le méme sahska fengycine augmente I'hydrophobicité
jusqu’a sa concentration micellaire critique (6r@§ I'). Avec des concentrations plus élevées en
fengycine, une réduction de I'hydrophobicité estashiée. La surfactine, la mycosubtiline et
I'iturine diminuent I'hydrophobicité sur le Téfloes analyses par XPS de surfaces traitées par les
lipopeptides ont confirmé la présence des diff@®itiomolécules. Les relations entre structure,

CMC et les propriétés de modifications de surface discutees.

L’adhésion de spores d@acillus cereus 98/4, a des surfaces conditionnées par ces biotanta, a
ensuite été étudiée. Il y a une bonne correlatimnedes modifications de I'hydrophobicité et
'adhésion des spores d cereus 98/4 a ces surfaces. L'augmentation de I'hydropigbdes

surfaces augmente I'adhésion des spores et visa.ver

Finalement, une stratégie a été développée popirosiuire un lipopeptide moins étudié Bacillus
licheniformis, la lichenysine dont la structure differe Iégeratmee celle de la surfactine, et qui
possede des meilleures propriétés biosurfactaDtss.analyses bioinformatiques ont été realisées
sur le génome séquencé Bldicheniformis ATCC 14580 pour confirmer sa capacité a prodwaire |

lichenysine et, en conséquence, un travail d’irgg@génétique a été entrepris.

15
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1. General Introduction
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1.1. Biosurfactants

1.1.1. Introduction

Biosurfactants are a structurally diverse groupuwface-active molecules mainly synthesized by
microorganisms (Cooper, 1980; Desai, 1997icrobial biosurfactants include a wide variety of
compounds, such as glycolipids, lipopeptides (LPgplysaccharide-protein complexes,
phospholipids, fatty acids, and neutral lipids. yaee usually produced extracellularly or as péart o
cell membrane by bacteria, filamentous fungi andsise (Mata-Saddovat al. 1999). Different
kinds of bacteria have been employed by many relsear in producing biosurfactants using culture
media. Most of such bacteria are isolated from alomated sites usually containing petroleum
hydrocarbon by products and/or industrial wasteth(Ranet al. 2006; Benincasa, 2007).

Interest in microbial surfactants has been steadliiyeasing in recent years, as they have numerous
advantages compared to chemical surfactants imgjuailower toxicity, higher biodegradability
(Zajic, 1997; Woo, 2004), higher foaming, betteviesnmental compatibility (Georgiou, 1992;
Banat, 1995), and effective properties at extreengperature, pH levels, and salinity (Kretschner,
1982; Cho, 2005).

In the biosurfactant amphipathic structure, therbgtobic moiety (tail) is either a long-chain
fatty acid or a hydroxy fatty acid of varying lehgtThe hydrophilic moiety (head) may be a
carbohydrate, carboxylic acid, phosphate, amind, g@ptide, or an alcohol.

Table 1.1 shows a list of biosurfactants producedifferentmicroorganisms

Biosurfactants have applications in an extremeljewiariety of industrial fields like food, cosmetic
pesticide, detergent, pharmaceutical industridsamced oil recovery, transportation of heavy crude
oil, and bioremediation (Georgiou, 1992; Desai,7)99

When considering the natural roles and potentipliegtions of biosurfactants, it is important to
emphasize that a wide variety of diverse microoiggas make these molecules and that
biosurfactants have very different chemical strtegsuand surface properties. It is therefore
reasonable to assume that different groups of basiants have different natural roles in the
growth of the producing microorganisms

This diversity makes it difficult to generalize albdhe natural role of biosurfactants (Rosenberg,

2006). One of their physiological roles is to pgrmicroorganisms to grow on water-immiscible
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Table 1.1. Major biosurfactant classes and micraaigns involved (Desai and Banat, 1997; Rosenberg
1999; Mulligan 2005; Raaijmarkeesal. 2006; Muthusamy 2008)

© 2011 Tous droits réservés.

Surfactant class

Microorganism

Glycolipids

Rhamnolipids

Trehalose lipids

Sophorolipids
Mannosylerythritol lipids
Lipopeptides
Surfactin/iturin/fengycin
Viscosin/tolaasin/syringomycin
Putisolvin/amphisin

Lichenysin

Serrawettin

Phospholipids

Fatty acids/neutral lipids

Corynomicolic acids

Polymeric surfactants

Emulsan
Alasan
Liposan
Lipomanan

Particulate biosurfactants

Vesicles
Whole microbial cells

Pseudomonas aeruginosa,a
Pseudomonas sp.

Rhodococcus erithropoalis,

Arthobacter sp.

Candida bombicola, Candida apicola,
Candida lipolytica, Candida bogoriensis
Candida antartica

Bacillus subtilis
Pseudomonas spp.
Pseudomonas spp.
Bacillus licheniformis
Serratia marcescens

Acinetobacter sp.
Corynebacterium lepus

Corynebacterium insidibasseosum

Acinetobacter cal coaceticus
Acinetobacter radioresistens
Candida lipolytica
Candidatropicalis

A. calcoaceticus
Cyanobacteria
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substrates by reducing the surface tension athbsepboundary, therefore making the substrate
more readily available for uptake and metabolismadidition to emulsification of the carbon
source, they are also involved in the adhesion iofahial cells to the hydrocarbon and as a
result allow growth on such a carbon source.

Surfactin could also play a physiological role bgreasing the bioavailability of water-insoluble
substrates and by regulating the attachment/detathaf microorganisms to and from surfaces
(Rosenberg and Ron, 1999).

Ahimou et al. (2000) demonstrated that lipopeptide moleculesodr onB. subtilis after their
excretion in extracellular medium and induce changkethe cell surface hydrophobicity. The
hydrophobicity alterations suggest an importang wadl lipopeptide molecules . subtilis in the

the adhesion mechanisms onto various surfacesdrpplyobic interactions.

Biosurfactants have been shown to have an antagoei$ect towards other microbes in the
environment. Furthermore, some of biosurfactantseeatb cell membrane and enhance nutrient

transport across cell membrane (Bodetual .2003).

Factors controlling the production of biosurfacgtitrough their effects on cellular growth or
activity include the quality and quantity of carband nitrogen constituents in culture media and
physico-chemical conditions such as pH, temperaagiation, and oxygen avaibility (Desai and
Banat 1997; Lang and Philp 1998).

Sheppard and Cooper (1997) have concluded thateoxymansfer is also one of the key
parameters for the process optimization and scalpngf surfactin production iB. subtilis.

Salt concentrations also affect biosurfactant petida depending on its effect on cellular
activity. However, some biosurfactants (lichenysigre not affected by salt concentrations up to
10% (w/v) (Yakimov 2000), although slight reductsom the critical micelle concentrations
(CMC) were detected (Abu-Ruwaidtal. 1991; Thimon e&l.1992).

The type and/or the concentration of nitrogen pregéghether NI+, NOs—, urea or amino acid)
can sometimes influence the biosurfactant prodBedbertet al. 1989; Habeaet al. 2000). The
nitrogen limitation appears to stimulate biosurdattproduction and overproduction by some
micro-organisms (Suzuld al. 1974; Guerra-Santas al. 1984).
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Desai and Banat (1997) have reviewed a wide rahgecbniques to determine the presence of
biosurfactants in culture media. The methods ugetd utnow include colorimetric analyses for the
detection of anionic surfactants (Shulgaal. 1992) and rhamnolipids (Hanseh al. 1993;
Siegmund and Wagner 1991), hemolytic activity, esifiahtion index (El) determination over a 24-

h period (Cooper and Goldenberg 1987), drop-caligpest (Jairet al. 1991), surface tension (ST)
determination, TLC, HPLC, FTIR, NMR (H-1 and C-1&)d MS methods. In addition, MALDI-
TOF/MS is a rapid, sensitive and efficient methibe (nolecular masses can be determined with an
accuracy of 0.01% to 0.02% (Vataral. 2002) for structural characterization of biosctdats by
using whole microbial cells (thus avoiding cultiet and extraction) or crude culture filtrates. The
latter is well suited for rapid primary screeninf reew microbial isolates for novel natural

compounds in the context of biocontrol (Ongand Jacques, 2008).

1.1.2. Physico-chemical properties

Biosurfactants are classified according to the docharge residing in the polar part of the
molecule. Hence anionic, cationic, nonionic andt@asionic biosurfactants exist. Amphoteric or
zwitterionic ones have both positively and negdyiveharged moieties in the same molecule
(Van Ginkel, 1989).

Biosurfactants can be also classified accordirthea Hydrophile—Lipophile Balance (HLB) that
affects their physico-chemical properties (Tieh®94). The HLB classification can be used to
determine the suitability of using surfactants.

The HLB value indicates whether a surfactant witirpote water-in-oil or oil-in-water emulsion
by comparing it with surfactants with known HLB uak and properties. The HLB scale can be
constructed by assigning a value of 1 for oleid &sid a value of 20 for sodium oleate and using
a range of mixtures of these two components iredifit proportions to obtain the intermediate
values. Emulsifiers with HLB values less than 6dfiastabilization of water-in-oil emulsification,
whereas emulsifiers with HLB values between 10 &8dhave the opposite effect and favor oil-
in-water emulsification (Desai and Banat 1997).gkneral, a surfactant with a low HLB is
lipophilic whereas a high HLB confers better wadetubility (Sabatiniet al. 1995). Table 1.2
shows the application of nonionic surfactants wiifferent HLB values (Cross, 1987).
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Table 1.2. The uses of nonionic surfactants witfedint HLB values

Non-ionic surfactant HLB value Uses
<3 Surface films
3-6 Water-in-oil emulsifiers
7-9 Wetting agents
8-15 Oil-in-water emulsifiers
13-15 Detergents
15-18 Solubilisers

Some biosurfactants and their surface activitiesat affected by environmental conditions such
as temperature and pH. Mclnerraal. (1990) reported that lichenysin froBa licheniformis JF-

2 was not affected by temperature (up to 50°C)(4B-9.0) and by NaCl and Ca concentrations
up to 50 and 25 g™l respectively. A lipopeptide fronB. subtilis LB5a was stable after
autoclaving (121°C for 20 min) and after 6 months-48°C and its surface activity did not
change from pH 5 to 11 and NaCl concentrationou0#6 (Nitschkest al. 1990).

Critical micelle concentratrion (CMC) is that cont&tion of surfactant favouring micelle
formation. It is defined by the solubility of a actant within an aqueous phase and is commonly
used to measure the efficiency of a surfactantsifactants have CMC about 10-40 times lower
than that of chemical surfactants, i.e. less stafdads necessary to get a maximum decrease in
surface tension (Desai and Banat 1997).

Above the CMC, biosurfactant molecules aggregatéotmn supra molecular structures like
micelles, bilayers, and vesicle.

Between 50 and 100 surfactant molecules usuallgréggtion number) form micelles (Figure
1.1). Micelles arise when the lipophilic part oketkurfactant molecule that is unable to form
hydrogen bonding in an aqueous phase causes @asecin the free energy of the system. One
way for the hydrocarbon tail to alleviate this frgergy increase is to be isolated from water by

adsorption onto surfaces, absorption into an ogaratrix or the formation of micelle vesicles
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where the hydrocarbon moiety of the surfactant bersituated towards the centre with the

hydrophilic part in contact with water (Haigh, 1996

Alr
Water A 4 4 < X I T J
Fartitioning
Micellization {‘ “
& Ny o

Figure 1.1. Formation of monolayer and micelleadneous solution.

Unlike chemically synthesized surfactants, whioh asually classified according to the nature of
their polar grouping, biosurfactants are generedliegorized by their chemical composition and
microbial origin. On the basis of their molecularass, biosurfactants isolated from
microorganisms are generally classified into twougs: 1) Low molecular mass biosurfactants,
such as glycolipids, lipopeptides, corynomycoliddac and phospholipids. Glycolipids and
lipopeptide substances are involved in the loweahgurface and interfacial tensions in liquids.
Low-molecular-weight biosurfactants that have oW increase the apparent solubility of
hydrocarbons by incorporating them into the hydadph cavities of micelles (Miller and Zhang,
1994). Stable emulsions are not a usual trait ekehsurfactants. 2) High molecular mass
molecules, such as emulsans, alasan, liposan, goolyarides, and protein complexes. These
biosurfactants are associated with productionaiflstemulsions but do not lower very much the
surface tension. It is interesting to note thatgh@duction of stable emulsions enables bacteria to
adhere to hydrophobic surfaces very strongly (Rosenand Rosenberg 1981; Netwal. 1992)

with implications on biodegradation capabilities.

1.1.3. Purification procedures

Biosurfactant recovery depends mainly on its iooi@rge, solubility in water or organic
solvents, and location (intracellular, extraceltuta cell-bound). Most of biosurfactants are
secreted into the medium, and they are isolated &ibher culture filtrate or supernatant obtained

after removal of cells. Downstream processes foovery of important biosurfactants include
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ammonium sulfate precipitation, acid precipitatisolvent extraction, crystallization, adsorption,

foam separation and precipitation, diafiltration attchfiltration (Desai and Banat, 1997). Table 1.3

summarize the recovery methods.

Table 1.3. Physicochemical property-based biostafda recovery methods and their relative advaistage
(Mukherjeeet al. 2006)

Downstream
recovery procedure

Biosurfactant property
responsible for separation

Instrument/apparatus/
setup required

Advantages

Acid precipitation

Organic solvent
extraction

Ammonium sulfate
precipitation

Centrifugation

Foam fractionation

Membrane
ultrafiltration

Adsorption on
polystyrene resins

Adsorption on
wood-activated
carbon

lon-exchange
chromatography

Solvent extraction
(using Methyl
tertiary-butyl
ether)

Biosurfactants become
insoluble at low pH values
Biosurfactants are soluble in
organic solvents due to the
presence of hydrophobic end

No set-up required

No set-up required

Salting-out of the polymeric or No set-up required

protein rich biosurfactant

Insoluble biosurfactants get
precipitated because of
centrifugal force

Centrifuge required

Biosurfactants, due to surfaceSpecially designed
activity, form and patrtition into bioreactors that

foam

Biosurfactants form micelles
above their critical micelle
concentration (CMC), which
are trapped by polymeric
membranes

facilitate foam
recovery during
fermentation
Ultrafiltration units
with porous polymer
membrane

Biosurfactants are adsorbed onPolystyrene resin

polymer resins and
subsequently desorbed with
organic solvents

packed in glass columns

Biosurfactants are adsorbed onNo setup required, can

activated carbon and can be

be added to culture

desorbed using organic solventbroth, can also be

Charged biosurfactants are

packed in glass columns
lon-exchange resins

attached to ion-exchange resingacked in columns

and can be eluted with proper

buffer

Biosurfactants dissolve in
organic solvents owing to the
hydrophobic ends in the
molecule

No set-up required

Low cost, efficient in crude
biosurfactants recovery

Efficient in crude
biosurfactant recovery and
partial purification,
reusable nature

Effective in isolation of
certain type of polymeric
biosurfactants

Reusable, effective in
crude biosurfactants
recovery
Useful in ontinuous
recovery procedures, high
purity of product

Fast, one-step recovery,
high level of purity

Fast, one-step recovery,
high level of purity,
reusability

biosurfactants, cheaper,
reusability, recovery from
continuous culture

High purity, reusability,
fast recovery

Less toxic than
conventional solvents,
reusable, cheap

© 2011 Tous droits réservés.
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1.1.3.1. Precipitation

Two different kinds of precipitation can be disanated: acid (Deziedt al. 1999; Zangt al. 1992;
Van Dykeet al. 1993) or ammonium sulphate precipitation. Throagidification of the medium to
a final pH between 2 and 3, biosurfactants likdastin exist in their protonated form and are
therefore less soluble in an aqueous solution.pféepitate can be collected by centrifugationefaft

several hours at 4°C) and resuspended in an apgimpuffer (e.g. bicarbonate).

1.1.3.2. Solvent extraction

Biosurfactant extraction is often used for removirygirophilic compounds prior to biosurfactant
analysis. Different solvents and solvent mixturigs kthyl acetate, chloroform/methanol (2/1),
butanol, hexan, acid acetic are applied (Mata-Seaddsi al. 1999). In general, the extraction
yield can be improved by an acidification of thengée prior to extraction, as biosurfactant are

then less soluble in water.

1.1.3.3. Adsorption

Most frequently, Amberlite XAD 2 or 16 polystyrenesin that absorb and release hydrophobic
and amphiphilic substances owing to basically hgtabic interactions are used (Gruleeial.
1991; Abaloset al. 2001; Habat al. 2003; Dubet al. 2005).

For primary enrichment, cell-free culture brothdisectly applied to the adsorbent column and
finally, biosurfactants are eluted with methanadl &ime solvent is evaporated subsequently.
Adsorption chromatography represents a good aligen# solvent extraction, the advantage

being smaller solvent consumption.

1.1.3.4. lon exchange

Another purification step of théiosurfactantsmixture is anion exchange chromatography
(Reiling et al. 1986). Since some difiosurfactantsare charged negatively at higher pH values,

they can be separated by a weak anion exchange(dethylamino) ethyl-Sepharose).
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1.1.3.5. Membrane filtration

Membrane filtration is another alternative forosurfactantenrichment and prepurification
(Gruber et al. 1991). Generally, at concentrations above thé&cali micelle concentration,
ultrafiltration with a membrane cut-off of 10 kDaads to an almost complete retention of
biosurfactard even at neutral pH (Grubetr al. 1991). A new continuous bioprocess based on
membrane technology was recently developed by BranCoutte (2009) to ensure the

production and purification of surfactin.

1.1.3.6. Foam fractionation

Foam fractionation uses the peculiarity lmbsurfactantsof forming micelles and, thus, of
foaming. When applied for the continuous removabiokurfactarg during fermentations, foam
is allowed to press out of the bioreactor throughaationation column. Afterwards, it collapses
in a separate recipient by cooling, addition ofdacor using shear forces (Gruketral. 1991;
Guezet al. 2008).

Continuous removal of biosurfactant during fermaataresults in a several-fold net increase in
biosurfactant yield. In addition, substantial refitres in the cost of product recovery and effluent

treatment are achieved (Desai and Banat 1997).

1.1.3.7. Chromatographic separation of biosurfactanmixtures

After biosurfactant separation from bacterial cells and some watarkdel substances,
chromatographic methods are applied to obtain puosurfactard. For smaller volumes,
preparative TLC may be applied, whereas larger ftfiesn are separated by column

chromatography (e.g. silica gel or reversed-phastemal).

* Preparative TLC
The process of preparative TLC is similar to tHaamalytical TLC. Generally, preparative silica
gel plates are used with a solvent mixture of afltmm/methanol/water or acetic acid (65/15/2,
viviv) or mixtures of equivalent polarities. As omBiromatographic run sometimes is not

sufficient to achieve pure biosurfactants, TLC irfprmed several times with solvents of
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different polarities (Dezie&t al. 1999) or after column chromatography for precisateaning
(Simet al. 1997; Monteircet al. 2007).

Samples are applied onto TLC plates after extradtiom culture broth and concentration. The
separatedbiosurfactarg are eluted from silica by methanol or chlorofomethanol (Van Dyke

et al. 1993; Simet al. 1997; Monteiroet al. 2007). The advantages of TLC are its simple
feasibility and the need for less equipment thampfeparative column chromatography. On the
other hand, only smaller quantities of samples loartreated and smaller amounts of organic

solvents are consumed compared to column chronsgibygr

* Normal phase
Normal-phase column chromatography using silicaaisstandard purification method for
biosurfactantseparation if larger volumes have to be treateoh (& al. 1997;Monteiro et al.
2007). The acidifiediosurfactanimixture, in a solvent like chloroform, is fed intiee column
after various prepurification steps to separatedad cells and some water-soluble compounds.
Flushing of silica with chloroform removes neutlipids and some pigments (Siehal. 1997).

Biosurfactand can be eluted with chloroform—methanol solution.

* Reversed phase
In this method, biosurfactant mixtures are sepdraby reversed-phase chromatography
according to the chain length of the hydroxy fadtyids (de Kostaet al. 1994). Prepurified
biosurfactant mixtures are acidified and loadeda@rt RP18 column. However, column material
is more expensive than normal silica; therefores itsed for semipreparative purposes only.
High performance liquid chromatography (HPLC) ist mmly appropriate for the complete
separation of different biosurfactants but can aks@oupled with various detection devices (UV,
MS, evaporative light scattering detection (ELSE)y identification and quantification of
biosurfactants.
The high sensitivity of HPLC/MS allows for analysiswn to trace concentrations. When MS is
coupled with HPLC and a proper sample preparatias,the most precise method for especially
rhamnolipid identification and quantification.

Another advantage is the possibility to handleglnmumber of samples.
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1.1.4. Structural analysis procedures
1.1.4.1. Mass spectrometry

Structure analysis of biosurfactant mixture (horgokes) can be performed by tandem
quadrupole mass spectrometers (developed in teelBi0s). Good biosurfactant ionisation is
achieved by electrospray ionisation for direct g or HPLC/MS, as it represents a “soft”
method with little fragmentation of primary moleesl lonised molecules are selected by a mass
analyser according to their mass-to-charge rati@)(and are subsequently detected. Scanning of
the whole mass spectrum between 100 and 750 Dac&1) in the negative MS mode allows for
the selection of the target ions (different bioaaténts). Structural identification of the target
ions can be accomplished by MS/MS experiments (mbibn scans), which means that a target
ion is fractionated in the collision cell and tmagment ions (e.g. hydroxy fatty acids, rhamnose
fragments, amino acid residues) are detected (lgiegld 2008).

Lipopeptide supernatant, extract and/or colony ¢@n analyzed by matrix-assisted laser
desorption ionization-time of flight mass spectroiméMALDI-TOF/MS). A saturated solution

of a-cyano-4-hydroxy-cinnamic acid is prepared in a @) solution of CHCN and HO
containing 0.1% trifluoroacetic acid. The cell cuét supernatant is diluted 10-fold with an
cyano-4-hydroxy-cinnamic acid-saturated solutiohef, 0.5ul of this solution is deposited on
the target. Measurement is performed using a U\érlatesorption-time of flight mass
spectrometer (Bruker Ultraflex tof; Bruker Daltosjcequipped with a pulsed nitrogen laser (
337 nm). The analyzer is used at an acceleratittage of 20 kV. Samples are measured in the

reflectron mode.

1.1.4.2. Fourier transform infra red (FTIR) spectroscopy

A classic method for structure analysis is IR spscopy.Irradiation of molecules with IR light
induces an oscillatiorof chemical bonds at characteristic frequencies, dhds, energy is
absorbed. The resulting transmission of radiaionrmeasured and shows deformation bands
which are characteristmf every molecule and allow for the chemisabstances to be identified
from spectrum filesBy comparing the infra red spectra of 2 molecules, are able to know
whether they are the same. Another applicationfod ired spectrum is to give valuable information
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about molecular structure. It also gives informatabout functional groups in given molecules
(Heydet al. 2008).

1.1.4.3. Nuclear Magnetic Resonance (NMR) spectragzy

In the last few years, NMR spectroscopic analysés werformed in principle to confirm the
structure of biosurfactants produced by recentijaied bacteria or mutant strains compared to
the structure of biosurfactants mentioned in tterdture (Itohet al. 1971; Syldatlet al. 1984).

NMR spectroscopy is based on transitions in atomtis & magnetic moment when applying an
external magnetic field. Structure information #aned from three parameters: chemical shifts
of the absorption frequency, coupling (mutual ieflae of adjacent nuclei), and integral height.
Different techniques, such as COSY (correlationrcgpscopy), HMQC (heteronuclear multiple
quantum coherence) can be applied for NMR (&/al. 2005, Monteiraet al. 2007).
Measurements of deuterium-exchanged samples areralgn carried out in chloroform-
deuterated methanol (2/1, v/v) using tetramethasislas the internal standard.

NMR spectroscopy allows for an even more accusatecture and purity analysis than IR

spectroscopy.

1.1.5. Biosurfactants produced byBacillus spp.
1.1.5.1. Introduction

Bacteria of the genuBacillus produce a number of cyclic compounds, which aréobioally
active. Various strains d@. subtilis produce more than twenty different molecules \aithibiotic
activity including many lipopeptides thalso show biosurfactant properties. The cycliccitme

of the peptide part protects the lipopeptides (fégu2) from enzymatic cleavage and maintains
its general stability, so they are commonly resista peptidases and proteases (Nagoesleh
2007). They are synthesized by large multienzymptiateins called non-ribosomal peptide
synthetases (NRPSs). These biosynthetic systerdddea remarkable heterogeneity among the
LP products generated IBacillus with regard to the type and sequence of amino esaiues,
the nature of the peptide cyclisation and lengtth lranching of the fatty acid chain. Variations
in length and branching of the fatty acid chaingl amino acid substitutions allow the

lipopeptides identified so far to be divided intoee groups: the surfactin or lichenysin (Peypoux
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Pumilacidin
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wl Q/Q\ Plipastatin A
~° fl Plipastatin B
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Lenght and branching
of the acyl chain

L-Glu-L-Leu -D-Leu-L-Val-L-Asp-D-Leud-Leu-COOH
L-XL -L-XL ,-D-Leu-L-XL ,-L-Asp-D-Leudl-XL ,
L-Glu-L-Leu -D-Leu-L-Leu-L-Asp-D-LeuL-XP,
L-Glu-L-XS,-D-Leu-L-XS,-L-Asp-D-Leul-XS,

f Aspis engaged in the lactone

i-Cyg, @i-Cyg, N-Cyy, I-Cy5 @I-Cg
i-Cyyy 1Cyy, I-Cy5,@i-Cyg

n, linear

XL; =GInor Glu; XL, =Leu or lle;; XL,and Xl; =Valorlle;

le; Xg=Ala, Val, Leu or lle ; X$= Val, Leu or lle

i,iso A
ai, anteiscr\»T\

L-Asn-D-Tyr-D-Asn-L-Pro-L-Glu-D-Ser-L-Thr n-Cyy, i-Cys, @-Cyg
L-Asn-D-Tyr-D-Asn-L-GIn-L-Pro-D-Asn-L-Thr i-Cyg, i-Cy7, @-Cy;
L-Asp-D-Tyr-D-Asn-L-Ser-L-GIn-D-Ser-L-Thr n-C,,, i-Ci5, @-Cj
L-Asn-D-Tyr-D-Asn-L-Ser-L-Glu-D-Ser-L-Thr N-Cy,, i-Cys, @i-Cyg i-Cyg
L-Asn-D-Tyr-D-Asn-L-GIn -L-Pro-D-Asn-L-Ser n-C,,, i-Ci5, @-Cj5
L-Asn-D-Tyr-D-Asn-L-GIn-L-Pro-D-Asn-L-Ser n-Cyq, i-Cig
L-Asp-D-Tyr-D-Asn-L-GIn-L-Pro-D-Asn-L-Ser n-Cyy, i-Cys, @-Cyg
L-Asn-D-Tyr-D-Asn-L-GIn -L-Pro-D-Ser-L-Asn n-Cyg, i-Cyq, @i-Cy;
L-Glu-D-OrnBD-Tyr -D-aThr-L-GluD-Ala-L-Pro-L-GIn-L-Tyr -L-lle ai-Cyg, i-Cpg, N-Cig
L-Glu-D-Ormb-Tyr -D-aThr-L-GluD-Val-L-Pro-L-GIn-L-Tyr -L-lle ai-Cyg, i-Cig, N-Ci, Cy;
L-Glu-D-Orrk-Tyr -D-aThr-L-GluD-Ala-L-Pro-L-GIn-D-Tyr -L-lle n-Cyq, ai-C;
L-Glu-D-Orr=-Tyr -D-aThr-L-Glu-D-Val-L-Pro-L-GIn-D-Tyr -L-lle n-Cy, ai-C;

Figure 1.2 Structures of representative members dinersity within the three lipopeptide families

synthesized byacillus species. Boxed structural groups are those that wiown to be particularly

involved in interaction with membranes and/or anpp®sed to be important for biological activity in

addition to the cyclic nature of the molecule. Tie best of our knowledge, no clear data are avaitab
date for fengycins in this context. Boxed blue,etyf branching (lineaiso, anteiso); boxed orange, acyl
chain length; boxed red, ionisable or polar grolqusxed green, hydrophobicity of residue in positgn
boxed yellow, L-Asx(1)-D-Tyr(2)-D-Asn(3) sequen€@ngena and Jacques 2008).
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et al. 1999; Mulligan, 2005), iturin (Tsuget al. 2005) and fengycin families (Ongeefal.
2005b). They are composed of seweamino acids (iturins, surfactin and lichenysin)ten -

amino acids (fengycins).

In artificial media, cells in the transition fronxmonential phase to stationary phase mostly
produce surfactins, while fengycin synthesis isagetl to early stationary phase and iturins only
accumulate later (Jacquetsal. 1999; Koumoutset al. 2004).

These compounds have many pharmacological activiaatibacterial (Thimoret al. 1992;
Toureet al. 2004; Stein 2005), antifungal (Thimenal. 1992), antiviral (Krachét al. 1999), and
antimycoplasma properties (Vollenbroiehal. 1997), inhibition of the fibrin clot formation en
hemolysis (Arimaet al. 1968; Cameotrat al. 2004); formation of ion channels in lipid bilayer
membranes (Sheppaetial. 1997); antitumour activity against Ehrlich’s desi carcinoma cells
(Cameotra et al. 2004); and inhibition of the cyclic adenosine-8i6nophosphate
phosphodiesterase (Hosombal. 1983). A comparison between the activities of diféerent
variants of the three families of lipopeptides proeldd byB. subtilis shows that the amphiphilic
character is not the sole trait explaining thesdogical activities. Within each family, some
structural homologues are seemingly more active thiders (Fickerst al. 2009). Specific
functions present in the peptidic moiety are alsgpartant (Ongena and Jacques 2008).
Lipopeptides are capable of penetrating into mendreells, with the lipophilic hydrocarbon
chain interacting with the plasma membrane lipidiatyp while the polar amino acids in the
peptide part interacts with the polar phosphatiohdieties. Whether lipopeptides are able to
damage the integrity of the plasma membrane ornternem-conducting pores depends on the
nature of the lipopeptides and on the phospholipfdee membranes.

These amphiphilic molecules are responsible forbibeontrol of plant pathogens B, subtilis.
Indeed, recent advances show that they can aaintptas ‘antagonists’ or ‘killers’ by inhibiting
phytopathogen growth but also as ‘spreaders’ bylitkdmg root colonisation and as ‘immuno-

stimulators’ by reinforcing the host resistanceeptill (Ongena and Jacques 2008).
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1.1.5.2. Surfactins family
1.1.5.2.1. Surfactin

Surfactin was first isolated in 1968 froB) subtilis IAM 1213 (Arimaet al. 1968). Surfactin or
closely related variants such as lichenysin hawen bsolated fronBacillus coagulans, Bacillus
pumilus and B. licheniformis. It was demonstrated to have exceptional surfaganperties and is
still considered as one of the most powerful bifastiant (Maget-Dana and Ptak, 1992; Heerklotz
and Seelig, 2001).

e Structure
Surfactin contains a heptapeptide with the chieduence LLDLLDL, interlinked with &-
hydroxy fatty acid to form a cyclic lactone ringigtture (Figure 1.2 and 1.3). The length of the
carbon chain of-hydroxy fatty acids ranges from C13 to C16 €Lal. 2009). The structure and
chain length of the lipid moieties are criticallependent on the culture conditions of the
producing bacterium (Bessahal. 1992; Okaet al. 1993; Akpaet al. 2001). For example, the
supplementation of the branched amino acids, V#lepted to typical variations, in relation with
the amino acid structure (Bessdral. 1992; Grangemaret al. 1997).

LFO —L Gt —pLLen —pD Leu
LFHE
CH3(CHs)CH(CHa)nCH
El:) 4—LLeu DLeu 1—L:3p

v
LVa

Figure 1.3 Surfactin S1 structure.

Surfactin’s three-dimensional structure has begmegmentally determined by high resolution
'H NMR combined with molecular modeling techniquBsrimatinet al. 1994). In its backbone

folding, surfactin adopts a “horse saddle” topologhgo called @-sheet structure, which along
with strong surfactant properties is probably respae for its biological properties.
Membrane penetration by surfactin is facilitatedthe presence of cations (Maget-Dastaal.

1995). The two acidic residues Glu-1 and Asp-5 farwell-suited “claw”, which can easily
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stabilize a surfactin-Ga 1:1 complex via an intramolecular bridge (MagenBat al. 1992).

This effect of Ca2+ ions on the surfactin conforioratpromotes the deeper insertion of the

lipopeptide into the membrane.

e Physico-chemical properties
It is a powerful biosurfactant with exceptional dsiying and foaming properties that reduces
ST of water from 72 mN thto values in the range of 25-30 mN'(Bonmatinet al. 2003).
Surfactin (mixture) has a critical micelle concatibn (CMC) of 10 mgt (Ishigamiet al. 1995).
In literature, different CMC values have been régayr which depend on measurement
conditions.
Dufour et al. (2005) showed that the loss of the cyclic strieetoes not suppress the surface-
active properties in surfactin, but only reducesnh The number of carbon atoms in fatty acid
chain has an important role in tensioactive progerof it, so that CMC value decreased as
carbon chain length rises. & al. (2009) observedhat the CMC value of surfactin-C16 is
smaller than that of the surfactin-C13 and C14.

The residue type also influences these propeities.study, when Leu (7) was substituted by lle
(7) or Val (4) with lle (4), the CMC decreased. &rsurface properties increase steadily when
increasing the hydrophobicity (hereby, the apolamdin favour micellization) of residues at
positions 4 and 7, the hydrophobic character of dpelar domain governs intermolecular
hydrophobic interactions (Grangematdil. 1997).

The presence of salts in aquous phase influencese tiparameters; for example, as the
concentration of Nawas increased CMC, ST and micropolarity of thefamtin micelles
decreased (Thimoet al. 1992; Liet al. 2009). Liet al. 2009 concluded that addition of sodium
ions facilitates micellization and enhances thdagar activity and solubilizing properties of the
surfactin-C16.

Surfactin forms rod-like micelles with an aggregatnumber of ~170 (Heerklotz 2001).

The influence of Naconcentrations on the aggregation number (N) Wsxs iavestigated by Li

et al. (2009). The values of N decreased as the coratemtrof Na was increased. These values

were smaller than those obtained by static liglatttedng measurement by Ishigami (121 in
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concentration 0.02 MYNa and 75 in 0.3 Mt Na+). It is possible that the presence of Neads

to a stronger and tighter micelle structure andstimactin forms smaller micelles. However, the
aggregation numbers obtained by the steady-stateeicence method (Et al. 2009) need to be
justified under special conditions, so further wirkieeded to quantify the aggregation number.
Temperature has an important impact on mobilithydrophobic fatty acid chains of surfactin
molecules, while pH exerts influence mainly on mation of the peptide loop (Soegal. 2007).

» Biological activity
Because of its amphiphilic nature, surfactin cao akadily associate and tightly anchor into lipid
layers. It can thus interfere with biological meane integrity in a dose-dependent manner. At
moderate concentrations, the lipopeptide forms dosnsegregated within the phospholipids that
may contribute to the formation of ion-conductingrgs in membranes and at high
concentrations, the detergent effect prevails (Batirmet al. 2003). This lipid bilayer
destabilisation process is facilitated by the tmensional form of the surfactin molecule
featuring charged side chains protruding into tipee@us phase and apolar moieties reaching into
the hydrophobic core of the membrane (Dedeal. 2003; Heerklotzt al. 2004). It shows the
importance of hydrophobic interactions in penetratf surfactin into the membranes. Surfactin-
induced pores show some selectivity for potassiurar mther cations (Maget-Dana 1985;
Sheppard 1991).
Surfactin in concentrations of 30-6M is cytotoxic to several human and animal cellegin
(Vollenbroichet al. 1997) and provoke hemolysis (Dufaial. 2005).
It has been reported that surfactin lyses protozoembranes (Gouldt al. 1971) and inhibits
starfish oocyte maturation at a concentration pi3(Torayaet al. 1995). It also shows insecticidal
activity against the fruit flybrosophila melanogaster (Assieet al. 2002). Inactivation of enveloped
viruses such as vesicular stomatitis virus (VSWiyan foamy virus (SFV), and suid herpesvirus 1
(SHV-1) by surfactin depends on its hydrophobidite C14 and C15 isoforms were more antiviral
than C13 (Krachét al. 1999). Surfactin is well qualified to maintaimus and mycoplasma safety in
biotechnological products.
The presence of cholesterol in the phospholipidriagtenuates the destabilizing effect of surfactin
(Carrillo et al. 2003), which suggests that the susceptibilithiofogical membranes may vary in a

specific manner depending on the sterol conterth®ftarget organisms. This could explain why
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surfactins display hemolytic, antiviral, antimycagpina and antibacterial activities but intriguingly,
no marked fungitoxicity (Ongena and Jaques 2008).

When it is associated with the antifungal iturin aother lipopeptide co-produced Bysubtilis,
surfactin has strong synergistic effects (Grangdretaal. 1997).

Surfactin-producindB. subtilis strains have high swarming motility and biofilmrfaation, whereas
surfactin non-producing strains did not swarm amfdiofilm (Connellyet al. 2004). Surfactin
promotes bacterial cell motion by lowering the aoef tension (Kinsingest al. 2003; Mukherjee
and Das, 2005). It does not induce biofilm format@s a surfactant but rather as a signaling
molecule. Surfactin might act as an ‘autoinducer'quorum-sensing’ signal made By subtilis
under certain conditions that might regulate thgression of genes involved in biofilm formation
(Lopez et al. 2008). Harshet al. (2004) observed thd. subtilis 6051 forms a stable, extensive
biofilm and secretes surfactin, which acts to miopéants against attack by pathogenic bacteria.
Moreover, surfactin have been found to inhibit #whesion of pathogenic organisms to solid
surfaces or the infection siteB. licheniformis strain 603 produced a lipopeptide that prevents
adhesion of cells to a glass surface at the coratimt of 1.6 pg mt. It exhibited a considerable
growth-inhibiting activity againsCorynebacterium variabilis and a much lower activity against
Acinetobacter sp. (Batrakovet al. 2003). Surfactin also decreased the amount éfrbiformed by
Salmondla typhimurium, Salmonella enterica, Eschericha coli and Proteus mirabilis in polyvinyl

chloride wells, as well as vinyl urethral cathe{@sydlova and Svobodova 2008).

» Effective agents on growth and production
Different culture media are used for growth anddpmtion which contain carbon and nitrogen.
Carbon source usually is a carbohydrate such agpu Sucrose and fructose have also been
mentioned as efficient carbon sources while thegaree of glycerol greatly decreased surfactin
production (Peypouxt al. 1999).Amino acids, ammonium sulphate and yeast extracbeaused
as nitrogen source. The presence of salts is afriapce too.
The common media used include Cooper medium (Ca#@br 1981) and Landy medium (Landy
et al. 1948). The earlier studies carried out in nutrieoth gave a very low yield of 0.1 g(Arima
et al. 1968). In subsequent studies, a minimal minexi$ snedium, containing NfNO3 (0.05 M)
as the inorganic nitrogen source and glucose (&/ha carbon source, was defined by Cooper

(Cooper's medium). The replacement of Cooper'soggin source and the introduction of O
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limitation, which redirects the energy flux intoopuct synthesis, have led to a productivity oflZ,g
about 10-fold higher than Cooper's basal yield (kral. 1997). Some studies were performed for
optimization of culture media too (Jacqeeal. 1999).

The most important parameters for growth and prodocare temperature and agitation. The

most common used temperatures are 30°C and 37°C.

1.1.5.2.2. Lichenysin

B. licheniformis is a Gram-positive endospore-forming organism taat be isolated from soils
and plant material all over the world (Sneattal. 1986). This species is closely related to the
well studied model organisi subtilis (Table 1.4).

Recent taxonomic studies also indicate ®Balicheniformis is closely related t@. subtilis (B.
licheniformis shares 872 genes wibh subtilis) (Table 1.4)andBacillus amyloliquefaciens on the
basis of comparisons of 16S rDNA and 16S-23S iafetranscribed spacer (ITS) nuleotidic
sequences (Xu, 2003).

Lichenysins are surface-active lipopeptides withibamtic properties produced non-ribosomally
by different strains oB. licheniformis. Lichenysin A, produced bB. licheniformis strains ATCC
10716, BAS50 and BNP29, is a cyclic lipoheptapeptatharacterized as one of the highest
biosurfactant activities reported (Yakimat al. 1995), whileit is produced in much lower
amounts than surfactin (Yakimetal. 1996).

Table 1.4. Comparison of genomeBoflicheniformis andB. subtilis

B. licheniformis  B. subtilis

chromosome chromosome
Size (bp) 4,222,748 4,214,810
Number of genes 4,286 4,112
% coding 87.9 87.0
% G+C 46.2 43.5
rRNA operons 7 10
tRNA genes 72 86
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e Structure
Lichenysin A, as it was proposed before by NMR gsialand FAB-MS/MS analysis, has seven
amino acid residues in its peptide moiety with flllowing sequence: Gin-Leu-Leu-Val-Asp-Leu-
lle. It is a mixture of isomeric and homologous @amnds differing by the lipid parts representing
by linear and branched L-hydroxy fatty acids raggin size from C12 to C17 (Yakimost al.
1999). It has the chiral sequence LLDLLDL. Yakim@®95) initially proposed Gin (1) and Asn
(5) for lichenysin structure, but in his next expents in 2000, he confirmed GIn and Asp for
lichenysin.
In the positive FAB ionization MS mode, the mostiadiant molecular ions [M+H] were detected at
m/z 1035, 1021 and 1007. The negative FAB ionipafidS of native lichenysin A showed
deprotonated molecular ions at m/z 1061, 1047, 10389, 1005 and 991 with m/z 1033, 1019 and
1005 being the major ions. The main L-hydroxy fadigid residues in the lipophilic part of
lichenysin A molecules was shown to be C13, C14@mh8l acids (Yakimoet al. 1999).
Lichenysin A differs structurally from surfactin ithree aspects, namely qualitatively, in two
constituent amino acids (it has glutamine instefagldamate as the first residue, and isoleucine
instead of leucine as the last), and quantitatjvielghe composition of its lipid substituentsidt
likely that the Glu/GlIn difference is the most redat to the difference in activities of these two
lipopeptidesThis local variation causes significant changetheproperties of the molecules. In
other words, the less polar peptide moiety angptesence of a long@rhydroxy fatty acid in the
lichenysin A molecules appear to have an importafitence on the surface activity of this

lipopeptide. This may be due to the delicate hytilegipophile balance.

» Physico-chemical properties
Grangemarckt al. (2001) showed that lichenysin has a higher stafagoower than surfactin,
CMC being strongly reduced from 220 to g® (in the presence of 5 mM Tris) and a much
higher hemolytic activity because 100% hemolysis wlserved with only 1pM instead of 200
uM. Lichenysin is also a better chelating agent tharfactin because its association constants

with C&* and M§+ are increased by a factor of 4 and 16, respeytivdiis effect is assigned to
an increase in the accessibility of the carboxyugrto cations owing to a change in the side
chain topology induced by the glutamate/glutamirehange. Data support the formation of a

Iichenysin-Cgt+ complex in a molar ratio of 2:1 instead of 1:1wgurfactin, suggesting an
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intermolecular salt bridge between two lichenysioleaules. When G4 ions are present in the

solution, micellization occurs via a dimer assembijth a possible long-range effect on the
spatial arrangement of the micelles or other supkrcalar structures (Grangemaetal. 2001).

It is a heat stable lipopeptide (100°C, 20 min) @ndlso stable against pronase (200 ug, 8l
h), HCI (pH 2, 30 min) and NaOH (pH 12, 30 min).

Purified lichenysin A decreases the ST of watemfit2 to 28 mN i. It also shows a lowering of
ST at high NaCl concentrations up to 30% (w/v). Meey low CMC 12 mgt shows that
lichenysin A is effective at dilute concentratiofsactions of lichenysin A with branch¢dOH
acids in the lipid tail demonstrated lower ST dttithan the fractions of lichenysin A having
straightp-OH acids (Yakimo\et al. 1996).

» Biological activity
The antibacterial activity of lichenysin A has bedamonstrated against some bacteria. The
lipopeptide lichenysin A inhibited the growth of stoof the bacteria tested on nutrient agar
plates, but this inhibition was less than that okesgwith surfactin (Yakimoet al. 1995).
To clarify the role of the polar groups on the introbial activity, lichenysin A was treated with
alkali to open the lactone linkage and derivatizgtl diazomethane. The open form of lichenysin A
had approximately the same antimicrobial activéyree closed form, but when the free polar groups

were esterified, the activity disappeared (Yakirapal. 1995).

» Effective agents on growth and production
In contrast to the lipopeptide surfactin, lichengsseem to be synthesized during growth under
aerobic and anaerobic conditions (Kahal. 1999). It is well known that the production of sho
lipopeptides is dependent on the composition ofciieure medium (Yakimoet al. 1995) and
the nutrient conditions can affect the compositbthe product peptide (Koret al. 1999).
Addition of branched-chain-amino acids to the medium caused similar changdsth cellular
fatty acid and t@-OH fatty acid composition in the lipophilic part lchenysin A. Production of
lichenysin A was enhanced about 2 and 4-fold bytiaddof L-glutamic acid and L- asparagine,
respectively. It is suggested that these aminosatidy be involved in the control of lipopeptide

formation.
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The strain BAS50, a lichenysin A producer, grewmedium with a range of 0 to 13% (w/v)

NaCl, at temperatures of 25 to 55°C and pHs oft&.8.5. During the different growth phases,
the ST of the anaerobic cultures was similar ta diaaerobic cultures, but its minimum value
was 35 mN rit. Optimal growth and surfactant production undeseabic conditions occurred

in Cooper’s medium with 5% NaCl at 40 to 45°C.

Glucose and sucrose but not fructose and maltopposied the best surfactant production.
Increasing the glucose or sucrose concentratiorveal®$o (w/v) does not affect surfactant
production. Solutions of molasses with concentretiof up to 4% (v/v) in Cooper’s medium

supplemented with 0.1% NaBlo0.05% yeast extract supported the growth of BASS5A

surfactant production at temperatures of up to 50°C

1.1.5.3. Iturin family

Iturins are produced . subtilis and other closely relatdhcilli, e.g.B. amyloliquefaciens (Souto

et al. 2004). The iturin group comprises iturins A—Ecitbtamycins D, F, and L, and mycosubtilin
(Stein, 2005). Iturin A, the best known member, vgatated fromB. subtilis, strain taken from the
soil in lturi (Zaire) during the year 1957 (Delcaenbnd Devignat 1957). They contain a cyclic
heptapeptide acylated wiflkamino fatty acids and the constant chiral sequeB&LLDL (Figures

1.2 and 1.4). They are neutral or monoanionic gpdiles and contain a mixture of isomers ranging
from 14 to 17 carbon atoms in theiso andanteiso configuration (Isogagt al. 1982). In different

family members, the amino acid residues in thedpggtides vary slightly (Figure 1.2).

00 —pL Asn 3D Trr —D Asn
' v

e LG
CH(CHz) GE(CEz) CE i

CHs  NH 4L Ser D Asn ¢LPro

Figure 1.4. lturin A structure.

lturin A has CMC of 40 mg riti(Maget-Danaet al. 1994) and reduces surface tension of water to
54 mN m. Unlike surfactin, the presence of salts doesimfiience ST of iturin but decreases
CMC. It has the ability to form foam and to statalit (Razafindralambet al. 1998). The mixture
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of surfactin and iturin in ratio of 2/3 exerts sygie effects (Razafindralamba al. 1997b). It has
been shown that, in addition to the monomer or Haicerganizations, at higher concentrations
than CMC, another type of aggregate different ftbe micelle is preferred, probably a lamellar
vesicle, whose proportion increases as the coratentrof iturin is raised. For iturin A micelles,

an aggregation number of 7 has been proposed @&au2001).

Iturin A retained 100% biological activity after dteng for 30 min at 100 °C and 60% after
autoclaving for 20 min at 120 °C as measured with fungal inhibition test (Yt al. 2002).
Biological effects of the iturin family are due tioeir capability of forming ion-conducting pores.
These molecules disrupt the yeast plasma membsaf@rhing small vesicles and by aggregating
membrane-spanning particles. It has been shownthbatlifferent biological activities of iturins,
especially their antifungal property, depend orhldbe lipid tail and peptide ring, with a key role
played by the D-Tyr residue in the peptide backbwhieh needs to have a free hydroxyl group for
an optimal interaction with the target cells andrfimg pores (Bonmatiet al .2003). This residue
was found to be essential for functional activitiiler the impact of the other residues was less
important (Bessorgt al. 1979). Iturin-induced pores show a slight seldistifor anions over
cations.

As far as the lipid moiety is concerned, the itigriscids with 16 and 17 carbon atoms are assumed
to be the best fitting for hydrophobic interactiamgh the ergostrol and phospholipid chains, since
the lipopeptides containing a majority of thesedsicre the most active (Bonma#nal. 2003;
Toureet al. 2004; Fickerst al. 2009).

Their fungitoxicity increases with the number oflman atoms in the fatty acid moiety, i.e., the
C17 homologues are 20-fold more active than the 0frs (Leclereet al. 2005). Intensity of
production of homologue compounds depends on thesind the culture medium (Akeaal.
2001).

Iturin A and bacillomycin L provoked hemolysis araleased K from erythrocytes (Arandet al.
2005). Iturin A induced morphological changes inmiam erythrocytes (Thimomet al. 1994).
Mycosubtilin altered the permeability of the plasmambrane, releasing nucleotides, proteins, and
lipids from yeast cells (Besson and Michel 1989 &sing erythrocytes (Bessat al. 1989).
Mycosubtilin formed pores in dimyristoylphosphattholine (DMPC) membranes by interacting
with the phospholipids, forming a complex with asikrol; thereby stabilizing the ion pore (Maget-
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Dana and Ptak 1990). The lipopeptides of the itiamnily are more active in membranes containing
cholesterol, such as mammalian cells, than in thesgerol-containing fungal cellslowever, the
underlying mechanism is based on osmotic pertubadue to the formation of ion-conducting
pores and not membrane disruption or solubilizai®icaused by surfactins (Arareal. 2005). In
this respect, it should also be noted to its comagon and self-association property (Bonmatial

. 2003), although the self-associated processdtdseen understood at the molecular level.

Members of this family exhibit a rather limited ivaicterial activity(Maget-Dana and Peypoux,
1994) restricted tdMicrococcus luteus (Bessonet al. 1978) and no antiviral activities (Y& al.
2002; Hiradatest al. 2002). They also display a stromgvitro antifungal action against a large
variety of yeast and fungi. Overproduction of mydaidin by the recombinanB. subtilis strain
BBG100, had significant antagonistic propertiesiragaphytopathogenic fungBotrytis cinerea,
Fusarium oxysporum andPythium aphanidermatum, and yeasts?ichia pastoris andSaccharomyces
cerevisae (Leclereet al. 2005). This strain is a derivative Bf subtilis ATCC 6633 and has a 15-
fold higher mycosubtilin production rate than ttergmtal strain. Besides the antifungal activities,
mycosubtilin is also involved iBacillus spreading. Lecleret al. (2006) demonstrated that
overproduction of mycosubtilin is directly relatedlan enhanced invasive behaviour. Addition of
the purified lipopeptide to the medium caused thteaacement of swarming motility & subtilis
168, which is known as a non-spreading strain @lutkaet al. 2004). The role of mycosubtilin in
this process is based on an increase of the wégtaind a decrease of the surface tension of the
medium. Numerous studies have shown the poteritiddeoiturin family as alternative antifungal
agents. Isomers of iturin A purified from cultuneth were responsible for inhibition Bhizotecnia
solani growthin vitro (Yu et al. 2002). Moreover, Soutd al. (2004) indicated that those excreted
secondary metabolites efficiently inhibited mycedi@wth of Fusarium oxysporum, Rhizoctonia

solani, Fusarium solani andSclerotinia sclerotiorum.

1.1.5.4. Fengycin family

The third family of LPs comprises fengycins A andvhich are also called plipastatins (Figure
1.5). These molecules are lipodecapeptides witintamnal lactone ring in the peptidic moiety
and with ap-hydroxy fatty acid chain (z to Cg) that can be saturated or unsaturated. The

structure of fengycin A contains D-Ala6 insteadtioé D-Val6 of fengycin B. Fengycins have
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stereoisomeric composition different from those phpastatins. Fengycins contain D-Tyr3
instead of the L-Tyr3 of plipastatins and L-Tyr$t@ad of the D-Tyr9 of plipastatins (Volpen
al. 2000). Fengycin-producing strains were identifiadB. cereus and B. thuringiensis in
addition toB. subtilis andB. amyloliquefaciens.

CH3{CHy)yCHOH(CHy)CO—L Glu —pD Om —pL Tyr —pD Allo Thr ~pL Glu —pD X

| v

O 4L0e 4DTsr 4LGh 4+LPro

Figure 1.5. Plipastatin structure. X=Ala or Valplipastatin A and B, respectively.

Hathoutet al. (2000) reported fronB. thuringiensis kurstaki HD-1 an antifungal compound
structurally resembling plipastatins and fengycinSengycins and plipastatins inhibit
phospholipase A2, an enzyme affecting inflammati@eyte hypertensions, and blood platelet
aggregation (Volporet al. 2000). B. thuringiensis strain CMB26 produced an analogue of
fengycin with a double bond in the fatty acid. Bsvfungicidal, bactericidal, and insecticidal, and
was more effective against fungi than iturin offactin (Kimet al. 2004).

In low molar ratios from 0.1 to 0.5 of fengycin/dimitoyl-phosphatidylcholine (DPPC)
membrane, fengycin forms pores and at a ratio 666, it acts as a detergent that solubilizes
membrane (Deleet al. 2005). Fengycins are less hemolytic than ituand surfactins (40-fold
less than it) but retain a strong fungitoxic adyivinore specifically against filamentous fungi
(Vanittanakomet al. 1986; Hofemeistegt al. 2004; Koumoutset al. 2004). Mechanistically, the
action of fengycins is less well known comparedotber lipopeptides but they also readily
interact with lipid layers and somewhat retain phaential to alter cell membrane structure
(packing) and permeability in a dose-dependent {2gleu et al. 2005). Deleu et al. 2008
recently reported that the mechanism of fengycitioacis probably based on a two-state
transition controlled by the lipopeptide concentnrat One state is the monomeric, not deeply
anchored and nonperturbing lipopeptide, and therddtate is a buried, aggregated form, which is
responsible for membrane leakage and bioactivitye Tholecular mechanism underlying this

membrane perturbation is not yet fully understood.
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Lipopeptides act in a synergistic manner as sugddsy several studies on surfactin and iturin
(Maget-Danaet al. 1992, surfactin and fengycifOngenaet al. 2007 and iturin and fengycin
(Koumoutsiet al. 2004; Romeret al. 2007).

1.1.5.5. Biosynthesis of lipopeptides iBacillus

Lipopeptides fromB. subtilis are synthesized by non-ribosomal peptide synteetéRPS) or
hybrid polyketide synthases/non-ribosomal peptigethetases (PKS/NRPS) (Figure 1.6). These
modular proteins are responsible for the biosymhe$ several hundred bioactive compounds
(Figure 1.7). They are megaenzymes organized @raative functional units called modules that
catalyze the different reactions leading to poligestor peptide transformation. Each module is
subdivided in several catalytic domains respondirieeach biochemical reaction. A typical NRPS
module usually comprises about 1000 amino acidluesi and is responsible for one reaction cycle
of selective substrate recognition and activat®@am adenylate (A-domain), tethering of a covalent
intermediate as an enzyme-bound thioester (PCPidhnaad peptide bond formation (C-domain)
(Fiking, 2004). The basic set of domains within edole can be extended by substrate-modifying
domains, including domains for substrate epimedma{E-domain), hydroxylation, methylation,
and heterocyclic ring formation, which are eitheserted at specific locations into the module or ac
in trans as independent catalytic units. A thioesteraseaitorfTe-domain) is usually present in the
last module to ensure the cleavage of thioested between the nascent peptide and the last PCP-
domain. In several cases, this thioesterase iomegpe for the cyclisation of the peptide. Three
large open reading frames coding for surfactinlstaises are designatetA-A, sfA-B andsrfA-C
(Peypouxet al. 1995) (Figures 1.6 and 1.8). They present a fliaeay of seven modules (one
module per residue), three modules are preseheiprbducts of botlrfA-A andsrfA-B and the last
one ingfA-C. The fatty acid chain is added to the amino actd/ated in the first module. A first
thioesterase fused with the carboxy-terminal enth@tast activation PCP domain is responsible for
the release of the synthesized product from the ymeatic template. A second
thioesterase/acyltransferase (Te/At-domain) encdofeda fourth genesrfA-D stimulates the
initiation of the biosynthesis (Stelleral. 2004).

Lichenysin A synthetase has modular structure sikdactin. ThdchAA gene product (LchAA)
contains three modules, with a C-terminal epiméoradomain attached to the thirtthAB

encodes LchAB, and has similar structure to LchfcAAC encodes LchAC, one module with an
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additional carboxy-terminal putative thioesterasendin (Grangemaret al. 2001). The third and
sixth modules of LchAA and LchAB, respectively, tain at their C-terminal ends motifs found in

all synthetases producing D-amino acid containgyfides and known as epimerization domains.

SrfA (402 kDa) SrfB (401 kDa) SrfC (144 kDa)
dule 1 dule 3 dule 5 ' dule 7 '
_ module T moduie2 module module 4 module module 6 -
' s
O (NI E O

: s < ¢ 3
=0 o=
4 o- v A al 3

. Cyclization hydrolysis
é\ 'S\ﬁ/‘LOH / \

a HN: }\
= A ” V,L(: SESBEY &
oz.g o o NH m I H c; H o | H g i
‘J\/J‘NH H:L/l\ l / O}OH w/
\rN‘A‘J Acid
HO.
¢S
Cycle

Figure 1.6. The synthesis of surfactin by NRPSadenylation, T: thiolation, C: condensation, Ppan:
phosphopantethein (Sieber and Marahiel, 2003).
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Mycosubtilin operon

HE AL Biks B clEic VEic TRATEATEATE AT AT

Asn Tyr Asn Gin Pro Ser Asn

-

fenF mycA mycB mycC

Surfactin operon
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Val Asp Leu Leu

Glu Leu Leu

—_

sriA-A srfA-B srfA-C sfrA-D

Plipastatin operon

Glu Orn Gln Tyr lle

Tyr a-Thr Glu Ala (or Val) Pro

PPSA ppsB ppsC ppsD PpsE
TRENDS in Microbiology

Figure 1.8. Operons of mycosubtilin, surfactin giigpastatin synthetases. Schematic representafion o
operons (ORFs, domains of NRPSs or PKSs and amiibimcorporated by the different modules)
encoding catalytic machinery responsible for thesyinthesis of representative members of each faohily
lipopeptides produced 8. subtilis. mycosubtilin for the iturin family, plipastatiroif the fengycin family
and surfactin (Ongenret al. 2007).

Similarly, fengycin or plipastatin are synthesiZzBdNRPSs encoded by an operon with five open
reading framedenA-E (or ppsA-E) (Steller et al. 1999). The first three enzymes contain two
modules, the fourth contains three modules anth#teenzyme consists of one module. Contrary to
surfactin and fengycin, iturin derivatives are sgsized by a PKS—NRPS hybrid complex (Tseige
al. 1999; Moynest al. 2004). The operon consists of four ORFs cdkal, mycA, mycB andmycC
orituD, ituA, ituB andituC for mycosubtilin or iturin respectively. The ldstee genes encodes the
NRPSs which are responsible for the incorporatibrthe first residue fomycA (or ituA), the
following four residues fomycB (or ituB) and the two last residues forycC (or ituC). The
difference between structures of iturin A and mytxsin in which the last amino acids are inverted
can be explained by an intragenic domain changgd@ andituC. FenF (ituD) encodes a malonyl-
CoA transacylase (MCT-domain) and timgcA also contains genes related to polyketide synshase
These genes are responsible for the last stepBeobibsynthesis of the fatty acid chain (last

elongation ang8-amination) before its transfer to the first amawid of the peptidic moiety (acyl-
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CoA ligase (AL-domain), acyl carrier protein (ACBrdain),3-keto acyl synthetase (KS-domain),
amino transferase (AMT domain)) (Arenal. 2005).
NRPSs are easily accessible to genetic manipugtigmoviding powerful tools for generation of

novel antibiotics with new properties (Sieber anar&hiel, 2003).

1.1.6. Biosurfactants produced byPseudomonas aeruginosa: rhamnolipids
1.1.6.1. Introduction

Bacteria of the Pseudomonas genus are known to produce glycolipid-type susiaist
(rhamnolipids). They are among the most extensigélgied biosurfactants. They are secondary
metabolites and composed of one or two units afhrwse linked to one or two fatty acid chains
with lengths of 8, 10, 12 and 14 carbons, as veetifal 2- or 14-carbons with a single double bond
(Wanget al. 2007). The different types vary in the numbeswogar groups per molecule and the
length of the lipid chain (Figure 1.9).

(0]
|
OH O_ O—CH—CH,~C—0—CH—CH,-COOH
H;
(CHp)s (CHy)e
“Hj H;
H H
Monorhamnolipid (RhC;(Co)
i
OH O O—CH—CHz—é—O—CH——CHz—COOH
CHj
(C‘:Hz)s 1
CH;
H
OH o
Hj
H H

Dirhamnolipids (Rh,C;¢Cp)
n=2_§, 10,12

Figure 1.9. Structure of rhamnolipids producedPbgeruginosa.
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The type of rhamnolipid produced depends on théebatstrain, the carbon source used, and the
process strategy (Robettal. 1989; Mulligan and Gibbs, 1993). Rhamnolipid analation in the
supernatant starts at the end of the logarithmiaseh since rhamnolipids are secondary
metabolites. The exact physiological role of rhalipias is still undetermined.

The various combinations of these groups generatarge number of possible rhamnolipid
congeners. P to 28 different structural homologues are cutydatown (Dezielet al. 1999; Mata-
Sandovakt al. 1999). The two main rhamnolipids producedbgeruginosa in liquid cultures are
L-rhamnosyl-3-hydroxydecanoyl-3-hydroxydecanoath-(RyCig) and L-rhamnosyl-L-rhamnosyl-
3-hydroxydecanoyl-3-hydroxydecanoate (Rh-RB-Cig) which have quite different physico-
chemical properties (Benincasbal. 2004) In recent years, some publications have reportad th

Rh-Co-Cy10 and Rh-Rh-G-C,g are in fact produced as part of a complex mixtdirdamnolipids.

1.1.6.2. Physico-chemical properties

These anionic compounds are soluble in water ardrigkcohol solutions between pH 6.5 - 7.5.
They are powerful natural emulsifiers capable diigng the surface tension of water from roughly
76 mN m' to 25 to 30 mN M. They reduce the interfacial tension of waterdgitems from 43 to
values below 1 mN thtoo.

Rhamnolipids have an excellent emulsifying powehvai variety of hydrocarbons and vegetable
oils (Abalos et al. 2001). This biosurfactant activity of rhamnolipicnakes them excellent
candidates for assisting in the breakdown and ramot oil spills. They also possess high
emulsifying activity (Van Dyket al. 1993; Mata-Sandovat al. 1999).

The hydrophilic alpha-L-rhamnose sugar combinedht hydrophobic tail gives the molecules
soap-like properties. While an extra rhamnose gagfers more hydrophilicity to rhamnolipids
(monorhamnolipids vs. dirhamnolipids), additionatlions in the fatty acid chains can increase their
hydrophobicity. These properties can affect theilda of rhamnolipids in the aqueous phase (as
monomers or micellar conglomerates), their capgbito solubilize hydrophobic organic
compounds, and the bioavailability of such compesuiiiflata-Sandovakt al. 1999). More
hydrophilic rhamnolipids like Rh-G or RhRh-Cyo yielded CMC as high as 200 mgwhereas

lower values of 5-60 mg'lhave been reported for mixtures containing mambnorhamnolipid
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Rh-Go-Cyo (Syldatket al. 1987; Dykeet al. 1993; Thangamasta al. 1993).The dirhamnolipid
Rh,.C10.C10 shows intermediate CMC values of 40-65 ih(Slyldatket al. 1987; Zangt al. 1992;
Thangamaniet al. 1994).

1.1.6.3. ldentification methods

The methods used for the isolation and chemicdlysisaof rhamnolipids in the few studies all
involved an initial chromatographic separation leé mixtures into various fractions by thin-layer
chromatography (TLC), often followed by high-perfance liquid chromatography (HPLC).
Although these methods give excellent information the structure of the different isolated
rhamnolipids, they are of little help in the stunfythe complete profile of the mixtures, as some
congeners may be lost throughout the various patifin steps (Deziet al. 1999).

HPLC coupled with mass spectrometry currently pressthe most precise method for rhamnolipids
identification and quantification (Deziei al. 2000; Heydt al. 2008).

1.1.6.4. Effective agents on growth and production

Production of rhamnolipids occurs during the stary phase of growth. Some experiments
demonstrated that it is controlled by quorum sep@@chsner and Reiser, 1995; Pearson, 1997).
One of the advantages of rhamnolipids over othesurfactants is their ease of isolation from the
culture (they are exo-biosurfactants), and the tlaat they can be produced in high yield using
relatively cheagarbon sources such as hydrocarbons (C11 and €42est Roberét al. 1989),
vegetable oils, or even wastes from food induditst&-Sandovadt al. 1999) or agriculture (Wang
et al. 2007). Concerning the carbon source, Syldatkl e{1985) demonstrated that although
different carbon sources in the medium affectedctbraposition of biosurfactant production in
Pseudomonas spp., substrates with different chain lengths exdtibno effect on the chain
lengths of fatty acid moieties in rhamnolipids.

It was noted that in addition to carbon sources,gnid age of the culture affects the yield of
rhamnolipid production.

Dependence dPseudomonas spp.biosurfactant production on nutritional and envireamtal factors
has been extensively studied by Guerra-Saattals (1986), Syldatk and Wagner (1987), and Robert
et al. (1989). Syldatlket al. (1985) found that the addition of a nitrogen seutauses inhibition of
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rhamnolipid synthesis in resting cells Bseudomonas sp. strain DSM-2874. The limitation of
multivalent cations also causes overproductiorhefit Guerra-Santag al. (1986) demonstrated
that by limiting the concentrations of salts of megjum, calcium, potassium, sodium and trace
elements, a higher yield of rhamnolipid can beeagtd inP. aeruginosa DSM 2695. Iron limitation
stimulated biosurfactant production i fluorescens (Pearsonet al. 1990a and 1990b) arel
aeruginosa (Guerra-Santoet al. 1984 and 1986).

1.1.6.5. Antimicrobial activity

Rhamnolipids also demonstrate antibacterial anduagtl activities, suggesting possible roles in
the medical and agricultural fields. For exampiembers of th®seudomonas chlororaphis species
were used as biocontrol strains and sprayed direatio plant seeds to protect the seeds against
fungal pathogens (Tomboliet al. 1999). This antimicrobial activity was shown iagaB. subtilis,
Saphylococcus aureus, Proteus wulgaris and Enterococcus faecalis, and against some
phytopathogenic fungal species suchPasicillium spp, Alternaria spp., Gliocadium virens and
Chaetonium globosum (Stranghelliniet al. 1997;Benincasat al. 2009.

1.1.6.6. Biosynthesis

The synthesis of rhamnolipids proceeds by sequagiyieosyl transfer reactions, each catalyzed by
a specific rhamnosyltransferase (Burgerl. 1963) with TDP-rhamnose acting as a rhamnosyl
donor and 3-(3-hydroxyalkanoyloxy) alkanoate actasyacceptor (Maier and Soberon-Chavez,
2000). Rhamnosyltransferase 1 is encoded byhi#eandrhiB genes, which are organized in an
operon and responsible for biosynthesis of monorwdipid. The active enzyme complex is
located in the cytoplasmic membrane, with the Rividtein being localized in the periplasm and the
catalytically active RhIB component crossing the mbeane (Ochsneret al. 1994).
Rhamnosyltransferase 2 is encoded byrtii€ gene that is located in another operon with an
upstream unknown gene (PA1131)Fnaeruginosa PAO1L, and not organized with RhIAB (Rahim
et al. 2001). RhIAB is the key enzyme complex in rhanpidlbiosynthesis, but this biosynthesis is
modulated by the complicated transcriptional regumanetwork inP. aeruginosa (Soberon-Chavez

and Aguirre-Ramirez, 2005).
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1.1.6.7. Applications

Lindhardtet al. (1989) have suggested using rhamnolipids as @ead L-rhamnose for scientific
and industrial purposes.

Rhamnolipids can further be used to improve thegntees of butter cream, decoration cream and/or
non-dairy cream filling for Danish pastries, craists and other fresh or frozen fine confectionery
products (Benincasat al. 2004) and have also applications in cosmeticgrrpaceuticals and
detergent industry (Heyet al. 2008), oil transportation and recovery.

Rhamnolipids produced by. aeruginosa strains are among the most effective surfactantsnwh
applied for the removal of hydrophobic compoundstficontaminated soils (bioremediation).

They can enhance growth of microorganisms on atkafeevorset al. (1991) showedP.

aeruginosa UG2 biosurfactants enhanced biodegradation of sgmecarbons in soll.

1.1.6.8. Colorimetric methods for concentration detrmination

Colour reactions are generally performed by bindiagdye to the rhamnolipid (e.qg.
cetyltrimethylammonium bromide (CTAB) agar test)byrreaction of the rhamnose moiety with
a coloured chemical compound (e.g. anthrone medéimoldorcinol test), which can be quantified
afterwards by photometry. Theassays are still appliedost frequently in rhamnolipid analysis.
One of the main disadvantages of the indirect andricnetric methods described below is the

ignorance of sample composition and, hence, theromece of various rhamnolipid species.

» CTAB agar test
This semi-quantitative agar plate cultivation tssbased on the formation of an insoluble ion
pair of anionic surfactants with the cationic satémt CTAB and the basic dye methylene blue
(Siegmundet al. 1991). As the constitution of the agar mediurmtaiming 0.2 g I* CTAB and
0.005 g I methylene blue, can be altered, this quick and Isirtest is well suited for medium
optimisation and screening new anionic biosurfacpaaduction strains or mutants (Perfueto
al. 2006). Rhamnolipids are detected as dark-blueshalound the colonies, with the spot
diameter being dependent on rhamnolipid concentratNevertheless, care has to be taken in
quantification, as the spot diameter is influend®sd variable cell growth of the bacteria,
cultivation time, migration of the rhamnolipids,difilling level of the agar plates.
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* Anthrone method
This colorimetric test is based on the reactiorhaimnose in the presence of a strong acid with
anthrone (9,10-dihydro-9-oxoanthracene), formimty@ by heating, which can be measured at

625 nm by a photometer against a calibration cuntle rhamnose orhamnolipid (Figure 1.10).

wane S0
0OH 2 aH
0
CH, > +HSES0, — » N +3IH0 D blug-green dye
r’ 4]

oM

o OH miethytiuriural arcnal
thamnose
oM

Figure 1.10. Reaction scheme of the anthrone rdedhd orcinol assay

As it is a quick and simple assay that does natireqany expensive instrumentation, it is often
used just for the detection of rhamnolipids or do@antification of the total rhamnolipid content
down to 20 mgt. For this purpose, the composition of the rhanmidlimixture has to be known.

However, it generally changes during rhamnolipidduction or in adsorption experiments
(Noordmanet al. 2000), which may render the method inacurate.ithally, interferences of

several solvents, inorganic salts (e.g. NaCl), @aybor oxidising compounds, and proteins with
the reaction have been reported (Hodgel. 1962). An advantage consists in the possibility o

treating larger quantities of samples on the miitre plate scale.

» Orcinol assay
In analogy to the anthrone method, this method fiemtiby Chandrasekaran and BeMiller
(1980) is based on using a dye for the quantificatf the rhamnolipid content in a sample
measuring the absorption at 42in (Figure 1.10). In this case, the rhamnose mtdeof
rhamnolipids reacts with sulphuric acid and orcifb)3-dihydroxy-5-methylbenzene) at high

temperature (30 min at 80°C) to give a blue-gresdaus.
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1.2. Techniques for study of surface properties
1.2.1. Contact angle measurement

Over the years, several methods to measure theiydbicity, including contact angle methods,
microbial adhesion to hydrocarbon (MATH) and hydrobic interaction chromatography have
been used. Bunstet al. (1989) studied the surface activity of bacteriantgasuring the contact
angles obtained after adding the bacteria to amdip. Contaciangle can be measured by
producing a drop of pure liquid on a solithe contact angle is located at the interface batwe
the droplet and the solid surface. In the absehsadactant, water molecules on a hydrophobic
surface adhere strongly to each other and so ther weoplet retains a round appearance with a
contact angle of more than 90°, while in the presenf biosurfactants, the adherence forces are
reduced causing the droplet to spread out flattiorgga contact angle of less than 90° (Figure
1.11).

Liquid droplat ', ',

A

Figurel.11. Contact anglé)(measured by goniometer. Middle image shows anaaiplet on Teflon and
the right image shows the same after conditionfrgudace with surfactin.

Goniometer (Figure 1.12) or contact angle goniomist@an instrument that is used to precisely
measure static and dynamic contact angles of lquid solids.The modern contact angle
goniometer was invented by Dr William Albert Zismah the Naval Research Laboratory in
Washington DC and built by ramé-hart Co. in Newsdgr The current generation ramé-hart
goniometer replaces the microscope with a digitmhera and imaging software to collect and
measure contact angle. Additionally, the new gdiraof instruments can calculate surface
energy, surface tension as well as perform advagremd receding measurements and other more
advanced tasks. Hydrophilicity occurs when a wdtep forms with a small contact angle and

wetting is nearly complete; surface energy is Yyegp. If the water contact angle approaches 0°,
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the material is said to be superhydrophilic. Srispeaking a hydrophilic surface is one that
attracts water. Hydrophobicity occurs when a wdtep forms with a large contact angle. In this

condition wetting is considered poor and surfacargyis low.

Figure 1. 12. A digital goniometer (Digidrop, GBXi&ntific Instruments, France, www.gbxinstru.com)

1.2.2. X-ray photoelectron spectroscopy (XPS)
1.2.2.1. Introduction

The first experimental XPS spectrometer was dewslopy Siegbahn and his team at the
University of Uppsala (Sweden). He was the firstrteasure core levels of chemical shifts in
1957 and to use the electron spectroscopy for a@mshifts analysis (ESCA). In 1967, Kai
Siegbahn published a comprehensive study on XRtgibg instant recognition of the utility of
XPS. In cooperation with Siegbahn, Hewlett-Packarthe USA produced the first commercial
monochromatic XPS instrument in 1969. Siegbahn ivedethe Nobel Prize in 1981 to

acknowledge his extensive efforts to develop XR& @nuseful analytical tool.

X-ray photoelectron spectroscopy (XPS) is a quating spectroscopic technique that measures
the elemental composition, empirical formula, cheghstate of the elements that exist within a
material (Rouxhegt al. 1991). It has indeed become a technique of miagportance in the field

of material science, owing to the importance otif#cial phenomena such as adsorption and
adhesion. This includes the domain of biomateritils, performances of which rely strongly
upon the interactions between the surface and oellsiological fluids. It can be applied to

systems with biological nature (microbial cells aoedd products) (Van der Mast al. 2000;
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Ahimou et al. 2007), but it requires particular precautionsttees samples are exposed to high
vacuum during the analysis. XPS spectra are addaby irradiating a material with a beam
(Figure 1.13) of aluminum or magnesium X-rays whileultaneously measuring the kinetic
energy (KE) and number of electrons that escapa tiee top 1 to 10 nm of the material being
analyzed.

XPS is a surface chemical analysis technique #rate used to analyze the surface chemistry of
a material in its "as received" state, or after edneatment such as: conditioning, fracturing,
cutting or scraping in air or ultra high vaccum (\JHo expose the bulk chemistry, ion beam
etching to clean off some of the surface contaronaexposure to heat to study the changes due
to heating, exposure to reactive gases or solytmxmosure to ion beam implant and exposure to
ultraviolet light.

A correlation has been found between the surfacamatal composition and the physico-
chemical properties of microorganisms (Rouxbetl. 1994; Van der Megt al. 2000). In a
study, the increase of polysaccharide concentrattaime surface of germinating fungal spores,
revealed by XPS, was related to a change of surfephology and an increase of adhesiveness
(Dufreneet al. 1999). In other study, the surface chemical casitjpm of strains oB. subtilis
was determined by X-ray photoelectron spectroscimgycating that XPS data are relevant to the
natural state of the cell surface. This include&atienships between surface chemical
composition and adhesion or hydrophobicity of macganisms (Ahimoet al. 2007).

Leoneet al. (2006) analyzed chemical composition of the b#adtsurface by XPS permiting to
elucidate the presence of surface sites contaicamgoxylate, phosphate and amine functional
groups.
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Photo-Emitted Electrons (< 1.5 kV)
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Figure 1.13. A schematic of XPS equipment.

XPS is also known as ESCA, an abbreviation for tEdecSpectroscopy for Chemical Analysis.

XPS detects all elements (Figures 1.14) with amitaumber Z) of 3 (lithium) and above.

This limitation means that it cannot detect hydro@e=1) or helium Z=2). Detection limits for

most of the elements are in the parts per thoussanges. Detections limits of parts per million

(ppm) are possible, but require special conditiammcentration at top surface or very long

collection time (overnight).
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Figure 1.14. An Example of a "Wide Scan Survey 8pet' using XPS. It is used to determine what
elements are and are not present.
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Figure 1.15An example of "High Energy Resolution XPS Spectrum"
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High Energy Resolution XPS Spectrum is also calegh Resolution Spectrum. This is used to
decide what chemical states exist for the elemeimgoanalyzed. In Figure 1.15 the Si (2p) signal
reveals pure Silicon at 99.69 eV, a Si203 spedid92.72 eV and a small SiO2 peak at 103.67
eV. The amount of Si20 at 100.64 eV is very small.

1.2.2.2. Applications

XPS is routinely used to determine:

« What elements are present within ~10 nm of the sampface, and in which quantity

« What contamination, if any, exists in the surfatthe sample

- Empirical formula of a material that is free of egsive surface contamination

« The chemical state identification of one or moréhefelements in the sample

« The binding energy (BE) of one or more electrotates

« The thickness of one or more thin layers (1-8 nnaljfterent materials within the top 10
nm of the surface

« The density of electronic states

XPS is used in a lot of industrial sectors inclgdin

Adhesion, agriculture, battery, beverage, bioteahning, catalyst, ceramic, chemical, computer,
cosmetic, electronics, environmental, food, fuiscgeology, glass, laser, lighting, lubrication,
magnetic memory, mineralogy, mining, nuclear, pgoi@ paper and wood, plating, polymer and
plastic, printing, recording, steel, textiles ahihfilm coating.

Materials routinely analyzed by XPS includes inoiggompounds, metal alloys, semiconductors,
polymers, pure elements, catalysts, glasses, cesapdints, papers, inks, woods, plant parts, make-
up, teeth, bones, human implants, biomaterialspuss oils, glues, ion modified materials.

Organic chemicals are not routinely analyzed by ¥B&use they are readily degraded by either

the energy of the X-rays or the heat from non-mbnomatic X-ray sources.
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1.3. Biofilm formation in food industry and detrimental effects

Biofilm forms when bacteria adhere to surfacesqonemus environments and begin to excrete a
slimy, glue-like substance that can anchor therallt&inds of material such as metals, plastics,
soil particles, medical implant materials, anduessA biofilm can be formed by a single bacterial
species, but more often biofilms consist of mangcsgs of bacteria, as well as fungi, algae,
protozoa, debris and corrosion products. Esseptiibfilms may form on any surface exposed
to bacteria and some amount of water. Once anchoradurface, biofilm microorganisms carry
out a variety of detrimental or beneficial reactiofby human standards), depending on the

surrounding environmental conditions.

In food environments, material surfaces are mosnotovered by a conditioning film (Mettler
and Carpentier 1999; Storgards al. 1999b), formed by the adsorption of various organ
materials (proteins, fat, minerals, etc.) due tocsssive runs of food processing and cleaning
procedures.Along with organic material, detergents (Cloete aratob, 2001), surfactants
(Nitschke and Costa, 2007) and disinfectants (Siede Carballo, 2000) may also condition
surfaces and further affect their hygienic progartDevelopment of adsorbed layers, often
termed “conditioning” of a surface, is considerede the first stage in biofilm formation and has
been widely demonstrated. Since the conditionitrgp Btrongly affects the physico-chemical
properties of the substratum (Marshall 1996; Stalget al. 1999a) and thus influence bacterial
attachment, an understanding of these initial au#ons is crucial in identifying control
measures.

One of the decisive arguments when choosing méeioa processing line equipment, along
with their mechanical and anticorrosive propertless become hygienic status (low soiling level
and/or high cleanability). Of these materials,rd&ss steel, which is widely used for constructing
food process equipment, has previously been dematedtto be highly hygienic (Holah and
Thorpe, 1990). It can be produced in various grates finishes, affecting bacterial adhesion
because of their various topographies and phydieoaical properties (Bellon-Fontairet al.
1990; Jullieret al. 2008).

Microbial biofilms which form on all types of sudas in the foodndustry adversely affect the
quality and safety of final products. They usudtlym by various species of microorganisms,

which protect each other against the effects ofidal (antibacterial) agents and are resistant to
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these agentsSeveral reports have shown that sessile bacteeld are more resistant to
environmental changes and cleaningismfection treatments.

The fact that a number of microorganisms are foouhd pathogens, e.§taphylococcus aureus

or Listeria monocytogenes, makes a serious problem directly affecting huimealth.

It has been shown in literature that the preserice apnditioning film may enhance or inhibit
bacterial adhesion (Julliest al. 2008). According to Parket al. (2001), coating stainless steel
(SS) surfaces with skimmed milk proteins decredledattachment of both vegetative cells and
spores of thermophilic bacteria. Conversly, Fihtal. (2001) observed that the attachment of
Bacillus stearothermophilus cells to SS was significantly increased by thespnee of milk on
the surfaces. In a study (Peetgal. 2001), adhesion @. cereus vegetative cells to stainless steel

was positively correlated with the cell surface toyghobicity R=0.979).

Bacillus species have been found to be involved in biofdnmation in different dairy processes
(Flint et al. 1997). Unfortunately, both spores and bacteriaesided in biofilms are of concern
to the food industry because of their strong adim¥eand high resistance to cleaning procedures
(Wirtanen and Mattila-Sandholm 1995). Moreover, exdiy bacteria may detach and a further

cross-contamination of products during processiag otcur.

Bacillus cereus is a common contaminant in raw milk. Spore8otereus are very hydrophobic
and readily adhere to various inert substrata ssctinose found during food processing such as
stainless steel, glass and rubber, and short dgamiplace programmes do not always eliminate
all the spores. Once this first step of adhesialde®n completed, colonization may occur when
environmental conditions become favourable to sgerenination.

This species was demonstrated by Kramer and G{b88&9) to contaminate 43.8% of cream and
dessert dishes and some UHT-processed 1Bdkillus contamination levels may vary greatly,
with up to 16 cfu mi* in raw milk and up to 10cfu mrtin pasteurized milk (Criellyet al.
1994). B. cereus is often implicated in food-borne gastroenteritist may also give rise to
common milk spoilage. Spores adhering to surfaces raore difficult to eliminate by
disinfectants than spores in solution. Mdhycereus spores germinate rapidly in milk upon heat
activation and, if allowed to propagate on surfacesy form biofilms that are extremely difficult
to eliminate Spore-forming bacteria cause special problemsh®ifdod industry. It is not always

possible to apply enough heat during food procgssinkill spores, thus we have to take
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advantage of knowledge of the spore-formers torobrhem. B. cereus is more difficult to
control specifically in the dairy industry, wheteis now causing the main problems. There are
several reasons for the problems in the dairy imrgugirst of all, it seems to be impossible to
completely avoid the presence Bf cereus in all milk samples. Secondly the spores are very
hydrophobic and will attach to the surfaces of piiygelines of the dairy industry, where they
might multiply and resporulate. A third problemtigt pasteurisation heating is insufficient to
kill the spores, while competition from other vemjate bacteria is eliminated. It seems that
severalB. cereus strains have become psychrotrophic over the yasa&jng possible growth at
temperatures as low as 4-6°C (Granetral. 1993a). None of the methods used to control

hygiene in the dairy industry so far are able totaa B. cereus.
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1.4. Aims of the present study

Numerous studies have shown that food-borne patihoged opportunistic bacteria are able to
adhere and to form biofilms on material surfaceantb in food processing environments,
resulting in an important source of contaminatibo.reduce or eliminate microorganisms found
on food contact surfaces, cleaning and disinfecpoocedures using physical and chemical
methods have been extensively used over the ydavgas established that microorganisms
attached to surfaces are more resistant to saiotizthan free-living cells; moreover, microbial

species can become resistant to disinfectants,eheraking difficult the suitable cleaning of

surfaces. Thus, controlling the adhered microoyani is an essential step for food safety
assurance and towards developing new adhesionota@ttategies, which should be constantly
improved in order to provide alternatives to thedandustry. An interesting strategy is the
pretreatment of surfaces using microbial surfaderacompounds also known as biosurfactants.

This study has been focused on how biosurfactaiits aifferent structural traits can modify
surface properties of some substrata, therebyanflea adherence of bacteria on them. First, two
substrata stainless steel and Teflon, which mdshafsed in food industry, were selected. Then,
a set of biosurfactants including surfactin, ituAn mycosubtilin, fengycin and rhamnolipids
were chosen for their structural diversity and rthadility to be easily produced and purified.
They were produced and/or characterized by sewagalytical methods inculding TLC, HPLC,
LC/MS and MALDI/TOF. The influence of these biosasfants on the hydrophilic/hydrophobic
characteristic of the surfaces was thus deterntayagsing contact angle measurement. Adhesion
of B. cereus 98/4 spores was then investigated on these diffeanditioned substrata.

In addition, the two substrata were consideredstoidying the presence, concentrations and
spatial organization of lipopeptides by using XP@lgses.

Since there are many similarities between surfaatid lichenysin A, and the latter has shown
more potent biosurfactant properties, it was detitte produce and purify it. As its producer
strain was unable to synthesize high amounts opbptide, some molecular biology techniques
were employed tget a lichenysin overproducing strain by exchandimggnative promoter of the

lichenysin operon B with a strong and constitutive ongy R
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2. Materials and methods
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2.1. Culture media

* Nutrient agar
Nutrient agar medium is prepared by adding 15'gbhcteriological agar type E (Biokar
Diagnostics, France) to nutrient broth (Biokar Diastics, Franceyhich contains 10 gyeast

extract; 10 gt peptone and 10 g blucose. It is sterilized by autoclave at 12%For 20min.

* Pepton water
Pepton water solution is used in adhesion testdifating. 1.5 g T pepton is added to 100 ml
distilled water. 1 ml of this solution is addeditditre distilled water containing 2% tween 80.
Aliquots of 10 ml of this solution are distributedbig tubes (for putting coupons) and then

sterilized by autoclave at 121 for 20 min.

* Landy medium

Landy medium (Landgt al. 1948)is used for the production of lipopeptides. It corgtas follows:
glucose, 20 ¢gi; glutamic acid, 5 gt yeast extract, 1 ¢ KoHPOy, 1 g I' ; MgSQy 7H,0,

0.5 g KCl, 05 g1t CusQ, 1.6 mg T Fex(SOy)a, 1.2 mg t; MnSOy, 0.4 mg T-. It can be

added 3-[N-morpholino]-propane sulfonic acid (MORBM) as a buffer. The pH is adjusted to 7
with 5M KOH and the medium is then autoclaved @°Clfor 30 min.

* Landy modified medium

It should be added 2.2 g (Ni#SO4 to 1 liter Landy medium.

» Stock solutions
The stock concentrated media are prepared as folow stored at 4°C:
- Glutamic acid:
The solution glutamic acid (20 g I') is adjusted to pH 7 by a 5M KOH solution andikzed by
filtration through 0.2 um filter.
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- Mineral solutions:

The mineral solution No.1 is made ¥Q(K,HPQ,, 40 g I*; MgSQ, 20 g I*; KCI, 20 g I"). To
dissolve the salts, it is acidified by additionHySO, up to be dissolved the salts and sterilized by
autoclave at 110°C for 30 min or sterilized byédtion through 0.2 um filter.

The mineral solution No. 2 is madeXqCuSQ, 64 mg I; Fe (SQy)s, 48 mg I MnSQ;, 16 mg 1

1) and acidified by addition of 430 up to be dissolved the salts and sterilized eltiyeautoclave at
110°C for 30 min or by filtration through 0.2 pridf.

The solution 1 M MOPS is prepared by adding 20t® 300 mL distilled water. The pH is adjusted
to 7 by KOH 5 M, and sterilized by autoclave at 0 @or 30 min or filter-sterilized (0.2m).

* Preparation of 1L Landy modified medium
To prepare Landy modified medium, the followingwtmns are added:
Landy Base glucose, 20 g; yeast extract, 1 g; (88O, 2.2 g; mineral solution No.1 (40, 25
ml; mineral solution solution No.2 (40, 25 ml; 650 ml distilled water.
1 M MOPS solutiont 100 ml.
Glutamic acid: 250 ml (4X).

* Luria-Bertani medium (LB)
The Luria-Bertani medium (Sambroekal. 1989) includes tryptone, 10 §; lyeast extract, 5 g4
NaCl, 10 gt. The pH is adjusted to 7.2. This medium is useddmtain bacteria. It is sterilized by
autoclave at 121°C for 20 min.

» Lindhardt medium
Lindhardt medium (Lindhardet al. 1989) contains (g 1) NaNQ; 15; KCI, 1.1; NaCl, 1.1;
FeSQ.7H,O, 0.00028; KHPQO, 3.4, KHPO, 4.4; MgSQ.7HO, 0.5; yeast extract 0.5;
ZnSQ.7H0, 0.29; CaGl4H,0, 0.24; CuSQ5H,0, 0.25; MnSQH,0, 0.17.
Trace elements solution contains & ZnSQ.7H,0, 0.29; CaGl4H,0, 0.24; CuS@5H,0, 0.25;
MnSQ,.H,0O, 0.17.
5 ml trace elements solution, after autoclaving2dt°C for 15 min or filter-sterilizing is added 1o
litre mineral salts solution (Lindhardt medium) yicsly autoclaved (121 °C, 15 mirfjhe pH is
adjusted to 7 by 1 M KOH.
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*  3M medium
3M medium contains ) NaNQ;, 37.5 mg; MgS@7H,0, 22 mg; KCI, 55 mg; NaCl, 55 mg;
CaCb.2H,0, 2.75 mg; FeSOrH,0, 27.5ug; ZnSQ.7H,0, 82.5ug; MnSQ.7H,0O, 82.5ug;
H3sBOs, 16.5ug; CoCh.6H,0O, 8.3 ug; CuSQ.5H,0, 8.3 ug; NaMoOy.2H,0O, 5.5 pug; HsPOy
(density=1.71 g mi), 8.25l; Glucose, 18.2 g; The pH is adjusted to 7 by @aidiof 1 M KOH.

* SOB medium
It contains tryptone 20 ¢'] yeast extract 5 ¢ NaCl 0.5 g, KCI 18.6 g I*. The pH is adjusted to
7.2 by addition of HCI or KOH. 1t is sterilized layitoclave at 121°C for 20 min.

* SOC medium
To 100 ml of SOB medium, 1.8 ml of 2 M glucosetéitsterilized) and 0.5 ml of 2 M Mgg£l

(sterilized by autoclave) are added.

» MEB solution (electroporation buffer)
It contains HEPES 240 mg,|MgCh.6H,0 203 mg T and ultra pure water. The pH is adjusted to
7.0 by addition of HCI.
It is sterilized by autoclave at 121°C, 20 min &egt at 4°C.

* B medium
This medium includes several compositions whichukhbe mixed after sterilizing by autoclave
which is often used for doing swarming test (apitit forming spread colonies, Julkowasitaal.
2005; Leclerest al. 2006). It contains base solution 100 ml, complan@® 100) 1 ml, CaGl(0.1
M) 2 ml which are sterilized by autoclave at 12¥6€20 min. In addition, glucose 1 ml, glutamic
acid 0.3 ml and lysine-HCI 0.2 ml are added aftertsterilizing (0.2um). The composition of

different solutions is as follows:

-Base solution: (NSO, 2 g I'; MgSQ,.7H,0, 2 g I'; KCI, 2 g I'; Na citrate.2HO, 2 g I*; Tris-
HCI 100 ml (pH 7.5); agar 7

-Complement solution 100): K:HPQO, 1.05 g, FeS©Q7H,O 2.78 mg, MnSQH,O 16.9 mg,
distilled water 100 ml.
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-CaChsolution: (0.1 M) 2 ml

-Glucose solution:%20) 20 g *

-Glutamic acid solution: 226 I"; the pH is adjusted to 8 by 5 M KOH
-Lysine solution: 78.5 g

* MS1 medium for 10 ml
This medium is used for transformation by natuaghpetence. It contains minimum mediu1(Q)
1 ml, glucose (50%) 10, casein hydrolysate (5%) 40, yeast extract (5%) 20d, MgSO4 (1M)
16.7ul, tryptophan (50 mM) 5@\, distilled water 9 ml. The pH is adjusted to By2the addition of
KOH.
All solutions are prepared separately and stedlizg autoclave at 121°C for 20 min. Glucose and
tryptophan are sterilized by filtratighrough 0.2um filter.
Minimum medium ( X 10) for 100 ml: It contains (NH).SQ,, 2 g I'; Na-citrate, 1 gt K;HPQ,
14 g and KHPQ,, 10 g.

*  MS2 medium for 10 ml
This medium is used in the second stage of tramsifioon by natural competence and is made of
MS1 medium (10 ml) as follows:
CaCb (50 mM) 50ul, MgCl, (1 M) 25pl.

All solutions are prepared separately and stediliaeautoclave at 121° C for 20 min.

2.2. Strains

All strains used are summarized in Table Blsubtilis BBG100 (producer of mycosubtilin and
surfactin, Lecleret al. 2005) andB. subtilis ATCC 21332 (producer of surfactin and fengycin) were
used for production of mycosubtilin and fengycespectively.

Bacillus subtilis S499 supernatant was kindly obtained from Dr Marggena from Gembloux
Agro-Bio Tech. to purify iturin A.

P. aeruginosa PTCC 1637 was obtained from Persian Type CultwbeCion Biotechnology
Center, Iranian Research Organization for Scienc&eghnology (IROST), Tehran, Iran, for

rhamnolipid production.
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Bacillus cereus 98/4 spores were obtained frddMRA, Villeneuve d’Ascq, France, for adhesion

tests to different surfaces.

Table 2.1. Strains used for biosurfactants prodoa adhesion tests

Strain or supernatant Produced

biosurfactant

Source or reference

B. subtilisBBG100 Mycosubtilin,
surfactin

B. subtilis ATCC 21332 Surfactin,
fengycin

P. aeruginosa PTCC 1637 rhamnolipid

Bacillus subtilis S499 Surfactin,

supernatant fengycin,
iturin A

B. cereus 98/4 CUETM -

Leclereet al. 2005

Mazaheri, IROST, Iran
Gembloux Agro-Bio Tech

Faille, INRA, France

2.3. Production and purification of lipopeptides poduced byBacillus spp.

2.3.1. Origin of lipopeptides

Surfactin S1 (approx. 98% purity, C14-C15) was pased from Sigma (St. Louis, MO, USA).
[turin A (90% purity, C13-C16) and fengycin (94%ripyy C13-C18) were kindly provided by

Gembloux Agro-Bio Tech, University of Liege, Belgilt

Mycosubtilin (93% purity, C16-C17) and fengycin (chuamount as required) were producedby
subtilis BBG100 (Lecléerest al. 2005; Guezt al. 2007) and. sutilis 21331, respectively.

A mixture of surfactin and mycosubtilin were prasttiby BBG100 under the same condition of

cultivation.

Iturin A supernatant was taken from Belgium (produce8.tsytilis S499) to be purified.
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2.3.2. Inoculum preparation and culture

B. subtilis ATCC 21332 and BGG 100 from the collection of P@BEM Laboratory were used.
The strain ATCC 21332 was recently proved to be-producer of surfactin and fengycin (Gancel
et al. 2009, Tapet al. 2009).

Inoculum was prepared from a strain conserved®G & 40% glycerol. A tube containing 5 ml of
LB medium was inoculated with 0.5 ml bacterial ®rsgion and incubated at 30°C overnight in a
rotary shaker at 150 rpm. The strain was thenvatiéd in a 500 ml flask containing 50 ml modified
Landy medium at pH 7 buffered with MOPS 100 mM, roight at 30°C at 140 rpm. Culture was
centrifuged and after washing the cells with steNlaCl 0.9%, concentrated 10 times in Landy
medium. The main culture was inoculated into 10Q0flask containing 100 mL of Landy modified
medium, in order to obtain 0.5 (beginning of expuiz phase) as initial optical density (at 600 nm)
and incubated at 30°C for 72 h at 140 rpm. Someknwere taken under sterile conditions in
order to control culture purity by Gram staininglastreaking on LB agar plates, measurement of
ODggo (growth control), pH and measurement of lipopeptabncentration by HPLC after cell

removal by centrifugation.

2.3.3. Extraction

Culture was centrifuged at 13000 x g for 30 mi#°& for cell removal.

Extraction steps for all LPs were done through ®&i-Clean cartridges (Extract-Clean SPE 500
mg, Alltech, Deerfield, IL), as follows:

After washing C18 cartridge by 20 ml methanol 10886 8 ml MilliQ water respectively, 1 mi
supernatant was passed through C18 cartridge. fthemvashed by 8 ml MilliQ water. The column
was dried by air and LPs were eluted by 8 ml 100%hanol. For extractions in large scale,
following stages were performed:

Large scale (50 ml)

-100 ml 100% methanol

-50 ml culture supernatant

-50 ml MilliQ water

-5 min air

-100 ml 100% methanol (elution)
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Lipopeptides were eluted with pure methanol (highigrmance liquid chromatography grade;
Acros Organics, Geel, Belgium). The extract wasdlby rotavapor and Spe¥dc (Plus SC110A,
Savant, GMI, Ramesy, USA) under vacuana residue was dissolved in 2d(oure methanol (for

1 ml supernatant). Rotavapor VV2000 (Heidolph unstents GmbH & Co, Schwabach,
Germany) was used under vacuum -1 bar and at 40-54° concentration of lipopeptides. It
takes 2-4 h (for large volumes) under precautiardd@mns to avoid making foam.

The extract was then purified by thin layer chravgeaiphy(TLC) (silica gel plates: F256) or silica
gel column (Razafindralambat al. 1998). Purity and identification of the mycostlibtifengycin
and iturin A after purification by TLC analysis, @11) were controlled by HPLC and mass

spectrometry.

2.3.4. Purification: Thin-layer chromatography

Thin-layer chromatography (TLC) analysis (Syldatkal. 1985; Kimet al. 2000) was done to

detect and purify lipopeptides. Eluted samples vgprted on TLC plates (silica gel plates, 60 F-
254, Merck, Germany) and then migrated using cifidonee/methanol/water (65/25/4, viviv) as
the solvent system. The compositions migrated aaegito their hydrophobicity. The spots were
revealed by spraying with distilled water and lowkunder UV light. R(Retardation Factor) of

lipopeptides are 0.09, 0.3 and 0.7 for fengyciuaciit and surfactin, respectively. Lipopeptides
were scraped off the TLC plates, then dissolvedpume methanol, and centrifuged to be

examined by other experiments.

2.3.5. Determination of lipopeptide concentration ad identification

Lipopeptide extracts after extraction and purifmatby TLC analysis (8 2.3.4) were analyzed by
HPLC to confirm or determine their precise concmns (for mycosubtilin: Gueet al. 2007)
using a C18 column (5 um; 250 by 4.6 mm; VYDAC ZIB VYDAC, Hesperia, CA) with the

acetonitrile/water/trifluoroacetic acid (ACNSB/TFA) solvent system (40/60/0.5 v/v/v for iturin
and mycosubtilin, 80/20/0.5 v/viv for surfactin aadgradient from 45/55/0.1 v/vi/v to 55/45/0.1

viviv in 40 min for fengycin) and a flow rate of60ml miri*. 10-20pl of purified samples were

injected and were compared by the appropriate atdn¢purified iturin and surfactin were
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purchased from Sigma and standard of fengycin wallykprovided by Dr Deleu from Gembloux
Agro-Bio Tech, Belgium).

The retention time and second derivatives of U\blesspectra between 200 and 400 nm (Waters
PDA 2996 photodiode array detector) of each peale va@alyzed automatically by Millenium
Software to identify eluted molecules. All reagentse of analytical grade.

Lipopeptide extracts were further analyzed by ngssctrometry (MS) by Professor Bernard
Wathelet from Gembloux Agro-Bio Tech (BelgiunVJjeasurement was performed using a UV
laser desorption-time of flight mass spectrometéruker Ultraflex tof; Bruker Daltonics)
equipped with a pulsed nitrogen laser (337 nm). ditdyzer was used at an acceleration voltage

of 20 kV. Samples were measured in the reflectrodem

2.4. Production and purification of rhamnolipids produced byPseudomonas aeruginosa
PTCC 1637

2.4.1. Inoculum preparation and culture

The strain was maintained on nutrient agar slands@ and sub-cultured every two weeks. Every
three months a new frozen culture was used to geosiant cultures. These frozen stocks were
prepared by transferring a loop of slant culture 850 ml Erlenmeyer flask containing 50 ml of

Lindhardt medium (8 2.1) and 2% (v/v) corn oil asbon source. After growing in shaker incubator
at 30°C and 200 rpm for 3 days, 30 ml sterile gigbeas added and mixed thoroughly. Then, 2 ml
aliquots were dispensed into sterile vials andest@t -70°C. Frozen cultures were recovered by
transferring of whole vial of thawed culture to%02ml Erlenmeyer flask containing 50 ml of sterile

Lindhardt medium with 6% (v/v) corn oil and incubdton a shaker incubator at 30°C at 150 rpm
for 3 days to prepare slant cultures. Corn oild66) was separately sterilized at 121°C for 5 min by

autoclave, and then added to already autoclavethhilt medium.

The pre-culture was prepared by transferring aflday slant culture to a 250 ml Erlenmeyer flask
containing 50 ml of Lindhardt medium and 2% (v/@yrt oil as carbon source growing in shaker
incubator at 30°C, 200 rpm for 3 days. Final praidumc medium(7% inoculum size from pre-
culture) was grown in 1000 ml Erlenmeyer flaskstaming 6% corn oil and 100 ml of sterile

Lindhardt medium at 30°C and 150 rpm for 96 h orevas required.
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2.4.2. Extraction

Method 1

The cells were removed from the culture broth bgtfigation (12900xg, 4°C, 1 h). The
supernatant (10ml) was filtered (0.45 pm, Millippaad acidified to pH 3 with 5 N HCI and kept
at 4°C overnight. The resulting rhamnolipid pre@e was recovered by centrifugation
(5240xg, 4°C, 1 h). The pellet was dissolved in 1 ml porethanol by vortexing during 1 min.
After centrifugation (12900g, 4°C, 15 min), it was passed through C18 colusfoa LPs (8
2.3.3).

Method 2

The cells were removed from the culture broth bwtrdfeigation (12908g, 4°C, 1 h). The
supernatant (10ml) was filtered (0.45 um, millipaed acidified to pH 3 with 2 N HCI and kept at
4°C overnight. The resulting rhamnolipid precigtatas recovered by centrifugation (524f) 4°C,

1 h). The glycolipids were extracted by ethyl atetan mild shaking at room temperature overnight.
The solvent was evaporated and the oily residuedigaslved in 0.5 ml pure methanol. This semi-

purified sample was used for other analytical mgsho

2.4.3. Purification: Thin-layer chromatography

Thin-layer chromatography (TLC) analysis was danddtect and purify rhamnolipids.

Ethyl acetate extracts were purified by TLC. Spatse developed with chloroformethanolacetic
acid (65/15/2, v/viv) and visualized with TLC reatgi.e. iodine vapour for lipids and Molish
reagent ¢-naphtol (15% in methanol)/sulphuric acid/ethanatév (10.5/6.5/40.5/4)) for sugar
detection. Each spot was separately removed anedelith methanol in order to follow other
experiments like HPLC/MS. Rhamnolipid standard am# a mixture ofa L-rhamnosyl-3-
hydroxydecanoyl-3-hydroxydecanoate (Rh-C10-C10) and.-rhamnosyl-L-rhamnosyl-3-
hydroxydecanoyl-3-hydroxydecanoate (Rh-Rh-C10-Giti) MW 504 and 650, respectively with
>99% purity obtained from JBC.
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2.4.4. Determination of rhamnolipid concentration
2.4.4.1. Orcinol method

The cells were removed from the culture broth bytrdeigation (1300& g, 4°C, 1 h).

The orcinol assay (Chandrasekaehal. 1980) was used to assess the amount of glycslipithe
supernatant. The concentration of rhamnolipids eedsulated by comparing the data with those of
rhamnose standards between 0 and 50 [ig Ail the samples were analysed in triplicate amel t

linear correlation was demonstrated between thettyaf rhamnolipid and optical density.

2.4.4.2. HPLC

Rhamnolipids after extraction (§ 2.4.2) and puaificn by TLC (8§ 2.4.3) were analyzed by HPLC to
determine their precise concentrations. A C18 cal@s0 by 4.6 mm was used with solvent system
acetonitrile/water (70/30, v/v) and at a flow ratel miri*. 10l of purified sample was injected

and compared to the appropriate standard (obt&ioedJBC).

2.4.5. Effect of time, culture medium and sterilizdon on rhamnolipids

In order to check stability during time on rhampuaiproduction in Lindhardt medium, two samples
were compared: sample A (12-months old, a dark brealution, sticky, >150 rpm), sample B
(fresh, light brown, <150 rpm) (Table 2.2).

Table 2.2. Comparison of sample A and sample Bffierdnt conditions: agitation and time

Life time Condition
Sample A one year old Sticky, dark brown
Sample B fresh Normal, light brown

To determine the effect of cultivation time and med on rhamnolipid production, the samples
cultivated in the media 3M and Lindhardt afterliént days (4, 7 and 9 days) were withdrawn. The
samples are designated as follows (Table 2.3):

3M4-, 3M4+, 3M9-, 3M9+, LH4-, LH4+, LH7-, LH9-, andH9+.
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Table 2.3. Effect of cultivation time and mediumrbdamnolipid production

Sample Medium Time(days) Autoclave

3M4- 3M 4 -

3M4+ 3M 4 +
3M9- 3M 9 -

3M9+ 3M 9 +
LH4- Lindhardt 4 -
LH4+ Lindhardt 4 +
LH7- Lindhardt 7 -
LHO- Lindhardt 9 -
LH9+ Lindhardt 9 +

2.4.6. Rhamnolipid identification
2.4.6.1. HPLC/MS

HPLC/MS was done using an Agilent 1100 series (U3A$D VL ion trap mass spectrometer
equipped with an ESI source.

ESI parameters were: ion spray voltage 4000V andiceotemperature 350 °C. Nitrogen was
used as nebulizing and drying gas. Flow rate ahdrgas was adjusted at 12 liter fhin

A reversed phase C-18 column (50 mm x 3.2 mm xu8) was used as stationary phase and
mobile phase was composed of acetonitrile/watebjldontaining ammonium formate (0.1 mM)
as buffer (pH = 2.6). Flow rate was adjusted a @B miri’. 3ul samples were injected. Negative
ion mode was used over the mass range of 150-7%0ri3afor monitoring of the separated
compounds.

2.4.6.2. Fourier Transform Infrared (FTIR) spectrometry

Infrared (IR) spectra of the rhamnolipfcaction obtained by HPLC (a film of each purified
sample on KBr pellet) were obtained using a Perklmer spectrometerThe resulting
transmission of radiation is measured over a freguepectrum from 400 to 4000 ¢nFifteen
spectra per sample were collected and averagetidiaiet al. 1995).
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2.5. Hemolytic Activity

Hemolytic activity test is performed on blood agan the basis of blood agar base medium or
LB agar) plates which contains horse/sheep blood 5%

The isolates (fresh culture) are streaked on bkgat plates and incubated at 30°C. The plates
are inspected visually for the presence of cleazmge around the colonies which is indicative of
surfactant biosynthesis. The diameter of the cleares depends on the concentration of the
biosurfactants (Mulligaret al. 1984). The amount of hemolytic activity was detiered by
measuring of halo diameter around grown coloniebload agar using ruler=§ growth without
halo formation, (+) complete hemolysis with a diéeneof lysis less than 1 cm, (++) complete
hemolysis with a diameter of lysis greater thanmi fout less than 2 cm, (+++) complete
hemolysis with a diameter of lysis greater tham®lwut less than 3 cm, and (++++) complete
hemolysis with a diameter of lysis greater thann3 (@ainet al. 1991; Yousse&t al. 2004;
Rodriguest al. 2006).

2.6. Surface tension measurement

The surface tension of all solutions used for sabhsin conditioning was measured by the ring
method (Thimoret al. 1992; Bonmatiret al. 1995) using a Du Nouy tensiometer TRhuda,

Konigshofen, Germany). The critical micelle concativn (CMC) was determined by plotting the
surface tension as a function of the lipopeptideceatration The average of three independent

measurements was taken.

2.7. Substratum conditioning and contact angle measement

Stainless steel (304L with a 2R finish, hydrophili€eflon (polytetrafluoroethylene, hydrophobic)
(PTFE) and glass coupons were provided in the fafrdbx45 mm? for conditioning experiments.
Before each experiment, the coupons were subje¢otdice cleaning and disinfection protocol as
follows:

The coupons were washed in a mild alkaline detéi@aior 7/32 (CFPI, France) 1% and rinsed in
distilled water 5 min at a velocity of 0.5 rit.sThey were placed in Galor solution at 60°C for 10
min and rinsed in distilled water 5 min at a velpdf 0.5 m . They were exposed t01% Oxygal

(oxidative biocide consisting of 28 g™i peracetic acid, Europo, France) for 15 min, rinsed

78

© 2011 Tous droits réservés. http://doc.univ-lille1 fr



These de Parvin Shakeri Fard, Lille 1, 2010

distilled water 5 min at a velocity of 0.5 rit,sdried vertically and kept in clean Petri dishes t
protect from pollution.

Goniometer (Digidrop, GBX Scientific Instruments;afice, www.gbxinstru.com) was used for
contact angle measurement. The influence of liptige on the hydrophilic/hydrophobic
characteristic of surfaces was determined by usiaglifferent concentrations of lipopeptides. For
surfactin, iturin, mycosubtilin and rhamnolipid wensed the concentrations 1, 10, 25, 50 and 100
mg *in 10% (v/v) methanol and the concentrations (225, 6.25, 12.5 and 25 mg in 10% (v/v)
methanol were used for fengycin.

Stainless steel and Teflon coupons were coverdlebgifferent concentrations of biosurfactants for
1 h at room temperature. After removing solutidhey were then dried. Four water droplets (5 pul)
were applied on each coupon at 20°C and water ctoamtgles were measured. Each analysis was
performed three times. Coupons subjected to 10%anet were used as control. Ultra high purity

MilliQ water was used throughout the experimentatpdures.

2.8. Adhesion tests oB. cereus 98/4 spores

B. cereus CUETM (Collection Unité EcoToxicologie Microbienn¥illeneuve d’Ascq, France)
98/4, isolated from a dairy processing line, wasseln for adhesion tests to coupons because of its
high adherence to various materials (Fadteal. 1999). Spores were obtained as previously
described (Faillet al. 2007) and kept for up to 3 months in distillectevd1@ spores mt) at 4°C.
Stainless steel and Teflon conditioned coupons wergcally immersed in spore suspensions in
sterile MilliQ water containing approximately ®8pores mt, for 4 h at room temperature. The
coupons were rinsed by dipping into a beaker dilldid water to remove non-adhered spores. They
were then placed into the tubes containing 10 n1%fTween 80 and 10 mg bf peptone water
(Biokar, Diagnostic, Beauvais, France) to expossotacation Adherent cells were detached from
the surfaces using an ultrasonic bath (DeltasomauM, France, 40 kHz) for 2.5 min followed by 20
sec vortexing with high speed and again ultrasbath for 2.5 min. Detached spores were plated in
duplicate using the serial dilution technique orrieat agar composed of 13 § mutrient broth
(Biokar Diagnostics, France) and 15 gblacteriological agar type E (Biokar Diagnostiasriee).
Enumeration was performed after 48 h incubatiocB04C. Each experiment was performed at least
three times.
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2.9. Statistical analysis

Data were analyzed by general linear model proesdby means of SAS V8.0 software (SAS
Institute, Cary, N.C.). The variance analyses werdormed to determine the influence of the
conditioning solution concentration on the matesiaiface hydrophobicity and further ability Bf
cereus 98/4 spores to adhere, taking into account thhidity between trials. It was followed by a

multiple comparison procedure by Tukey’s test (alfg@vel = 0.05).

2.10. Molecular biology procedures
2.10.1. Chemicals and standard procedures

All enzymes used for DNA manipulation such as retgdn enzymes and DNA-ligase were
purchased from Fermentas (Fermentas, Burlingtomads WWW.fermentas.com), ari@q
polymerase “Arrow” from Qbiogene (Montreal, Canada)

pGEM-T Easy (Promega, Madison, USA) vector was tisesnplify PCR products.

The antibiotics utilized were sterilized by fili@t (0.2 um) and added to the medium at the
following concentrations:

Ampicillin sodium salt, 50-10@,g mI* (Euromedex); kanamycin sulphate, 25:80ml™ (Sigma)
and spectinomycin di-hydrochloride, 50-489ml™* (Sigma).

Standard procedures were used for all DNA manijpuiat(DNA digestions with restriction
enzymes, cloning of DNA fragments, and preparadiorecombinant plasmid DNA) (Sambrook
et al. 2001).

2.10.2. Strains and plasmids

The strains and plasmids used in molecular biolsggtion are summarized in Table 2B!.
licheniformis ATCC 14580 was the parental strain for geneticimaations.
Escherichia coli DH50 and JM109 (commercially available) were the htistirss for constructing

various recombinant plasmids.
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Table 2.4. Strains and plasmids used in molecidéwdy section

Strain or plasmid Description® Source or reference
B. licheniformisATCC 14580  Wild type Lab stock
E. coli IM109 recAl, endAl, gyrA96, thi, hsdR17, Promega, Madison, USA

relAl, su44, A(lac-proAB), [F,
traD36, proAB, lacl / lacZ1M15]

E. coli DH5a ®80dacZAM15 recAl endAl gyrA96 Promega, Madison, USA
thi-1 hsdR17 (r, my’) SUpE44 relAl
deoR A(lacZYA-argF)U169 phoA
EBG155 DH% containing pBG214 This study
EBG156 JM109 containing pBG155 This study
EBG157 JM109 containing pBG156 This study
EBG158 JM109 containing pBG157 This study
EBG159 JM109 containing pBG158 This study
EBG162 JM109 containing pBG160 This study
EBG163 JM109 containing pBG161 This study
EBG165 JM109 containing pBG163 This study
EBG167 JM109 containing pBG162 This study
pBG214 cloning vector, 8100 bp; Sp&an', Fickers et al. University of
Ap"®* Liege, Belgium
pGEM-T Easy 3015 bp, cloning vector, carrying a Promega, Madison, WI
part of lacZ; Ap'
pBG155 pGEM-T Easy::Fragment 1 of PCR This study
pBG156 pGEM-T Easy::Fragment 2 of PCR This study
pBG157 pGEM-T Easy::Fragment 3 of PCR This study
pBG158 pGEM-T Easy::Fragment 4 of PCR This study
pBG160 7880 bp, pBG214 digested waamHI+ This study
BssHII; carrying PCR product: fragment
2; Spc, Kan', Ap'
pBG161 8021 bp, pBG214 digested waamHI+ This study
BssHII; carrying PCR product: fragment
4; Spc, Kan', Ap'
pBG162 7987 bp pBG160 digested witl This study

Sacll+Sphl;  carrying  PCR  product:
fragment 1; Spg Kan', Ap'

pBG163 8046 bp, pBG1l61 digested withhis study
Sacll+Sphl;  carrying PCR  product:
fragment 3; Spg Karl, Ap'

aAp', resistant to ampicillin; Kénresistant to kanamycin; Spesistant to spectinomycin .

* |t originates from pBG113s (Fickeesal. 2009) to whiciKan gene was added.
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2.10.3. Production

B. licheniformis ATCC 14580 was cultivated for 96 h under differerhperatures in a medium

based on Landy with some modifications in carbod mitrogen source which is summarized in
Table 2.5. To verify purity, it was streaked on lEBar and checked by Gram staining. The
growth was determined by QB measurement during 4 days of culture and lichenysi

production was measured by ST (8 2.7) and HPLC .8852 The pH of cultures was also
measured during 4 days.

Table 2.5. Different culture conditions for growdthB. licheniformis 14580

Agitation N source (0.4%) C source (2%) MOPS Temperature (°C)
140 rpm/ static Glutamic acid/ Glucose/ Sucrose +/- 30/37
NH4NO3

0.1 ml of an overnight culture of the strain wasvgn on LB plate (in triplicate) supplemented
by spectinomycin (10Qug/ml) and kanamycin (10Qg/ml) to check the antibiotic resistance
pattern of this strain.

2.10.4. Extraction of chromosomal DNA fronB. licheniformis ATCC 14580

B. licheniformis 14580 was grown overnight in LB at 37°C with agiatat 140 rpm.

Total genomic DNA was then extracted from thisistiaased on 1 ml of fresh culture using
Promega Kit “Wizarl Genomic DNA Purification Kit” (Promega, MadisonSB) according to the
protocol supplied by the manufacturer.

2.10.5. Plasmid extraction
Miniprep from kit “QlAprep Spin Miniprep Kit” thats a rapid technique for extraction of

plasmids, was used for extractions from 5 ml ofurel. To obtain larger amounts of plasmid on
the basis of 250 ml of culture, the extraction ‘“QiAfilter ® Plasmid Maxi Kit" (QIAGEN,
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Hilden, Germany) was used according to the prototé fragments purified in 0.8% agarose
gels were extracted by “QIAquick Gel Extraction’Kaccording to the protocol (QIAGEN).

After enzymatic reactions, if necessary, plasDNA was purified by “MinElute Reaction
Cleanup Kit” according to QIAGEN protocol.

The pBG214 (Index IV) used in this study contaims xylose promoter,fa, thexyl® gene and
three gene cassettes conferring resistance to kamgrampicillin and spectinomycin.

An overnight culture okE. coli DH50 (EBG155) containing pBG214 was obtained at 37 wi
agitation at 140 rpm and a 5 ml sample was cegedi20 min at 3004g.

The pellet was taken and plasmid DNA (pBG214) wasaeted by Plasmid DNA Purification
Protocol using the “QIAprep Spin Miniprep Kit”.

pBG214 was double-digested wiBamHI-BssHIlI and Sacll- Sohl separately to remove the previous
efenF andepbp cassettes and then produce the linear plasmid2pBé&nd pBG216, respectively.

pBG214 (digested witBamHI-BssHIl) — pBG215
pBG214 (digested witBacll- Sohl) — pBG216

They were purified from agarose gels by QlAquick Bdraction Kit (50).

2.10.6. PCR

PCR is a gene amplification methad vitro which allows amplifying a large number of a
DNA/RNA given sequence on the basis of a small tityaof the nucleic acid and specific
oligonucleotides (primers). The primers were desighy the Primer3 software on the basis of
published genome dB. licheniformis 14580 (PubMed Gene NC-006270) from NCBI site. They
were synthesized by Eurogentec (Angers, France).

Protocol of PCR used is standard but the annetdimperature is calculated by software Primer3
according to the Tm after the primers have beegrohated.

To amplify the cassettes, PCR was performed witiixéure as follows:

Taq polymerase buffer{10) 5ul, dNTPs (10QuM) Mix 1 ul, forward primer 2.5d (Eurogentec),
reverseprimer 2.5ul (Eurogentec), Arrow &g polymerase 04l (5 U/ pl), ultra pure water 37.5l,
template DNA 1ul (1-10 ng).
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The PCR (Eppendorf, Hamburg, Germany) program \e@asdon the Primer3 software results and
consisted of denaturation: 3 min at 94°C, anneaB0gs at 58°C (for cassettes of 1 and 3) or 54°C
(for cassettes 2 and 4), and elongation: 2 min2&€ during 29 cycles and then 5 min at 72°C.
Finally, reactions were kept at 4°C.

2.10.7.Cloning in plasmid

Plasmid cloning allows inserting a DNA fragmenbirat vector. These fragments originate from
either PCR or enzymatic digestion of other plasrbigsestriction enzymes.

To obtain sufficient amount of the four PCR fragtsecontaining the sequences upstream and
downstream fronich promoter, they were inserted in a commercial ve@&GEM-T Easy. This
linear plasmid has deoxythymidine at its 5’ end=nptting direct cloning of PCR products with
deoxyadenosine at 3" ends. This plasmid is repligainly in E. coli. It contains a cassette of
resistance to ampicillin and a multiple cloninges{fMCS) upstream from a gene encoding the
enzymep-galactosidase. Insertional inactivation of thisig@ellows recombinant clones to be
directly identified by colour screening on indicadates. The pGEM-T Easy vector contains
multiple restriction sites within the MCS. Thesstrietion sites allow for the release of the insert

by digestion with restriction enzymes suclEasR |, BstZ I, Not | or other combinations (Figure

2.1).

Xmnl 2009 1

T7 1
[a} start
Scal 1830 \Nael 2707 Apal 14
) Aatll 20
f1 ori Sphl | 26
BstZl | 31
Ncol 37
Amp" Nt | 43
- ot
PGEM®-T Easy lacZ Sacll | 49
Vector 1! EcoRl | 52
(3015bp)

Spel 64
FcoRl 70
Motl 77
BstZI 77
_ Pstl aa
o Sall 90
Ndel 97
Sacl 109
Bstxl |118
Nsil 127
141

T sps

Figure 2.1. The pGEM-T Easy vector circle map. p8&EM-T Easy vector MCS contains recognition sites

for various restriction enzymes.
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After ligation of PCR products to pGEM-T Easy Vec{dable 2.6), the resulting plasmids were
inserted inE. coli JIM109 by thermal shock to generate the strains EBGEBG157, EBG158,
and EBG159 containing the plasmids pBG155, pBGpB&;157 and pBG158 respectively. The
white colonies were selected on LB agar supplengemyeampicillin (100ug mlt), X-Gal (8 mg
Iy and IPTG (80ug I"). The plasmids designated pBG155, pBG156, pBGI&¥ pBG158
containing fragments of 1, 2, 3 and 4 respectivwebre extracted and purified by “QlAprep Spin
Miniprep Kit”.

The presence of recombinant plasmids was examimeal 0.7% agarose gel. The recombinant
plasmids were digested by restriction enzymes &med presence of the PCR fragments was
confirmed on a 1% agarose gel. The resulting fragsnevere then ligated to plasmid pBG214 (a

plasmid kindly obtained from Fickegs al. (University of Liege, Belgium) carrying S'p(lz(mr and
Ap") containing the cohesive ends complemetary toettafsthe PCR fragments. To optimise

ligation, the latter fragments and plasmid werengjfiad on an agarose gel. Regarding the size of

linearized vector that is larger than the insed, @aherefore, a ratio of 1/3 (vector/insert) wasduer

Table 2.6. Ligation of PCR fragments in pPGEM-T E&gylumes are iml)

Fragment1l Fragment2 Fragment3 Fragment4

Ultra pure water 2 1 0.5 2
Buffer (x2) 5 5 5 5
pGEM-T Easy (50 ngftl) 1 1 1
Purified PCR fragments 1 2 2.5 1
Ligase 1 1 1 1

ligation. This ratio has been got experimentallg &ncalculated as follows:

50 ng (vector)x (size of insert/size of vectoR 3 = ng of insert for a ratio of 1/3 (vector/ingert
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2.10.8. Main plasmid constructions: pBG162 and pBG33

The fragments 1 and 3 were inserted into pBG218.18.4) and the fragments 2 and 4 were
inserted into pBG215 (8 2.10.4) to generate hyptasmids pBG216-1, pBG216-3, pBG215-2
(pBG160) and pBG215-4 (pBG161), respectively. Tiaamproportion of 1/3 (vector/insert) was
considered for ligation. These new plasmids weassfierred intde. coli JIM109 according to the
following protocol:

50 ul of competent cells dE. coli IM109 were added to sterile Eppendorf tubes. Th &#e was
added 5 and 10l (different ratios were used) of pBG216-1, pBGAL$BG215-2 and pBG215-4
respectively. They were slowly mixed and then pdaoe ice for 20 min. They were exposed to a
heat shock at 42°C for 90 sec and placed immediatelice for 2 min. 95@/ of SOC medium
(room temperature) were added to all tubes whiale wiaced under agitation at 140 rpm for 90 min
at 37°C. In the next step, every tube was spretuisaveral LB plates containing ampicillin (6@
ml™) and spectinomycin (10@y mi) separately.

All grown colonies were again inoculated in LB Brabntaining ampicillin (5q,g mi™) and then
grown on spectinomycin (10@y mi*) and kanamycin (50g mI™) to verify if the desired hybrid
plasmids conferred resistance to all three anidsotAll hybrid plasmids were extracted and

purified as previously mentioned (8 2.10.4).

2.10.9. Gel electrophoresis

Gel electrophoresis in agarose gels is performeduantify extracted DNAs (plasmidic or
chromosomal) by using a size marker to estimateeammnation of genetic material in a sample.
0.7% agarose gels were used for fragments grelader T kb and 1-1.5% ones for fragments
smaller than 1 kb. Migration was done at 110 V miyrl h in TBE buffer (Tris/Boric acid/
EDTA) 0.5X pH 8.3 prepared from a>5 stock solution (1 litre: 445 mM Tris; 445 mM boric
acid; 10 mM EDTA). 3ul loading buffer (sucrose, 50%; EDTA, 50 mM; brorhepol blue
0.01%; Urea, 4 M) + 1@l samples were placed in each well. Markers use@ ieGeneRuler
(sizes of marker O'GR are presented in index) 1DRbA Ladder (Fermentas), 100 bp Smart
Ladder (Eurogentec), Hindlll and A Hindlll+EcoRI (stock of laboratory). The results were
determined by GelDoc from Bio-Rad. Analysis wasf@ened by using the software Quantity
One (version 4.1.1) and the photos were capturéatimat TIFF.
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2.10.10. Transformation techniques
2.10.10.1. Transformation by thermal shock

It is one of the most often used techniques fondfierring a plasmid int&. coli. The tubes
containingE. coli JIM109 (competent cells that are stored at -70t€tlaawed on ice during 10
min. Then, it is added 2-38l (it depends on plasmid concentration) of the réesplasmids or
ligation mixtures to 5Qu of the competent cells; mix quietly and keep oa for 20 min. They
are exposed to 42°C for 90 sec in a water bathn,Tthey are immediately transferred on ice for
2 min. 950yl SOC medium were added to them and the cultures Wweubated at 37°C, 150
rom for 90 min. The transformants are selected Bnchntaining the required antibiotics and
incubated at 37°C for 24-48 h.

2.10.10.2. Electroporation method 1

There are many transformation methods, one of whiaklectroporation, a simple and widely
used technique, for various bacterial species. Tdbnique uses an electric pulse treatment of
cells to induce a membrane potential which causeakidown of the cell membrane permeation
barrier to allow the entry of DNA into the cells S@nhg, 1992). In principle, the induced
membrane potential, and hence efficiency of DNAemto bacterial cells, increases with the
strength of an applied electric field. However, trexrcentage of cell death caused by electrical
damage also increases with the applied field sther#fgs a result, the transformation efficiency is
the combined effect of these two factors undewvargtransformation condition.

B. licheniformis ATCC 14580 was transformed according to the falhgwprotocol:

An overnight culture in LB (10 ml) of this strais prepared and incubated at 37°C at 140 rpm. 2 ml
of this culture are inoculated to 100 ml of fredh&nd incubated at 37°C at 140 rpm up to ardgD

of 0.5-1.0 (approximately after 3 h).

20 ml of this culture is cooled on ice-water forrih and centrifuged in a sterile tube at 5240dor

10 min at 4°C in a pre-chilled centrifuge.

The supernatant is discarded and the cells areesdegd in 20 ml of cold MEB buffer and

recentrifuged.
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Then, previous step is repeated. The supernatdigaarded, 1 ml of cold MEB buffer is added and
the cells are resuspended. They are transferredhaisterile and cold 1.5 ml Eppendorf tube and
centrifuged at 524%g for 5 min at 4°C in a pre-chilled centrifuge.

The supernatant is discarded and the cells aresdsg in 10Qd of cold MEB buffer. About 150
ng of plasmidic DNA are added and after mixing, tthiee is placed on ice for 5 min.

The cells are transferred into a pre-chilled etgxration cuvette and exposed to a single elettrica
pulse for 3 ms using a Bio-Rad Gene Pulser sebd\2 25uF and 20Q2.

900 ul SOC medium (room temperature) are immediatelyeddd the cuvette and mixed slowly
and transferred into a sterile tube and incubate@t137°C at 140 rpm.

The cells are spread in LB plates containing d@@ni* spectinomycin at 37°C for 24 h.

The resulting isolated transformants were expetdedontain pBG162- and pBG163-generated

chromosomal insertions which were selected ondlh@ing LB plates:

LB + blood; LB + blood + xylose; LB + kanamycin 56 mI™.

Transformants are enumerated after overnight inmrbat 37°C.

2.10.10.3. Electroporation method 2

To prepare electro-competent cells using the opéchihigh-osmolarity protocol, an overnight
culture of B. licheniformis was diluted 20-fold in growth medium (LB contaigif.5 M sorbitol)
and was grown at 37°C up to an §pof 0.85-0.95. The cells were cooled on ice-waterlfd min
and harvested by centrifugation at 4°C and %2ifor 5 min. Following four washes in ice-cold
electroporation medium (0.5 M mannitol and 10% eipt), the cells were suspended in 1/40 of the
initial culture volume of the electroporation mediugiving a cell concentration of 1-1:810" cfu
ml™. The competent cells can be stored at -80°C ugél with some decrease in transformation
efficiency. For electroporation, @0 of the competent cells were mixed witlu1(50 ngfd) of DNA

and then transferred into an ice-chilled electrapon cuvette (1 mm electrode gap). After
incubation for 1-1.5 min, the cells were exposed tngle electrical pulse using a Gene Pulser set
at 2.5 kV, 25uF and 2000, resulting in time constants of 4.5-5 ms. Immtadyafollowing the
electrical discharge, 1 ml of recovery medium (Ld@ining 0.5 M sorbitol and 0.38 M mannitol)

was added to the cells. After incubation at 37°€ 3oh, the cells were plated on LB plates
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containing spectinomycin 400g mf?, blood and xylose. Transformants were enumerafied a
overnight growth at 37°C.

2.10.10.4. Natural competence

This method is often used for transformatiorBosubtilis which is a naturally competent species.
An overnight culture oB. licheniformis 14580 was obtained in 5 ml MS1 medium at 37°C Bt

rpm (on the basis of isolating of a fresh cultu®Dgyo was measure@nd the volume was
calculated to obtain an QR of about 0.7. The culture was centrifuged and added MS1

medium to get an Ofgy 0.7 and then incubated at 37°C, 140 rpm for 5he dulture was diluted
10-fold with MS2 medium (0.5 ml of the culture wadded to 4.5 ml of MS2). It was incubated in a
water bath at 37°C 140 rpm for 90 min. About 1500hglasmidic DNA was added to 1Q0 of
competent cells. The mixture was incubated in @&mladth at 37°C for 30 min and was then plated
on LB containing spectinomycin, blood and xylose gelection of transformant cells containing

pBG162- or pBG163-generated chromosomal inserasrisllows:

LB + 100ug mi* spectinomycin

LB + 100ug mi* spectinomycin + 1% xylose

LB + blood + 10Qug mI* spectinomycin

LB + blood + 10Qug mI* spectinomycin + 1% xylose

Transformants were enumerated after overnight etto at 37°C.

2.10.11. Verification of genetic constructions

There are different strategies for verification génetic constructions. When a plasmid was
constructed, its presence is verified by electropsis on 0.7% agarose gel after extraction as
previously mentioned (8§ 2.10.4).

To determine the orientation of the fragments iasal plasmid, it is digested by different
restriction enzymes (in this study it was usadll and Hindlll).

All constructions were verified by PCR and DNA sencing by Cogenics Genome Express

(Meylan, France).
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2.11. XPS analyses

XPS analyses were performed on a Kratos Axis URpectrometer (Kratos Analytical,
Manchester, UK) equipped with a monochromatizedhaium X-ray source (powered at 10 mA
and 15 kV) and an eight channeltrons detector.speetrometer was interfaced with a Sun Ultra
5 workstation. Instrument control and data acqoisitvere performed with the Vision2 program.
Stainless steel coupons were coated with varigugpéptides dilutions and rinsed, as previously
described (8 2.7). The samples were allowed tdrgiin a laminar air flow cabinet.

The samples were fixed on a standard stainlest ratdéspecimen holder by using a piece of
double sided isolative tape.

The pressure in the analysis chamber was abduP&0The angle between the sample surface and
the direction of photoelectrons collection was d@b0t In another experiment, the angle for
surfactin was changed to 60°. The X-ray bombarded was approximately 2000 pwmn800 pum.
Analyses were performed in the hybrid lens modepmbination of magnetic and electrostatic
lenses, with the slot aperture and the iris drigsitppn was set at 0.5. The resulting analyzed area
was 700 pnx 300 um. The pass energy of the hemispherical aralyas set at 160 eV for the
wide scan and 40 eV for narrow scans. In the laibeditions, the full width at half maximum
(FWHM) of the Ag 3d; peak of a standard silver sample was about 0.9 eV.

Charge stabilisation was achieved by using thedsraiis device. An electron source mounted co-
axially to the electrostatic lens column and a gbdralance plate used to reflect electrons back
towards the sample. The magnetic field of the insmerlens placed below the sample acts as a
guide path for the low energy electrons returnothe sample. The electron source was operated at
1.9 A filament current and a bias of -1.1 eV. Tharge balance plate was set at -3.3 V.

The following sequence of spectra was recorded:

On stainless steel: survey spectrum, C1s, OlspFe22p, Ni 2p, Mo 3d, N 1s, Na 1s, Ca 2p, P 2p,
S 2p, Si 2p, and Cls again to check for chargelistads a function of time and the absence of
degradation of the sample during the analyses.

On PTFE: survey spectrum, C1s, Fl1s, O 1s, N 1p, SiZ2p and F 1s and C 1s again to check for
charge stability as a function of time and the abseof degradation of the sample during the

analyses.
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3. Production, purification and characterization of biosurfactants

3.1. Introduction

Lipopeptides surfactin S1, iturin A, mycosubtilindafengycin and also rhamnolipids were bought
or produced and/or purified in our laboratory. Tetedmine lipopeptide concentrations in

supernatants and the presence of different vayiBiREC analysis was done. MALDI-TOF/MS or

LC/MS-ESI (as required) was performed to charantetheir structures and to verify their

purities.

The surface tension of the solutions used for #ae Bxperiments, as well as the CMC of the

lipopeptides in these conditions were also detegthiior each family.

3.2. Lipopeptides
3.2.1. Surfactin

Surfactin S1 was purchased from Sigma. The powdsrdisolved in pure methanol at a
concentration of 500 mg'l Analytical HPLC analysis was done and eleverediifit peaks were
separated (Figure 3.1). Th& 2lerivative of the UV spectrum of each peak wasioled and
compared to a reference (Figures 3.2). All of tielvowed the typical™ derivative of the UV
spectrum of surfactin. To verify surfactin homoleguLC/MS was performed for each peak. The

ion masses [M+N§]1058, 1072.9 and 1086.9 with high intensity in tatbers were observed
between 4.5 to 7.7 min (Table 3.1 and Figure 3.3).

Intens?.r.
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|
3 Q'!l |-|
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5 10

Figure 3.1. Chromatogram of analytical HPLC (abaode at 214 nm) for surfactin from Sigma.
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Figure 3.2. The¥ derivative of the UV spectrum of surfactin.

Table 3.1. lon mass for different surfactin homaoleg/in Sigma sample

Number of peak Retention time (min)  |on mass [M+Na]+

1 2.1 301
2 3.6 353.3, 1022.8
3 3.8 1044.8
4 4.1 1044.8
5 4.5 1058.9
6 4.7 1058.9
7 4.9 1058.9
8 5.5 1058.9
9 6.0 1072.9
10 6.4 1072.9
11 7.7 1086.9
94
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Figure 3.3. MS spectra of surfactin S1 (Sigma).

In literature, the mixture of surfactin homologueainly contains C14 and C15 with ion masses

[M+Na]+ of 1044 and 1058, repectively. Surprisingly, instBurfactin sample from Sigma, the

homologues C16 and C17 (with ion masses 1072.9686.9) were the main compounds, while

homologue C13 was not observed.

ST (§ 2.6) and CMC for this surfactin solution wetetermined as 31.5 mN ‘m(standard
deviation 0.05) and ~10 mdg,Irespectively (Figure 3.4).
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Figure 3.4. The surface tensions of the seriallyteld surfactin S1.
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3.2.2. Iturin A

Iturin A was kindly provided by Dr Magali Deleu froGembloux Agro-Bio Tech, Belgium.

In addition, to obtain larger amounts of requirgebpeptide, iturin A was extracted on C18
column and purified by TLC (8 2.3.4) from the supant of a culture oB. subtilis S499 in
optimized medium (Akpaet al. 2001) (kindly provided by Dr Marc Ongena from GQeoux
Agro-Bio Tech, Belgium).

HPLC analysis of supernatant (§ 2.3.5) detectedm@0” iturin A in 300 ml supernatant (Figure
3.5). Figure 3.6 shows thé%Xerivative of the UV spectrum of iturin A. Aftexteaction by C18
cartridge, its concentration was determined 20 mgHPLC, while 6 mg iturin A was finally
obtained after purification by TLC (Table 3.2). Reery efficiency (18%) was very small due to the
high concentrations of nutrients present in optdimedium compared to Landy medium (8§ 2.1)
and the fact that a large amount of lipopeptide Msisduring extraction procedures. The purity of

final product was determined 90-95%.
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Figure 3.5. HPLC chromatogram of iturin A.
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nrm

Figure 3.6. The ™ derivative of the UV spectrum of iturin A.

Table 3.2. Amount of iturin A in different stepsmfrification

Supernatant After extraction Final product  Recovery Purity of final
(mg) (mg) (mg) (%) product (%)
30 20 6 18 90-95

MALDI-TOF/MS analysis of both samples allowed idécation of several homologues of iturin A
(Figure 3.7).

lon masses attributed to protonated forms of itArpurified in our laboratory and their Nand K
adducts are summarized in Table 3.3. In the satakén from Belgium (Belgium sample), the high
intensity signals at/z 1043.7 and other low intensity signals such asvat1057.7, 1065.0 and
1105.6 were observed. The ion mass 1043.7 corrdspanthe protonated homologue C14 (in
majority). Other ion masses (minor) corresponch grotonated T—i(ClS) and N3 (C14) ions of
iturin A (Table 3.3).

In the sample purified in our laboratory (Lab sagpplhe signal at 1043.7 was similar to that of the
sample obtained from Belgium. On the other hanthi;nsample signals a¥z 1057.7, 1065.7 and
1079.7 were observed with a high intensity. lonsead057.7 and 1079.7 correspond to homologue
C15 ([M+H]+ and [M+NaT, respectively) of iturin A. Regarding ion massas, ratio C14/C15 was
1.9 for the Lab sample and 4.6 for the Belgium danipmeans that the proportion C15 is higher in
the Lab sample.
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Figure 3.7. MALDI-TOF/MS spectra of iturin A prodeat byB. subtilis S499. a: The spectrum of iturin A
purified in the Lab, b: The spectrum of iturin A¢a from Belgium. Intens: intensity.

Table 3.3. lon masses obtained from iturin A

Carbon atoms [M+H]* [M+Na]® [M+K] "

Cl4 1043.7 1065.7 1081.7
C15 1057.7 1079.7 1095.7
98
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ST and CMC of the two samples of iturin A purifieere also determined (Figure 3.8, Table 3.4).

There are differences among ST of these samplemehsioned previously (8 1.1.5.3), iturin A is

produced as a mixture of different homologues &edoroportion of these homologues depends on

culture conditions which causes to change ST iferdiit samples. The Belgium sample contains
more homologue C14 and has higher ST than the arabpls.
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Figure 3.8. The surface tensions of the seriallyteld iturin A: Lab sample and Belgium sample.

Table 3.4. Results of ST and CMC determinationtfoin A

lturin A ST(MNmY) CMC (mgl™h
Literature* 54 43

Lab sample 36 £ 0.35** 38
Belgium sample 44.2 + 0.6** >48

* Deleud®)) **Standard deviation

3.2.3. Mycosubtilin

Mycosubtilin was produced . subtilis BBG100 in batch condition in Landy modified at 80°

for 72h at 140 rpm. It was extracted and purified paeviously mentioned (8 2.3.3). HPLC
analysis (§ 2.3.5) showed th& subtilis BBG100 produced 230 mg'Imycosubtilin in
supernatant (Figure 3.9).
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Figure 3.9. HPLC chromatogram of mycosubtilin.

MALDI-TOF/MS analysis of lipopeptide (obtained frosupernatant) allowed identification of
several homologues of mycosubtilins (Figure 3.8)e high intensity signals at/z 1109.5 and

1123.5 correspond to the ion [M+4i<r]>f homologues C16 and C17 (Table 3.5), respegtivel
The ion 1137 could be homologue C18 from the i0|=H{<1§/I+ or an isoform in which amino acid

moiety is modified (e.g. GIn(1) instead of Asn(1)).

Table 3.5. The mass values of [M+HM+Na]" and [M+K]" ions corresponding to identified
homologues of mycosubtilin in culture extracts frBrsubtilis BBG 100

Mycosubtilin [M+H] [M+Na] " M+K] *
C16 1071.58 1093.56 1109.54
C17 1085.6 1107.58 1123.55

100
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Figure 3.8. MALDI-TOF/MS spectra of mycosubtilinsoguced byB. subtilis BBG100.

ST and CMC of purified mycosubtilin were also detigred (Figure 3.9, Table 3.6).
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Figure 3.9. The surface tensions of the seriallyteldl mycosubtilin.
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Table 3.6. Results of ST and CMC determinatiomfgcosubtilin

Mycosubtilin ST(MNmY)  CMC (uM)
Literature* 55 37
Lab sample 45 + 0.36** ~15

* Thimahal. 1992, **Standard deviation

3.2.4. Fengycin

Fengycin was produced 1B subtilis ATCC 21332 in Landy modified medium at 30°C fory2
at 140 rpm. Then, it was extracted and purifiedoBeviously mentioned (8 2.3.3[B. subtilis
ATCC 21332 produced about 600 myfengycin in supernatant. 54 mg product from 200 ml
culture was obtained. The recovery of the purifaratvas 45%.

HPLC analysis (8 2.3.5) gave peaks between 8 anchih§(Figure 3.10). Peaks were selected
through second derivative spectra (Figure 3.11)clwigave 2 major peaks at 213 and 236 nm

associated with a minor peak at 290 nm.
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Figure 3.10HPLC chromatogram of fengycin.
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Figure 3.11. The" derivative of the UV spectrum of fengycin.

ST and CMC of fengycin were determined (Figure 24@ Table 3.7).
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Figure 3.12. The surface tensions of the serialiyet fengycin.

Table 3.7Results of ST and CMC determination for fengycin

Fengycin ST (MN.m?%)  CMC (uM)
Literature* 42 4.6
Lab sample 43 + 0.05** 4.3

* Dele0, **Standard deviation
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The results of all analyses obtained in this staidysummarized at the Table 3.7.

The critical micelle concentration is slightly @ifent for each homologous compound (Dedeu

al. 2003). The different solutions of lipopeptidegdisn this study contained several homologous

compounds from the same family, so ST and CMC e$¢hmolecules are a little different from

those of the literature.

Regarding recovery of purification of final produtite extraction methods should be improved.
The purity of biosurfactants was determined betw#&85% by HPLC and MALDI-TOF/MS.

Table 3.7. Summary of different analyses on lipdiges

Lipopeptide  Recovery (%) Purity (%) CMC (mgl?) ST (mNm?
Surfactin obtained from Sigma 98 31
[turin A (Lab) 18 36
[turin A obtained from Belgium 90 44.2
Mycosubtilin 44 93 45
Fengycin (Lab) 45 94 43
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3.4. Rhamnolipids
3.4.1. Production

P. aeruginosa 1637 was cultivated under agitation 150 rpm isKlen Lindhardt medium (LH) with
6% corn oil (8 2.1) at 30°C for 96 h. The presen€diosurfactants was proved by different
analytical methods.

Rhamnolipid concentration in supernatant was detexin~20 g I* by the orcinol assay (§ 2.4.4.1).
The value was calculated from a standard curveuf€ig3.13) prepared with L-rhamnose
concentrations as a function of optical densitye Tbncentration was expressed as rhamnolipid

0.50
0.40

0.30

OD 421

0.20

0.10

0.00 T T T T T 1
0 10 20 30 40 50 60
Concentration (microgram/ml)

Figure 3.13. Rhamnose standard curve.

values by multiplying rhamnose values (obtainedhftbe curve) by a coefficient of 3.4 (obtained
from the correlation of pure rhamnolipids/rhamnodé)e concentration confirmed by HPLC (8
2.4.4.2) was 23 g'in sample.

Biosurfactant was studied using sample A and sample determine stability of rhamnolipid
during time. The sample A was a dark brown stickltson that had been kept for one year
under refrigeration condition (4°C). The sample &va fresh one and light brown. ST and TLC
were determined for both samples. The storagempkaA had not affected rhamnolipid quality
significantly when it was compared with sample B @d TLC demonstrated the same result).
Different culture media (Lindhardt and 3M) were dige different culture times (4, 7 and 9 days)
(8 2.4.5). Neither the different production medisn@ihardt and 3M), nor the different times of

culture influenced ST measurements and TLC spais hlgher amount of rhamnolipid were

105
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produced in Lindhardt medium than in 3M medium: 0" against 15 g™. In addition, no
change in these measurements was observed aftaaainng the samples: This confirms that

this particular rhamnolipid is resistant to heat.

Furthermore, it was used two methods of extradbomhamnolipids (8§ 2.4.2). No difference could
be observed according to the method used (afterafid_ST measurements).
The results of ST and CMC are observed in TableddBFigure 3.14.

Table 3.8. ST and CMC of rhamnolipids producedthdnd 3M medium after 96 h

Medium Production (g) ST (mN ) CMC (mg I
LH 20 29.4+0.1* 95
3M 15 26.8 £0.1* 75

* Standard deviation

ST (mN/m)

20 T T T 1
0 5 10 15 20

concentration (g/l)

Figure 3.14. The surface tensions of the seriallytet rhamnolipids in LH medium.

3.4.2. TLC

The produced rhamnolipids were separated on TL&9I& 2.4.3). A commercial rhamnose and a
standard from JBC (a mixture of mono- and di-rhalpits) were used as control. The TLC plates
were visualized with Molisch reagent (8§ 2.4.3) awd predominant spots were observed which

corresponded to spots of standard. The lower spibt B¢ 0.3 belongs to the di-rhamnolipid
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structures and the higher spot with(=%7 belongs to mono-rhamnolipid molecules. Theroencial

rhamnose sample had a characteristic spot cldke fost spot of Lab samples(®alue 0.23).

The R values of two observed spots are in agreement thighliterature (Arinoet al. 1996;
Amiriyan et al. 2004; Guntheet al. 2005 andVang et al. 2008) in which thewre referred to RL3

(di-rhamnolipid) and RL1 (mono-rhamnolipid), resipesly.

3.4.3. HPLC analysis

HPLC was performed for purified rhamnolipids as vivasly mentioned (8 2.4.4.2). The

chromatogram demonstrated 2 peaks correspondimpitm- and di-rhamnolipids in comparison

with the standard with retention times 13 and 24 (Rigure 3.15).
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Figure 3.15. HPLC chromatogram of rhamnolipids #taiws 2 peaks correspond to mono- and di-
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3.4.4. HPLC/MS Analyses

The different samples were analyzed by HPLC/MS yamalto further confirm the structure of
rhamnolipids. The samples designated as A (one s®aage), LH7 (cultivated in Lindhardt
medium for 7 days) and 3M (cultivated in 3M mediton7 days) were submitted to HPLC/MS.
The peak profile of these chromatograms in all daswwere similar. With negative electrospray
lonisation and under the operating parameters udsgginentation of the pseudomolecular ions
occurred. Most ions between m/z 275 and 507 agfeat ions produced by cleavage (Degtel
al. 2000). This procedure exhibited an ion mass/a479, common in three samples (Table 3.9
and Index Ill). The product corresponds to the rmagt of Rh-Rh-C10 of di-rhamnolipids. lon
mass atw/z 329 found in the sample LH7 is unknown. The twotsmf TLC obtained from LH
sample were also analyzed with HPLC/MS. Spot 1 sltba major ion mass a¥z 339 which
corresponds to fragment C10-C10.

Table 3.9. Homologues and some rhamnolipid fragmeéetected by HPLC/MS

Sample Pseudomolecular Retention Putative compound
[Fragment ion time (min)

A, 3M7 479 9.6 Rh-Rh-C10

LH7 479.3 9.9 Rh-Rh-C10
329.3 17.5 ?

LH7 339 1.4 C10-C10

TLC: spot 1

LH7 337 1.3 C8-C12:1,

TLC: spot 2 C12:1-C8
451 Rh-Rh-C8

The spot 2 also demonstrated one predominant ies atavz 337 that corresponds to the fragment
C8-C12:1 or C12:1-C8 and a minor ion mass at mizthat corresponds to the fragment Rh-Rh-C8.
Figure 3.16 can explain possibly fragmentationgratt produced for rhamnolipid Rh-Rh-C10-
C1o0.
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Figure 3.16. Possible fractionation sites of rhalipitbRh-Rh-C10-C10 (Heyet al. 2008).

3.4.5. FTIR

The rhamnolipid fractions obtained from HPLC weralgzed by FTIR in order to confirm the

structure of rhamnolipids produced Byaeruginosa PTCC 1637.

Infrared analysis of rhamnolipids produced BRyaeruginosa 1637 revealed a pattern similar to
that of rhamnolipid standard, indicating that thHeshrfactant is a glycolipid. A characteristic

FTIR transmittance spectrum of Rh-Rh-C10-C10 issshim Figures 3.17 and 3.18.

The rhamnolipid infrared spectrum based on the baratacteristics information indicates the
presence of wavenumber 3368, OH; wavenumber 2828 ,chain C-H; wanenumber 1732, C=0;

wavenumber 1050, C-O-C; and wavenumber 1456, C@xising modes (Table of wanenumbers

is shown in Index IV).
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Figure 3.17. FTIR spectrum analysis of rhamnoliittivated in Lindhardt medium for 7 days. Major

absorption valleys are assigned in the chart.
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Figure 3.18. FTIR spectrum analysis of rhamnolgihdard. Major absorption valleys are assigndden
chart.

3.5. Discussion

Rhamnolipids were first isolated froR. aeruginosa and described by Jarvis and Johnson in
1949. These compounds are predominantly constrdcted the union of one or two rhamnose
sugar molecules and one or twhhydroxy (3-hydroxy) fatty acids (Langt al. 1999).
Rhamnolipids with one sugar molecule are known asayrhamnolipids and those with two
sugar molecules are di-rhamnolipids. The lengtthefcarbon chains found on thdydroxyacyl
portion of the rhamnolipid can vary significantin this study,P. aeruginosa 1637 produced

rhamnolipids by using corn oil as sole carbon se\tice previous studies in the Lab showed this
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carbon source is the best one for higher yieldlkhmedium. 3M medium was also used for
production, but higher amount of rhamnolipids w@m®duced in LH medium than in the
previous one: 2@ I against 15 g1. In LH medium, ST and CMC were determined as 29 mN
mtand 95 mgt, respectively.

Two different methods were used for purificationttwisimilar results. The storage and
autoclaving of rhamnolipid did not affect qualitgsificantly.

TLC results exhibited two spots in which the lowpot with R 0.3 belongs to the di-rhamnolipid

structures and the higher spot withORZ belongs to mono-rhamnolipid molecules.

For a better understanding of the chemical strestusf rhamnolipids, the composition of
mixtures, and their surface-active properties, igtastructural analyses such as MS, infrared
(IR) spectroscopy, and nuclear magnetic resonaNddR() spectroscopy are necessary. For
confirmation of the structure, rhamnolipids weretlier analyzed by HPLC and HPLC/MS
which confirmed the presence of rhamnolipids.

In addition, the rhamnolipid fractions purified BAPLC were analyzed by NMR (Tahziét al.
2004) and FTIR in our Lab. These analyses confirthedstructure of rhamnolipids produced by
P. aeruginosa PTCC 1637 (Index IV: FTIR spectrum of rhamnolipid)

Manso Pajarroret al. (1993) and Rendekt al. (1990) isolated rhamnolipids by thin-layer
chromatography and HPLC and then analyzed the warivactions by FAB (Fast Atom
Bombardment). Manso Pajarrehal. (1992) also analyzed a rhamnolipid preparatiotaiobd
from a commercial source. The preparation contaiRkeRh-C10-C8, Rh-Rh-C8-C10, Rh-Rh-
C10-C10, Rh-Rh-C12-C10 and Rh-Rh-C10-C12. In tleesepounds, Rh-Rh-C10-C10 was the
most abundant.

Arino et al. (1996) separated a mixture of rhamnolipids bg-thiyer chromatography in several
fractions and hydrolyzed these fractions into tihespective sugar and 3-hydroxy fatty acids. The
sugar was determined to be rhamnose and the fattls avere analyzed by GC/MS. By
determining the nature and number of each companezdch fraction, they were able to deduce
the structure of these rhamnolipids. They also nteplothe rhamnolipid profile d?. aeruginosa
strain GL1 isolated from hydrocarbon-contaminateitss\When bacteria were grown on glycerol
as carbon source, they observed a variety of manad-di-rhamnolipids containing one or two 3-

hydroxy fatty acid residues. In this study, rhanpids with two fatty acids and one or two
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rhamnoses represented 90% of all rhamnolipidsdttian, the fatty acids were predominantly
C10, along with some C8, C12:1, and C12.

De Kosteret al. (1994) observed the same saturated C8 to C12 smamb di-rhamnolipids
already mentioned. Finally, Bosatt al. (1898) analyzed the rhamnolipids produced by a
Pseudomonas sp. after column and thin-layer chromatographyeyranly observed Rh-C10-C10
and Rh-Rh-C10-C10. Moreover, Dezied al. (1999) showed rhamnolipids produced By
aeruginosa 57RP differ both in quantity and in structure degieg on the carbon source used. With
mannitol, essentially all the rhamnolipids contdit@o fatty acid moieties, with Rh-Rh-C10-C10
being by far the most abundant, while with naplaha) nearly 80% of the total rhamnolipids
contained only one fatty acid moiety. In most caseisere some quantifification results were

presented, the predominant rhamnolipid was Rh-ROHCIIO.

Our results present many similarities with the abmentioned reports. This study showed that
each of these structural types was composed ofraewelividual compounds which differed

from one another by the nature of the hydroxy fattid moiety.
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4. Effect of different biosurfactants on surface hgrophobicity and adhesion of

B. cereus 98/4 spores to stainless steel and Teflon

4.1. Introduction

The synthesis of extracellular molecules such a@susfactants has major consequences on
bacterial adhesion. These molecules may be adsodredsurfaces and modify their
hydrophobicities.

In this study, stainless steel and Teflon coupoaeeveelected for conditioning experiments. The
influence of lipopeptides on the hydrophilic/hydnopic characteristic of the surfaces was
determined by using contact angle measurement asomed in materials and methods (8 2.7).

Adhesion ofB. cereus 98/4 spores was then investigated on these diffemditioned substrata.

4.2. Influence of biosurfactants on surface propenes
4.2.1. Stainless steel

The influence of lipopeptides on the hydrophilidhyphobic characteristic of surfaces was
determined by using the different concentrationkpaipeptides i.e., 1, 10, 25, 50 and 100 fhin!
10% methanol for surfactin, iturin (obtained fromDeleu), mycosubtilin and rhamnolipid and also
