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ABSTRACT

Spoiled food products were screened for biosurfagieoducingPseudomonas strains, which
were then evaluated for antimicrobial activity amtide ability to grow on two model
hydrocarbons. Strains isolated from 14 differenvilgpl food products were screened for
biosurfactant production using the drop collapseagsof which 5.6% tested positive. None
exhibited emulsifying activity. The strains wereleed predominantly from leafy vegetable
products, and bottled mineral water and low-fakntihe latter two of which had the lowest APC
and PC, respectively. The sources of biosurfagiemducers suggest an attachment role for
biosurfactants, rather than one of directly inciregshe availability of hydrophobic nutrients to
spoilage bacteria. Biosurfactant-producing stramese evaluated for antibacterial activity against
potentially pathogenic and food spoilage bactedgegi the spot-on-lawn assay, of which 56%
exhibited activity against only Gram-positive baiete predominantlyB. cereus ATCC 10702.
Strains found to be active agair3t cereus ATCC 10702 were subjected to treatments with
protease, heat and organic solvents in order termiate their stability, and 6 of those isolates
were further characterised by TLC. The combinea dafygested that the majority of compounds
produced by the strains isolated in this study peedcyclic lipopeptides, some of which may be
novel. Identification by 16S rRNA sequencing idéatl the antibacterial strains Bseudomonas
(8), B. pumilis (9) andProteus vulgaris (1). Phylogenetic analysis of the sequences dswed
that the strains are closely related to other bizcteith biosurfactant-producing, antimicrobial
and biodegradative activities. The ability of 8udactant-producing strains E¥eudomonas, 1
Proteus, 4 B. pumilis) and 2 consortia (Gram-negative and -positiveyrtmv in minimal media
supplemented witim-hexadecane (MMH) or mineral motor oil (MMMO) wagaéuated. All of
the strains and both consortia reached high cetbaus (>7 — 9 log CFU/ml); however, no
significant differences (P<0.05) were observed ketwindividual strains inoculated into either
medium. The Gram-negative strains and consortiuvewgat lower rates in MMMO than in
MMH, and when compared with the Gram-positive ssaand consortiunk. fulva 381C grew at

a significantly lower (P<0.05) rate when grown ilVIMIO. Furthermore, the consortia did not
achieve significantly higher (P<0.05) cell numbersgrow better than individually inoculated
strains in either medium. This study is the fisstdbcument antibacterial activity & fulva, and

hydrocarbon and-alkane utilisation by strains &f fulva andProteus vulgaris, respectively.
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CHAPTER 1

Introduction



1.1. BIOSURFACTANTS PRODUCED BY Pseudomonas SPECIES

A. Introduction to biosurfactants

Boundaries are of major importance to the behaviduany heterogeneous system as an entity
(Rosenbergt al., 1988; Rosenberg and Ron, 1999; Ron and Roser2@0dd). Given their large
surface-to-volume ratio, it follows that microorggms produce an assortment of surface-active
compounds (surfactants), which adsorb to and dher prevailing conditions at interfaces.
Surfactants are able to accumulate at interfacesuse they are amphipathic, meaning that they
contain both hydrophobic and hydrophilic groups ré€dh et al., 1999; Ron and Rosenberg,
2001).

B. Classes, chemical structure and properties of dsurfactants

Biosurfactants can be divided into low-molecularssianolecules, which lower surface and
interfacial tensions effectively, and high-molecutaass molecules, which adsorb to
hydrophobic surfaces (Rosenberg and Ron, 1999;aRdrRosenberg, 2001, 2002). Emulsifiers
are a subclass of surfactants that stabilise digpes of one immiscible liquid in another, e.g- oil
in-water emulsions, and may not necessarily reductace tension (Ron and Rosenberg, 2001).
Table 1.1 presents a list of select microbially dqueed surfactants that have been studied.
Pseudomonads are known producers of biosurfactmdsit is these molecules that will be
discussed in more detail.

i. Low-molecular-mass biosurfactants
The low-molecular-mass biosurfactants are glycd$ipilipopeptides, fatty acids (including
corynomycolic and spiculisporic acids), phosphalgiand neutral lipids (Mulligan, 2005).
Pseudomonas spp. are known to produce predominantly glycoBpiénd lipopeptide
biosurfactants (Table 1.1).



e Glycolipids
Most of the known biosurfactants are glycolipidsméng these, the best studied are the
rhamnolipids, trehalolipids and sophorolipids. Tlaeg typically disaccharides that are acetylated

with long-chain fatty acids or hydroxyl fatty aci(Ron and Rosenberg, 2001).

The best studied of these molecules are the rhapm®lHauser and Karnovsky, 1954), which
were first described ifPseudomonas aeruginosa (Jarvis and Johnson, 1949). It has since been
shown that some isolates of the non-pathogenicdmseanadsP. putida and P. chlororaphis
also produce a variety of rhamnolipids (Tuletal., 2001; Guntheet al., 2005). Rhamnolipids
are typically dimers comprising 3-hydroxy fatty @iand a mono- or di-rhamnose moiety, linked
by ap-glycosidic bond (Soberon-Chavetzal., 2005) (Fig 1.1). Rhamnosgthydroxydecanoyl-
p-hydroxydecanoate (Rhar&Cig), a mono-rhamnolipid, and rhamnosyl-rhamngsyl-
hydroxydecanoyp-hydroxydecanoate (Rha-Rhad; di-rhamnolipid, are the two most
commonly produced rhamnolipids in liquid cultur@der normal growth conditions (Desai and
Banat, 1997; Rosenberg and Ron, 1999; Soberén-Cleaak, 2005) and up to 28 homologues
have been identified (Benincaegal., 2004). Rhamnolipids have been shown to lowefasar
tensions to 29 mN/m, emulsify hydrocarbons and gtie the growth oP. aeruginosa on n-
hexadecane (Hisatsukhal., 1971; Guerra-Sant@sal., 1986; Parrat al., 1989).

* Lipopeptides
Lipopeptides are a remarkable group of biosurfdstalue to their many valuable properties,
including their activity as potent antibiotics (Maiel et al., 1993; Yakimowet al., 1995; Tsuge
et al.,, 1996; Nielseret al., 2002). For example, many cyclic lipopeptides S}, including
surfactin, gramicidin S and the polymyxins, areduced by members of the genBacillus.
Interestingly, the synthesis of such, and othetibantic surfactants during the early stages of
sporulation is a characteristic shared among mbsipt all, Bacillus spp. (Katz and Demain,
1977; Grossman, 1995; Driks, 1999).

Several cyclic lipodepsipeptides (CLDPs) have alsen isolated frorPseudomonas spp. All of

these compounds typically comprise a 3-hydroxyfatyl residue linked to aN-terminal group



in a ring structure of 8 — 9 amino acitPseudomonas viscosa (Kochi et al., 1951) and strains of
P. fluorescens biovar 1l (Hildebrand, 1989) produce the CLDP hidactant viscosin, which has
been reported to lower surface tensions to 26.5nrm{Weuet al., 1990). A novel biosurfactant
produced by a different strain dP. fluorescens has since been identified and named
viscosinamide (Fig 1.2A). The AA2 amino acid in thelic peptide isD-glutamic acid and-
glutamine in viscosin and viscosinamide, respebtifielsenet al., 1999). Viscosinamide has
been shown to lower the surface tension of steigélled water (Nielseret al., 2002). A series
of 8 depsinonapeptide biosurfactants, massetokdesH (Fig 1.2B), were first isolated from
unidentified marine strains d?seudomonas sp. (Gerarcet al., 1997) and differ from viscosin
either in one of the amino acid units or in thayfatcid moiety, or in both. More recently, the
CLP tensin was isolated from yet another strairPofluorescens (Nielsenet al., 2000) (Fig
1.2C). A comparison of CLP structures of biosudats produced by Gram-positive and Gram-
negative bacteria demonstrates similarity with ot6&Ps, such as surfactin froB subtilis
(Arima et al., 1968) and the white line inducing principle (V)I(Fig 1.2D) fromP. reactans
(Mortishire-Smithet al., 1991). Viscosin and WLIP are structurally ideatiwith the exception
of the chirality of Leu5, which hasmandL configuration in WLIP and viscosin, respectively
(Fig 1.3).

ii. High-molecular-mass biosurfactants
The high-molecular-mass biosurfactants are commaodyyanionic heteropolysaccharides
containing both polysaccharides and proteins. Tihelpde polymeric microbial surfactants and
particulate surfactants and generally exhibit begtaulsifying activity than the low-molecular-
mass biosurfactants (Ron and Rosenberg, 2001; ¢4ulli2005).

» Polymeric substances
The best studied polymeric biosurfactants are thelgans, liposan, mannoprotein and other
polysaccharide-containing complexes. The majoritthese molecules are produced by members
of the generadcinetobacter, Candida and Pseudomonas (Desai and Banat, 1997). Hisatsuka
al. (1972, 1977) reported the isolation of a protéa-activator that was capable of emulsifying
hydrocarbons fron®. aeruginosa. This compound, referred to as protein A, has eoutar mass

of 14 300 and comprises 147 amino acids, of whiclare serine and threonine (Hisatsekal .,



1977). A bioemulsifier produced W3 fluorescens, emulsan 378, was first isolated during growth
on gasoline. The compound comprises 50% carboledi& 6% protein and 10% lipid, where
trehalose and lipid-dialkyl monoglycerides are the main constituerftshe carbohydrate and
lipid, respectively (Desagt al., 1988). Emulsan 378 has been shown to reducsutifigce tension
of an aqueous solution to 27 mN/m and has a dritideellar concentration (CMC) of less than
10mg/ml in 0.9% (w/v) NaCl (Perssehal., 1988).

» Particulate compounds
Phalleet al. (1995) isolated a particulate biosurfactant, BieBM, fromP. maltophilia CSV89,
which was found to comprise 50% protein and 12 % Kugar. Biosur-PM has been found to
lower the surface tension of water to 53 mN/m aasldd CMC of 80 mg/l. The study also showed
that the biosurfactant emulsified aromatic hydrboas preferentially to aliphatic hydrocarbons.
Kinetic data of Biosur-PM production indicate thigtsynthesis is associated with growth and is
pH-dependent, suggesting that it may be a cell-a@thponent. Another particulate surfactant,
PM-factor, was isolated from a culture IBf marginalis PD-14B (Burd and Ward, 1996). PM-
factor was found to emulsify aromatic and aliphatipdrocarbons, crude oil and creosote.
Furthermore, the emulsifying activity was foundtte stimulated by polymyxin B, aand
Mg?**. The biosurfactant reportedly contains a low amairaromatic amino acids in the protein
moiety, and 3-deoxp-mannooctulosonic acid, heptose, hexosamine, ploogphand 3-hydroxy

fatty acid, suggesting that PM-factor containedgiplysaccharide.

C. Natural roles of low-molecular-mass biosurfactats

As discussed in the preceding sections, biosuritégtare produced by a range of diverse
microorganisms and have a variety of different cleahstructures and surface properties. This
diversity makes it impossible to generalise abbatriatural roles of biosurfactants, despite their
clear significance in the physiology of their predumicroorganism. There have only been a few
studies in which non-biosurfactant-producing mwdmve been created and compared with the
parent strains (Itoh and Suzuki, 1972; Koahal., 1991), making it impossible to identify

common functions of biosurfactants in producing nmicganisms. As a result, most of the

concepts have been deduced from a consideratiorth®f surface active properties of



biosurfactants and experiments where biosurfactéuatge been added to microorganisms
growing on hydrophobic substrates (Ron and Rosgni2&01). A select few of the hypothetical

natural roles for biosurfactants are describedvelo

i. Increasing the surface area of hydrophobic water-isoluble substrates

Studies have demonstrated that for bacteria growimdydrocarbons, when the surface area
between water and oil becomes limiting, growth pemts arithmetically rather than exponentially
(Shreve, 1995). There exists indirect evidence ¢hailsification is a natural process effected by
extracellular agents. There is; however, a difficih understanding how emulsification can
provide an evolutionary advantage for the produeroorganism if the process is cell-density-
dependent and occurs in an open system. A feabibtey is that bioemulsifiers play a role in oil
degradation by creating a microenvironment for eeel, instead of producing macroscopic
emulsions in the bulk liquid (Rosenberg and Ro®91Ron and Rosenberg, 2001).

il. Increasing the bioavailability of hydrophobic waterinsoluble substrates
A major reason for the recalcitrance of hydrophotwenpounds is their low water solubility,
which increases their adsorption to surfaces anudseguently limits their availability for
biodegradation (van Loosdrec#ttal., 1990; van Deldesmt al., 1998). By increasing the water
solubility and thus availability of bound substgtéiosurfactants can effectively improve the
growth of degrading microorganisms on hydrophobiostrates (Déziedt al., 1996). Potent low-
molecular-mass biosurfactants are particularly o#iffe in solubilising bound hydrophobic
molecules as they possess a low CMC and incorpdratikocarbons into the hydrophobic

pockets of micelles, thereby increasing their siilyl{Miller and Zhang, 1997).

iii. Regulating the attachment-detachment of microorgarsims to and from surfaces
The ability of microorganisms to establish themeshin an ecological niche where they can
multiply successfully is a basic survival strategjthough attention on biosurfactant-producing
bacteria has been predominantly focused on thoetaldegrade hydrocarbons, biosurfactant
production also occurs in natural environmentshsas the phyllosphere, which constitutes a
very large microbial habitat. Bunstest al. (1989) showed that some bacteria produce

biosurfactants in order to increase the wettahiliznd consequent colonisation, of the



hydrophobic phylloplane. The production of biosatéets may also facilitate the movement of
bacteria across the phylloplane (Hutchinson andstoine, 1993; Lindow and Brandl, 2003).
Neu (1996) reviewed that secreted biosurfactamsfoan a conditioning film on an interface
which can stimulate the attachment of certain nieso to that interface and inhibit the
attachment of others. For example, the presenazelbbound biosurfactant increased the cell
surface hydrophobicity d®. aeruginosa significantly (Zhang and Miller, 1994) but reducit

of Acinetobacter strains (Rosenberg and Rosenberg, 1983). Morenttgcét was shown that
rhamnolipids increased the cell surface hydrophtbaf Pseudomonas spp. by stimulating the
release of lipopolysaccharide (LPS), an integrahgonent of the cell surface (Al-Tahhainal.,
2000). The rhamnolipid precursors h aeruginosa, 3-(3-hydroxyalkanoyloxy)alkanoic acids
(HAAs), have also been suggested to affect celfasar hydrophobicity ofP. aeruginosa
(Caiazzaet al., 2005). Such results suggest that biosurfactants used by their producer
microorganism to regulate their cell surface prtpsrand thus their ability to attach or detach as
required. However, little else is known about thieraction of biosurfactants with bacterial cells
and it is important to understand this interaciifobpiosurfactants are to be used more efficiently

in bioremediation processes.

iv. Role of biosurfactants in biofilms and motility
ThelasR-lasl quorum sensing system i aeruginosa (Fig 1.4) has previously been shown to
play a role in the later stages of biofilm diffetiation, when the cell density is sufficient to rior
a quorum (Daviest al., 1998). Studies have demonstrated that rhamudsliproduced byp.
aeruginosa play several roles in the structural developmérat biofilm, including promoting the
formation of microcolonies in the initial phase,intaining the channels between macrocolonies,
facilitating migration-dependent structural develegnt in the later phase and regulating the
attachment-detachment of cells to biofilms (Daeesl., 2003; Pamp and Tolker-Nielsen, 2007).
Boleset al. (2005) demonstrated that rhamnolipids were regufor the detachment of hyper-
detaching variants and suggested that this detagthmechanism could be used to disrupt
existing biofilms. They also found that rhamnolimduld induce detachment P aeruginosa
biofilms. Similarly, Kuiperet al. (2004) found that the surface-active CLDPs pltisol and
putisolvin I, produced byr. putida PCL1445, could influence biofilm development onypmyl



chloride, inhibit biofilm formation by severdPseudomonas strains and disrupt established
Pseudomonas biofilms.

Rhamnolipids, and biosurfactants produced by otbecteria, also contribute to swarming
motility. Studies by Kohleet al. (2000) and Déziadt al. (2003) suggest that quorum sensing and
rhamnolipid production contribute to swarmingRn aeruginosa. Caiazzaet al., 2005 showed
that rhamnolipid production regulates swarming fitgtby adjusting the movement of tendrils;
the defined groups in which bacteria migrate. Taistrol is suggested to be mediated by RhIR, a
transcriptional regulator, which activates the gemesponsible for producing rhamnolipids
(Ochsnetrt al., 19944, b). Evidence for the additional role wasming in biofilm formation was
provided by Shrougt al. (2006), who showed that swarming motility playso&e in the early
stages of biofilm formation. It was also demongttathat under certain nutritional conditions, the

degree of biofilm formation is regulated by swargimotility.

v. Antimicrobial activity
Many low-molecular-mass biosurfactants are knowexbibit antimicrobial activity; however,
this useful property has not yet been extensivelyewed, despite a range of applications in the
biomedical sciences and in the biological contfolamt pathogenic microorganisms (Singh and
Cameotra, 2004). The antimicrobial activity of thesurfactants discussed thus far results from
the ability of the molecules to alter the permagbif the phospholipid bilayer membrane in a
detergent-like manner. In the case of both the radipids and lipopeptides, the biosurfactants
intercalate into the membrane, forming transmennaores or disintegrating the membrane.
This results in the collapse of the transmembradeetrechemical gradients and subsequent cell
lysis (Stanghellini and Miller, 1997; Shai, 2002;akbtvitzki et al., 2006). The antimicrobial
activities of selected surfactants producedPgudomonas spp. are discussed below.

* Glycolipids
The rhamnolipids produced B/ aeruginosa (Itoh et al. 1971) are known to possess a range of
antimicrobial activities. Antimicrobial activity isommonly estimated on the basis of minimal
inhibitory concentration (MIC) values and is defings the lowest concentration of antimicrobial

agent that is able to inhibit visible microbial gith. Rhamnolipids have been shown to exhibit



antimicrobial activity against predominantly Gramspive, a few Gram-negative bacteria, and
fungi. Good antimicrobial activities (MIG 50ug/ml, except where comparative values for
microorganisms are not available) against selecteba and fungi are listed in Table 1.2. These
glycolipids are also known to exhibit antiviral figa and Wagner, 1993), antimycoplasmal
(Abaloset al. 2001) and antiamoebal (Cosseral. 2002) activities. Wangt al. (2005) found
that rhamnolipids could inhibit the growth of tharinful algal bloom sppHetersigma akashiwo
(0.4mg/L) andProracentrum dentatum (> 1mg/L). It was found that the rhamnolipids disted
the plasma membrane, which also facilitated furtth@mage to the organelles, including the
chloroplasts and mitochondria. Stanghellini andléi1997) demonstrated that rhamnolipids
could induce the lysis of zoospores of the planth@gens Pythium aphanidermatum,

Pythophthora capsici andPlasmopara lactucae-radicis from 5ug/ml.

* Lipopeptides
CLPs, produced by predominantly fluorescent psewdt@us, are also known to possess
antibacterial, antifungal and antiviral activitieéiscosin, which is produced Y. fluorescens,
exhibits antibacterial and antiviral activity (Namd Poralla, 1990). Gerart al. (1997) found
that viscosin exhibited good antimicrobial activiagainst the human pathogktycobacterium
tuberculosis (10 — 20pg/ml) andM. aviumintracellulare (10 — 20ug/ml). In the same study,
massetolide A was found to be particularly effextagainsiM. tuberculosis (5 — 10pg/ml) and
M. aviumrintracdlulare (2.5 — 5pg/ml); however no activity was shown aghia selection of
other human pathogenic bacteria, which incluéscherichia (E.) coli and Staphylococcus (S)
aureus. CLPs produced by fluorescent pseudomonads, imgwdscosinamide and tensin, have
been shown to play a role in the biocontrol of rpathogenic microfungi (Nielsegt al., 1999;
Thraneet al., 1999, 2000; Nielsemrt al., 2002). Using vital fluorescent stains, Thrasteal.
(1999) found that various pathogenic microfungglukling Pythium ultimum and Rhizoctonia
solani, responded to viscosinamide treatment, which reatel as increased branching,
occasional hyphal swelling and increased septalibraneet al. (2000) later demonstrated the
reduction inP. ultimatum mycelial density, oospore formation and intradaluactivity by
viscosinamide-producing. fluorescens DR4. In a study by Nielseet al. (2000), hyphae oR.

solani became hyaline and swollen upon challenge witlsiterAlthough tensin-challenged



mycelium showed reduced outgrowth on the mediunfaser biomass production was

considerably higher in the tensin-containing medthean in the control media.

1.2. Pseudomonas-PRODUCED BIOSURFACTANTS AND BIOREMEDIATION

Biosurfactants have several advantages over thethstic counterparts. Some of these include
their biodegradability, specificity, low toxicityand efficiency at high temperatures, pH and
salinity (Kosaric, 2001). These properties makesbitactants suitable for use in several

industrial and environmental contexts, some of Wiasie outlined in Table 1.3.

Given the well-documented ability of biosurfactants increase the surface area and
bioavailability of water-insoluble substrates (dissed in 1.1.C.i. and 1.1.C.ii.), an obvious
application of biosurfactants is that in pollutibioremediation. Bioremediation refers to the
acceleration of natural biodegradative processesmiaminated environments by improving the
availability of materials (e.g. nutrients and oxgygeconditions (pH and moisture content) and
prevailing organisms (Ron and Rosenberg, 2001)suBfactants can efficiently be used in
handling industrial emulsions, the control of quills, the biodegradation and detoxification of
industrial effluents and in the bioremediation @ntaminated sites (Kosaric, 2001; Ron and
Rosenberg, 2001).

A. Soil bioremediation methods

Water treatment is relatively easy to perform; hesve the bioremediation of soil poses
considerably more challenging and complex proble@rse of the major problems is the large
area over which the pollution may be distributesipasitu treatment of the contaminated soil
becomes too costly. Treatment; however, can beegeti in two ways. The first is the
biostimulation or bioaugmentation of the native mftora, which is achieved by adding
nutrients to the soil. This increases the numbemniofoorganisms which are able to metabolise
or co-metabolise the pollutant of interest. Theogeds the production of a microbial community
ex ditu, which is adapted to and capable of metabolishey gollutant (Kosaric, 2001). The

addition orin situ production of surfactants can aid in the bioreragdin of polyaromatic
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hydrocarbon (PAH)-contaminated sites through thieibsiisation or emulsification of PAHs
thereby increasing the bioavailability and subsegu®odegradation of PAHs (Tiehm, 1994).
Contradictory results regarding the efficiencylgte compounds on PAH degradation are found
throughout the literature (Rouset al., 1994). What follows is a review of the applicatiof
biosurfactants, specifically rhamnolipids, to therbmediation iy and ex situ) of petroleum

hydrocarbon- and oil-contaminated sites.

i. Petroleum hydrocarbons
Petroleum hydrocarbons typically comprise alkaneg;loalkanes, aromatic hydrocarbons,
polycyclic aromatic hydrocarbons (PAHs), asphalteaad resins. Although alkanes can have
many isomers as the number of carbons increasgivedl/ few exist in petroleum. Alkanes are
occasionally referred to as aliphatic hydrocarb@ms the low-molecular-mass alkanes are the
most easily degraded by microorganisms (MulligabQ3). PAHs are components of creosote
and occur primarily as a result of incomplete costimm processes such as petroleum refining
and coke production, and as by-products of indaisactivities including chlorine bleaching of
cellulose pulp, pesticide and herbicide productiand chemical, plastics, iron and steel
industries (Kosaric, 2001). As many of these commgiguare toxic and proven carcinogens, their
release into water and soil in prohibited (Kosa#@01, Samantat al., 2002; Mulligan, 2005).
PAHSs pose a threat to human health and the enveafrthus it is imperative that should PAHs
appear in industrial waste effluents, they be &@and detoxified. However, the compounds
become increasingly difficult to degrade as the b&mof rings increases as this decreases
volatility and aqueous solubility, and increasesoagtive capacity (Mihelcicet al., 1993;
Volkeringet al., 1995).

Studies that have investigated the effect of rhdipids on the biodegradation of hydrocarbon
contaminants have produced mixed results. Therdéas particular focus on hydrocarbons with
low solubility. It is suggested that enhanced bgrddation by rhamnolipids is achieved through
one of two mechanisms. The first of these is tadase the solubility of the compound in
question thereby increasing their bioavailability degrading microbial cells. The second
mechanism involves the interaction of the compowiith microbial cells, which results in an

increase in the hydrophobicity of the cell surfaabowing hydrophobic substrates to associate
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more easily (Shrevest al., 1995; Zhang and Miller, 1995). Studies demotisiga both
mechanisms follow.

The addition of rhamnolipids to soil and liquid ®m®s contaminated with hydrocarbons
mixtures has been shown to degrade the majorityhydrocarbons. Jairet al. (1992)
demonstrated that rhamnolipids producedbgeruginosa UG2 added to soil contaminated with
a hydrocarbon mixture enhanced the degradation llofhydrocarbons, except 2-methyl-
naphthalene, after 2 months. Van Dyke al. (1993) also showed enhanced recovery of
hydrocarbons from sandy-loam (25 — 70%) and (4@%)8silt-loam soil upon the addition of
rhamnolipids.In situ studies on oil-contaminated desert sands in Kufeaid that up to 82.5%
and 90.5% reduction of total petroleum hydrocarb@m3H) andn-alkanes, respectively, could
be achieved within 12 months (Al-Awad#ial., 1994). Maier and Soberon-Chéavez (2000) found
that added rhamnolipids enhanced the biodegradafiblexadecane, octadecaneyaraffin and
phenanthrene in liquid systems, and hexadecaneadésiane, pristine, creosote and a
hydrocarbon mixture in soil systems. Benincasa 120howed that TPH were degraded by
indigenous microflora to 85% within the first 20 ydawhen rhamnolipids produced

aeruginosa LBl were added.

Studies have demonstrated that adding biosurfactanctease the solubility (and subsequent
degradation) of many PAHS, including naphthalenéz{Blet al., 1996), phenanthrene (Burd and
Ward, 1996; Providentt al., 1996; Zhangt al., 1997; Noordmaumt al., 1998; Garcia-Juncet

al., 2001) and pyrene (Bordasal., 2005). By simply adding rhamnolipids, recoverdsip to
90% have been achieved. Such studies indicate atthde¢d rhamnolipids play a role in the
solubilisation of the PAH, enabling degradationdifferent, degrading bacteria. Some also show
that rates of degradation increase with an increasbamnolipid concentration (Bordas al.,
2005; Laiet al., 2009).

There have also been studies providing evidencettfer second mechanism proposed for
enhanced biodegradation by rhamnolipids. Beal arettsB(2000) demonstrated that a
rhamnolipid-producing strain increased the cellfare hydrophobicity oP. aeruginosa more

than did a non-rhamnolipid-producing during grovatitn hexadecane. Al-Tahhae al. (2000)
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found that the interaction of rhamnolipid with tRseudomonas cell surface resulted in a loss of
LPS, an integral component of the cell surface, ancbrresponding increase in the relative
hydrophobicity of the cell. Deaet al. (2001) showed the enhanced degradation of soihho
phenanthrene by only onBseudomonas strain R) of two Pseudomonas strain R and isolate P5-
2) degrading bacteria when either rhamnolipid @mholipid-producing?. aeruginosa ATCC
9027 or both were added.

Other studies have shown the effect of adding rlodiids in combination with nutrients.
Churchill et al. (1995) showed that the addition of rhamnolipid an oleophilic fertiliser (Inipol
EAp-22) enhanced the biodegradation rate of aravaad aliphatic hydrocarbons in aqueous
phase and soil reactors and by pure bacterialreslttRahmaset al. (2002) demonstrated that the
ex gitu bioremediation of a gasoline-contaminated soil vemhanced by the addition of
rhamnolipids produced b¥seudomonas sp. DS10-129 together poultry litter and coir pith
Similarly, Straubeet al. (2003) investigated the addition of biosurfactardducing P.
aeruginosa 64, nutrients (slow-release nitrogen) and a bglkagent (ground rice husks), to
enhance the bioremediation of PAH- and pentachleenpl-contaminated soil during
landfarming. Large scale pan experiments showet deereases in the total PAH (86%) and
benzo[a]pyrene (BaP) (87%) toxicity were achievéigral6é months by this biostimulation/
bioaugmentation approach, as compared to a 12%akexin PAHs for the control. Rahman
al. (2003) examined the bioremediationrealkanes in petroleum sludge, and found that-C
Ci11, Ci2— Gy and Gy — Gy, Cso — CGyo alkanes in 10% petroleum sludge were degraded 188%
— 98%, 80 — 85% and 57 — 75%, respectively, follms6 days with the addition of a bacterial
consortium, nutrients and rhamnolipids. Althougteseof biodegradation decreased as the chain
length increases, rates were still significant ef@nCs;, — Gy alkanes, indicating the use of
rhamnolipid addition on the enhancement of biodeggtian. Uenoet al. (2006) compared the
effect of biostimulation and bioaugmentation wiRhaeruginosa WatG on TPH degradation in
sterilised and unsterilised diesel-contaminated. S6?H degradation in the bioaugmentation
samples was found to be 51 and 46% in unsterilegged sterilised soil microcosms (1 week),
respectively, and that di-rhamnolipids were produaely in the presence of diesel oil. Whaetg
al. (2009) found that the addition of either a crudamnolipid preparation or nutrient mixture
enhanced the degradation of crude oil sludge (19 & 95%, while the addition of both
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enhanced degradation of the sludge to 98% in 4 svBegradation was achieved by a bacterial

consortium comprising two speciesRfaeruginosa and one oR. erythropolis.

Comparisons of the solubilisation and/or degragatid PAHs by biosurfactants or chemical
surfactants have generally showed greater solabdis by biosurfactants. However, degradation
rates can vary, further demonstrating that addesubfactants increase PAH solubility but do not
usually play a role in degradation. Vipulanandad Ben (2000) compared the solubilisation of
naphthalene by a rhamnolipid, the anionic surfactmdium dodecyl sulphate (SDS) and the
non-ionic surfactant Triton X-100. The solubility naphthalene was increased 30-fold in the
presence of the biosurfactant, but its biodegradaiok 40 days as compared with 100h in the
presence of Triton X-100. It seemed that the rhdipidowas utilised as the carbon source
instead of the PAH. Liangt al. (2006) compared the desorption and biodegradatibn
phenanthrene in fresh-contaminated and aged-coméeci sediment slurry by a rhamnolipid
mixture (Rha-mix) and SDS. It was shown that theafRhix enhanced desorption and
biodegradation of phenanthrene more efficientintB®S and that the rates were lower for aged-
contaminated as compared with fresh-contaminatdomnsat, suggesting that the aging process
could significantly decrease the bioavailabilitygifenanthrene. Lagt al. (2009) compared the
efficiencies with which 3 different surfactants weable to remove TPH from soil heavily
contaminated with oil. The study found that TPH o®al efficiency for soil contaminated with
ca. 3g TPH/kg dry soil by rhamnolipids, Tween 80 aniton X-100 was 14%, 6%, and 4%,
respectively. TPH removal efficiency for soil comiaated withca. 9g TPH/kg dry soil was
62%, 40%, and 35%, respectively. Removal efficiencyeased with an increase in biosurfactant

concentration but did not vary for the contact tiohd and 7 days.

ii. Oil
Oil spill accidents are becoming increasingly command have resulted in ecological and
economical catastrophes. The Exxon Valdez spillr irance William Sound in 1989 is an
example of major coastline contamination. The gbdf biosurfactants to emulsify hydrocarbon-
water mixtures has been shown to enhance the biadi&ipn of hydrocarbons situ, thus
making them potentially useful tools for oil spbbllution control (Banat, 1995; Desai and Banat,
1997).
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Chakrabarty (1985) described the production of mnlsifier by P. aeruginosa SB30 that could
disperse oil into fine droplets, which could enfab®degradation. Harvey al. (1990) tested a
biosurfactant from the saniseudomonas strain for its ability to remove oil from Alaskanavel
samples contaminated from the Exxon Valdez sphie @uthors reported oil displacement (2- to
3-fold) in comparison to the water control and duction in contact time from 1.5 — 2min to
1min for water. The efficacy dh situ bioremediation on the Exxon Valdez oil spill wasek
demonstrated by Braggt al. (1994). Shafeecgt al. (1989) reported the production of
biosurfactants b¥P. aeruginosa S8, which was isolated from oil-contaminated segew and the
degradation of hexadecane, heptadecane, octadendn@nadecana situ by up to 47, 58, 73
and 60%, respectively. Chhatee al. (1996) described the degradation of 70% of Guold a
Bombay High crude oil by 4 isolates from crude Audiditionally, one of the isolates produced an

emulsifying rhamnolipid that consequently enhangiedlegradation of the crude oil.

A recent development is the possibility of biosatémts to disperse oil slicks (Holakoo and
Mulligan, 2002). At 25°C and a salinity of 35 %osalution of 2% rhamnolipids, applied at a
dispersant to oil ratio (DOR) of 1:2, immediateigmersed 65% of a crude oil. The co-addition
of 60% ethanol and 32% octanol with 8% rhamnolimggplied at a DOR of 1:8 improved the
dispersion to 82%. The dispersion efficiency wamfbto decrease in fresh water and at lower
temperatures; however, this could be improved bgrialy the formulation. Comparisons of the
dispersion behaviour to the control indicated thatrhamnolipids have excellent potential as olil

dispersing agents.

In a study that compared the efficiency with whdifferent surfactants (SDS, rhamnolipid and
saponin) were able to remove crude oil from contateid soil using a soil washing process,
Urum et al. (2006) found that rhamnolipid was able to rema@8o of the crude oil from
contaminated soil. Rhamnolipid and SDS were showrremove aliphatic preferentially to
aromatic hydrocarbons, corresponding to their higleenoval of crude oil, as compared with
saponin, which removed 27% of the crude oil. Thiiciehcy of rhamnolipids, together with
organic lipophilic nutrients and molasses, to ewkatine removal of crude oil from artificially

contaminated sea water was investigated by Nikallmpoand Kalogerakis (2008). They found
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that the addition of rhamnolipids increased theaeah of Gg — G4 alkanes to 96% within 18
days and reduced the lag phase.

Although the studies report mixed results, theyadgocate for the potential commercial uses of
biosurfactants. Application is currently limited byroduction and inefficient experience.
However, considering the increasing awareness ténantrol and environmental conservation
and the expanding demand for natural products, pppears inevitable that high-quality
biosurfactants will play an increasingly importaole in many of the applications that have been
outlined above.

1.3. Pseudomonas SPECIES IN FOOD

In order to expand our current knowledge, more rinftion regarding the application of
biodegradativePseudomonas spp. is required. As demonstrated by the precedirngchapter
(1.2), scientists have commonly turned to contatethssites as sources for the isolation of
biosurfactant-producing, hydrocarbon-degrading ocmooganisms. Such studies have produced

varied results.

An alternative and largely untapped source of hifastant-producind®seudomonas spp. is food.
Pseudomonas spp. comprise the largest genus of bacteria tkiatsein fresh and spoiled foods,
especially red meats, poultry and seafood prodaists vegetables (Jay, 2000, 2005). Many of
these foods contain oils, potentially necessitatihg presence of biosurfactants which can
increase the bioavailability of those oils to ialtand spoilage microflora. Members of the genus
Pseudomonas are ubiquitous saprophytic opportunistic plantimeh and humans pathogens
typical of soil and water bacteria. Primary souraed routes of these microorganisms to fresh
foods include handling by handlers, handling tosleh as knives, the use of non-sterile
containers and the handling and storage environnrettie case of fresh meats, animal hides, the
gastrointestinal tract and lymph nodes are alsoewmtthy sources of contaminating

microorganisms (Jay, 2000).
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A. Fresh meats, poultry and fish

i. Red meats and poultry
It has consistently been observed that althoughriitial microflora of fresh meat and poultry
products varies greatly, this variety yields toyoal few genera by the time spoilage becomes
obvious. Spoilage results when microbial loads ez 7 — 8 log CFU/crhand organoleptic
deterioration occurs. The spoilage rate dependsewearal factors, such as the numbers and types
of contaminating psychrotrophs, storage temperatotensic parameters (e.g. pH), and type of
packaging. However, under aerobic conditi®ssudomonas spp., especially. fluorescens, P.
fragi, P. lundensis, P. putida and related spp., dominate the spoilage floraregshf meat and
poultry (Lambertet al., 1991; Arnaut-Rollieet al., 1999a, b; Ellis and Goodacre, 2001; éay
al., 2003; Ercolinet al., 2006). Microorganisms quantitatively represergethe time of spoilage
are already present on the fresh red meats andrpaulsubstantial numbers, and the larger the
percentage of pseudomonads in the initial flor@ $leoner spoilage becomes obvious (Jay,
2000).

Such foods have pH values within the growth ranfenost of the microorganisms found on
these foods (Jay, 2000). They also contain adelyuatgh concentrations of low-molecular-mass
nutrients, particularly simple sugars, to suppb# early growth of bacteria which are able to
utilise these simple constituents, such as pseudad®o (Gill and Newton, 1977). As growth
progresses and these low-molecular-mass nutrienetsdepleted, proteolysis — mediated by
certain spoilage microorganisms — is speculatebetaa key metabolic process for liberating
further nutrients to support bacterial growth (Ngshkt al., 1988; Greer, 1989). This process of
proteolysis has significant effects on the degiadatf different types of muscle proteins (Greer,
1989) and is thought to be necessary for the patiatrof meats by bacteria (Gill and Penney,
1977). As the dominant microorganisms in aerobifrigerated foods, many strains of
psychrotrophidPseudomonas spp. are the major producers of extracellulargmigtic enzymes
(Foxet al., 1989; Suhren, 1989).

17



ii. Fish
As with fresh meat and poultry, the initial miciah of fish varies and reflects its ecological
environments. Fish originating from temperate ang@ital waters yield microbial loads o4. 2
— 4 and 3 — 6 log CFU/chof skin and gill surface, respectively (ICMSF, 200The bacterial
flora of temperate fish are dominated by the psychpic Gram-negative genera, including
Pseudomonas, Acinetobacter, Flavobacterium, Moraxella and Shewanella. P. fluorescens, P.
putrefaciens, other fluorescent pseudomonads and other pseudtae@xhibit the highest degree
of spoilage activity, and late spoilage is domiddby group Il pseudomonads, represented by
fragi (Hui, 1992). Members of théeromonadaceae and Vibrionaceae also occur commonly
(Shewan, 1977; Fraser and Sumar, 1998; Chattel., 2004) and dominate the spoilage flora at
higher spoilage temperatures (ICMSF, 2000).

In contrast to red meats and poultry, fish contmimparatively high levels of proteins and other
nitrogenous constituents, including free amino si@dd volatile nitrogen compounds such as
urea, trimethylamine oxide and histamine. The daydoate content of fish; however, is
negligible (Jay, 2000). Autolysis dominates thelieaistages of spoilage and is succeeded by
microbial degradation in the later stages of speilaAs the growth of spoilage bacteria increases,
the microorganisms initially utilise the simplerogucts and, in the process, release various
volatile off-odour components including aldehydesters, ketones and non-dihydrogen sulphide
sulphides (Fraser and Sumar, 1998).

B. Dairy and eggs

i. Milk and dairy products
Since the implementation of refrigerated storageraat and processed milk, psychrotrophic
bacteria have become an increasing problem fordtiey industry (Sgrhaug and Stepaniak,
1997). AlthoughPseudomonas spp. represent a low proportioca( 10%) of the microflora of
freshly drawn milk, they are the predominant micgamisms (70 — 90%) in raw or pasteurised
milk at the time of spoilage during refrigeratedrage (Sgrhaug and Stepaniak, 1997; Wiedmann
et al., 2000) and are typically present as a resultastprocess contamination (Cousin, 1982;

Meeret al., 1991). They comprise mainB. fluorescens, P. fragi, P. putida andP. putrefaciens
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(Gilmour and Rowe, 1990). Spoilage may also be exus/ other post-process contaminants,
spore-formers and thermoduric species such Aashrobacter, Bacillus, Clostridium,
Corynebacterium, Microbacterium and Streptococcus (Cousin, 1982; Meeet al., 1991;Sgrhaug
and Stepaniak, 1997).

In addition to rapid growth at low temperaturesnsBseudomonas spp. also produce heat stable
lipases and proteases which survive pasteurisatmohultra high temperature (UHT) treatment
(sterilised at 135 — 148°C for 2 — 5s). Most prs¢saproduced by psychrotrophs are readily able
to degradex-, ag;- andp-caseins and are associated with organoleptic @saingprocessed milk
and cheese, while lipases typically produced Asgudomonas spp. hydrolyse triglycerides,
thereby resulting in flavour defects associatechvi@t hydrolysis in dairy and UHT products
(MacPhee and Giriffiths, 2002).

ii. Eggs
Freshly laid eggs are generally sterile; howevesnynmicroorganisms may be found on the
external surface within a short period of time amtjer the appropriate conditions, may enter the
eggs, grow and cause spoilage. As mentioned witlat,m@oultry and fish, although the
microflora on the egg shell varies depending oressvfactors, spoilage tends to be caused by
the same microorganisms. Fluorescent pseudomomadsi@st commonly associated with the
spoilage of eggs during and after the removal @fsefyjom storage (Lorenz and Starr, 1952;
Ayres, 1960). This is mainly due to the productiminfluorescent pigments which facilitate
penetration of the egg shell and subsequent rasiste the internal antimicrobial properties of
the egg white. Other bacteria able to act as pyintaraders includeilcaligenes, Citrobacter,
Flavobacterium and Proteus spp., while secondary invaders include membens fiioe genera
Enterobacter, Escherichia and Moraxella (Elliott, 1958; Ayres, 1960; Board, 1965; Braurdan
Fehlhaber, 1995).

Once in the yolk, bacteria grow in the nutrienfarimedium, producing by-products of protein
and amino acid metabolism such as dihydrogen sigpbhnd other foul-smelling compounds.
Significant bacterial growth typically results inet yolk becoming less viscous and discoloured

(Jay, 2000). The most common form of bacterial Isgei is process referred to as “rotting”.
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Green rots are caused IBgeudomonas spp. {luorescens); colourless rots byPseudomonas,
Acinetobacter andMoraxella; black rots byProteus, Pseudomonas, Aeromonas andAlcaligenes
spp.; pink rots byPseudomonas spp.; red rots byseudomonas and Serratia spp. and so-called
“custard rots” byProteus vulgaris and P. intermedium. Bacteria can also result in a condition
known as mustiness, which is suggested to be cduysedgraveolens andProteus spp., with the
former producing the most characteristic spoilagttepn (ICMSF, 2000; Jay, 2000). The type of
bacterial rot depends on the spoilage bacteria. &@ample, green rot results from the
fluorescence of the egg white produced by non-pigtie P. fluorescens whereas pink rot results
from lecithinase-producing. fluorescens. Black rot occurs due to the potent proteolytidiigb

of bacteria such &roteus, Pseudomonas, Aeromonas andAlcaligenes spp. (Stadelman, 1994).

C. Fruits and vegetables
Vegetables have a high water content and a relgtivev carbohydrate and fat content. The pH
range of most vegetables is within the growth raafa large number of bacteria, but that of

fruits is low. Thus, it is not surprising that baca are common agents of spoilage (Jay, 2000).

The demand for minimally processed refrigerateditdruand vegetables has increased
considerably over the last few years, predomindmiyause consumers perceive such products as
being fresh, healthy, tasty and convenient (WilE994; Garretet al., 2003). Understandably,
such ready-to-use vegetables retain much of theiven microflora after minimal processing,
where bacterial counts have been reported to rémogeca. 3 — 7.5 log CFU/dICMFS, 2000;
Allendeet al., 2004; Tournas, 2005). Minimally processed fr@diPF) vegetables may also be
subsequently contaminated from a number of sourcediding post-harvest handling and
processing (Beuchat, 1996; Beuchat and Ryu, 199PF vegetables are typically stored in
modified atmosphere packaging (MAP), which inhibiise growth of aerobic spoilage
microorganisms of fresh processed vegetables but aflaw or stimulate the growth of
pathogens. The bacterial flora of MPF vegetableedtin MAP has previously been shown to be
predominantly psychrotrophs such Bseudomonas spp., but alsoAeromonas (hydrophila),
Campylobacter, Clostridium, Enterobacter, Escherichia, Salmonella and Yersinia spp., and
Listeria monocytogenes (Szaboet al., 2000; Viswanathan and Kaur, 2001). Numerous rtepo

have shown that bacterial counts in unprocessedvitiel vegetables usually range fram log
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5 — 7 CFU/g (Allendeet al., 2004; Johnston, 2005). The spoilage of MPF \adge$ during
refrigerated storage results from soft rot, whishargely due to psychrotrophRseudomonas

spp. For exampleR. cichorii causes bacterial spot in cabbagemarginalis in endives, lettuce
and potatoes, anB. maulicola in broccoli and cauliflower (Tournas, 2005). Aetlime of

spoilage, bacterial numbers can reach over 8 lod/@Brocklehurset al., 1987; Nguyen-The
and Prunier, 1989).

Spoilage microorganisms produce hydrolytic enzymbgh hydrolyse plant components, such
as pectin. Pectinolytic enzymes such as polygalecase, pectin esterase and pectate
transeliminases break down pectin, resulting indéterioration of the plant tissue. This decay
sequentially manifests as softening and liquefactd the tissue; the hallmark of bacterial
spoilage. Pectin degradation occurs in the eadgesbf spoilage and may be followed by the
degradation of cellulose, which is mediated byutaies produced by some microorganisms
(Codner, 1971, Tournas, 2005).

Considering the unambiguous preponderandesafidomonas spp. in foods and their impressive

capacity for biosurfactant production, as illustchin preceding subchapters, foods appear to be a

potential source of biosurfactant-producing baaterorth exploring.
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1.4. MOTIVATION

Biosurfactants are surface-active compounds tleaparyduced by a variety of diverse organisms
and play many roles, which cannot be generaliséosuBfactants are perhaps best known for
being capable of efficiently increasing the surfarea and bioavailability of hydrophobic
substrates, and they are well known for their gbildo enhance the biodegradation of various
organic pollutants (petroleum hydrocarbons, inclgdiPAHs, and oil). Biosurfactants also
exhibit antimicrobial activity, but this property ah not been reviewed extensively.
Biosurfactants have several advantages over thethatic counterparts, making them potentially
useful in environmental control and in the biomatigciences. In developing the application of
biosurfactants for these markets, scientists hawanwnly isolated biosurfactant-producing
microbes from contaminated sites. Results from siabdies; however, have been inconsistent,
necessitating the identification and exploration naivel sources of biosurfactant-producing
microorganisms. Considering the unambiguous prep@mte oPseudomonas spp. in foods and
their impressive capacity for biosurfactant prodarct in this study, our approach is to isolate
biosurfactant-producing members of the geRsaudomonas from supermarket food products.
By sampling this alternative source for biosurfatfaroducingPseudomonas spp., it may be
possible to isolate biosurfactant-producing baatesihether novel or existing, that offer specific

activities applicable in pollution remediation andhe biomedical sciences.
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1.5. OBJECTIVE

Characterise the antimicrobial and biodegradaticgvides of biosurfactants produced by

Pseudomonas spp. isolated from food products.

1.6. AIMS OF STUDY

1. Evaluate selected food products available for pasehfrom a retail supermarket for the
prevalence oPseudomonas and growth media using total plate (aerobic) Beelidomonas

selective plate counts.

2. Characterise isolates from 14 food products mogdioally and biochemically.

3. Screen isolates for biosurfactant production usthg drop collapsing test, and for

emulsification activity using an emulsification ags

4. Screen biosurfactant-producing isolates for antioti@l activity by spotting biosurfactant-
producing isolates and supernatants of spent Baxgant-producing cultures onto indicator
plates prepared with target microorganisms; anduate the stability of the antimicrobial
compounds in terms of whether they are proteindhabeat stable and stable in organic

solvents. Additionally, identify positive isolatbyg 16S rDNA sequencing.
5. Screen four Gram-positive and -negative biosurfagbaoducing isolates for biodegradative

activity againsin-hexadecane and motor oil. Activity will correspatedgrowth, which will

be inspected visually and measured by plate counts.

23



Table 1.1:  Selected microbially produced surfactants.

Surfactant type Producing microorganisms Reference

Low molecular mass

Glycolipids

Rhamnolipids

Trehalolipids

Sophorolipids

Arthrofactin

Streptofactin

Lipopeptides, lipoproteins

Lipopeptide

Viscosin

Viscosinamide

White line inducing principle
(WLIP)

Tensin

Massetolides

Surfactin

Pseudomonas aeruginosa

Pseudomonas sp.

Serratia rubidea

Rhodococcus sp.

Nocardia sp.
Mycobacterium sp.
Torulopsis bombicola
Torulopsis apicola
Candida petrophilum
Candida lipolytica
Arthrobacter sp.
Sreptomyces tendae

Bacilluslicheniformis

Bacillus pumilis

Pseudomonas putida
Pseudomonas fluorescens
Pseudomonas fluorescens

Pseudomonas reactans

Pseudomonas fluorescens
Pseudomonas sp.
Pseudomonas fluorescens
Bacillus subtilis

Bacillus pumilis

Desai and Banat, 1997; Banat al., 2000;
Mulligan et al., 2005; Monteircet al., 2007

Wu et al., 2007; Prietct al., 2008

Desai and Banat, 1997; Nayadt al., 2008;
Oliveriaet al., 2008

Matsuyameet al., 1990

Rappet al., 1979; Coopeet al., 1989;
Shulgaet al, 1990; Singer and Finnerty, 1990;
Abu-Ruwaidaet al., 1991a

Margaritiset al., 1979, 1980

Cooperet al., 1989

Inoue and Ito, 1982; Coopetral., 1989
Tullochet al., 1967; Homme¢t al., 1987
Cooperet al., 1983

Lesiketal., 1989

Morikaweet al., 1993

Richteret al., 1998

Mclnerney et al., 1990; Lin et al., 1994,
Yakimovet al., 1995; Horowitzt al., 1990

Naruseet al., 1990

Kuiperet al., 2004

Neuet al., 1990

Nielsenet al., 1999
Mortishire-Smithet al., 1991

Nielsenet al., 2000
Gerardet al., 1997
de Bruinet al., 2008
Arimaet al., 1968
Morikawaet al., 1992
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Gramicidin S
Polymyxins
Serrawettin
Fatty acids, neutral lipids,
phospholipids
Fatty acids

Neutral lipids

Phospholipids

High molecular mass
Polymeric substances

Emulsan

Biodispersan
Alasan
Liposan
Mannosylerythritol lipids
Mannan-lipoprotein
Protein PA

Particulate compounds
Particulate surfactant (PM)
Biosur PM

Whole cells

Lactobacillus
Bacillus brevis
Bacillus polymyxa

Serratia marcescens

Corynebacterium lepus
Penicillium spiculisporum
Arthrobacter paraffineus
Nocardia erythropolis
Clostridium pasteurianum
Thiobacillus thiooxidans,

Corynebacterium insidiosum

Acinetobacter cal coaceticus
Pseudomonas fluorescens
Acinetobacter calcoaceticus
Acinetobacter radioresistens
Candida lipolytica

Candida antarctica

Candida tropicalis

Pseudomonas aeruginosa

Pseudomonas marginalis
Pseudomonas maltophila

Variety of bacteria

Velraeds-Martinest al. 1996
Marahielet al., 1977
Suzukiet al., 1965
Matsuyameet al., 1991

Cooperet al., 1978, 1989
Ishigamiet al., 1982
Duvnjaket al., 1982
MacDonaldet al., 1981
Cooperet al., 1980

Beeba and Umbreit, 1971
Akit et al., 1981

Rosenbergt al., 1979; Zosinet al., 1982

Desaiet al., 1988
Rosenbergt al., 1988
Navon-Venezia&t al. 1995

Cirigliano and Carman, 1984, 1985

Kitamotoet al., 1990
Kaepelliet al., 1984

Hitsatsukeet al., 1972; 1977

Burd and Ward, 1996
Phalleet al., 1995

Fattond &hilo, 1985; Rosenberg, 1986
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Table 1.2:  Antimicrobial activities of rhamnolipids isolatéd various studies.

Target microorganism MIC (pg/ml) Reference
Gram negatives
Alcaligenes faecalis 32 Abaloset al., 2001
Enterobacter aerogenes 4 Benincasat al., 2004
Escherichia coli 16 Abaloset al., 2001
250 Benincasat al., 2004
ND Onbasli and Aslim, 2008
Proteus mirabilis 8 Benincasat al., 2004
Pseudomonas aeruginosa 32 Benincasat al., 2004
Salmonella typhimurium 16 Benincasat al., 2004
Serratia mar cescens 32 Abaloset al., 2001
Gram positives
Arthrobacter oxidans 16 Abaloset al., 2001
Bacillus cereus v. mycoide 4 Benincasa&t al., 2004
64 Abaloset al., 2001
Bacillus subtilis 8 Benincasat al., 2004
64 Abaloset al., 2001
ND Onbasli and Aslim, 2008
Clostridium perfringens 256 Abalost al., 2001
Micrococcusluteus 32 Abaloset al., 2001
128 Benincasat al., 2004
Mycobacterium phlei 16 Abaloset al., 2001
Saphylococcus aureus 8 Benincasat al., 2004
128 Abaloset al., 2001
Saphylococcus epidermidis 8 Abaloset al., 2001
250 Benincasat al., 2004
Sreptococcus faecalis 4 Benincasat al., 2004
64 Abaloset al., 2001
Fungi
Alternaria alternata 4 Benincasat al., 2004
Aspergillus niger 16 Abaloset al., 2001
Botrytis cinerea 18 Abaloset al., 2001
Candida albicans 32 Benincasat al., 2004
Cercospora kikuchii 50 Kimet al., 2000
Chaetomium globosum 32 Abaloset al., 2001; Benincaset al., 2004
Cladosporium cucumerinum 25 Kimet al., 2000



Colletotrichum orbiculare
Cylindrocarpon destructans

Gliocladiumvirens

Magnaporthe grisea
Penicillium crysogenum
Phytophthora capsici

Rhizoctonia solani

25
50
16
32
50
32
10
18

Kimet al., 2000
Kimet al., 2000
Abaloset al., 2001
Benincasat al., 2004
Kimet al., 2000

Abaloset al., 2001; Benincasa al., 2004

Kimet al., 2000
Abaloset al., 2001

ND, not determined
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Table 1.3:  Potential applications of biosurfactants.

Function Application field

Emulsifiers and dispersants Cosmetics, paints, petroleum production/produdéstemers and plastics,

additives for rolling oil, leather industry, fooddustry, waxes and polishes

Solubilisers and microemulsions Pharmaceuticailletties, food and beverage industry
Wetting and penetrating agents Paints, pharmaedsitiextile industry, industrial cleaning
Detergents Household, agriculture products (hedbii pesticides), high tech production
Foaming agents Cosmetics, ore floatation, casting
Thickening agents Paints
Metal sequestering agents Mining
Vesicle forming materials Cosmetics, drug deliveygtems
Microbial growth enhancers Sewerage sludge treaBrfenoily wastes, fermentation
Demulsifers Waste treatment
Viscosity reducing agents Pipeline transportation

Dispersants Coal-oil mixture, coal-water slurry
Resource recovery agents Tertiary recovery of oil

" Adapted from Rosenberg and Ron, 1999; Banalt, 2000; Kosaric, 2001
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Figure 1.4: Quorum sensing ifP. aeruginosa. In P. aeruginosa, two quorum-sensing systemnias and rhl,
control the transcription of secreted compoundslutting proteases (LasB elastase), pyocyanin
and rhamnolipids. The systems include a transonjpli regulator (LasR and RhIR, respectively)
and an autoinducer synthase (Lasl and Rhll, resedgt When the bacterial density is sufficient
to form a quorum, the accumulation of signalingoaducer moleculese(andm) in the medium
induces théas andrhl pathways, resulting in the transcription of virutergenes. Thias quorum-
sensing system can, to a degree, inducetthsystem. SOD, superoxide dismutase (Cossath,
2002).
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CHAPTER 2

Food as a novel sourcefor biosurfactant-producing bacteria,

with emphasis on Pseudomonas strains
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ABSTRACT

The aim of this study was to evaluate whether foodld be a novel source of biosurfactant-
producing bacteria. A total of 14 food productghe categories of water, dairy, meat, fish and
vegetables were exposed to an elevated temperatl88°C for three days in order to induce
spoilage. Aerobic plate counts (APC) dPsbudomonas counts (PC) were performed by standard
plating methods using tryptone soy agar aPskudomonas selective agar, respectively.
Vegetable, fish and meat product samples were foaiidve the highest APC, ranging fram

8.5 — 9.5 log CFU/g, in descending order. By castirtne water samples had the lowest APC of
4.45 log CFU/ml. Similarly, PCs from vegetablehfsnd meat products ranged froea8 — 9 log
CFUl/g. The lowest PC was recorded for dairy prodizhples (<2 log CFU/mI). Preliminary
identification of the isolates was achieved by Gitaining and standard biochemical tests. The
spoilage microflora of bottled water samples waetpminated byacillus (27%), RT V (36%)
and RT VI (27%) Gram-negative bacilli (GNB). Milkasiples were predominated by
Lactobacillus (47%), RT V (24%) and RT VI (24%) GNB, while meatd fish products were
predominated by RT Il (78 and 96%, respectively) B5Nvhich includesAeromonas/Vibrio
strains. RT IV (28%), V (21%) and VI (33%) GNB wdte predominant populations identified
from vegetable product®seudomonas was identified at high proportions from tRseudomonas
selective medium in only the water and vegetabtelycts, highlighting the need to confirm the
identities of isolates from selective media. A t@B568 strains were screened for biosurfactant
activity. The isolates were tested using the drafiapse assay, which is based on the
collapsibility of a drop of bacterial cell suspemsiplaced on an oil droplet. Of these, 32 (6%)
tested positive for biosurfactant activity. In adsh, none of the 32 isolates tested positive for
emulsifying activity. This study demonstrated thosgibility of isolating biosurfactant-producing

bacteria from foods, thus providing a further adtgive source of these bacteria other than soils.
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INTRODUCTION

Biosurfactants are an interesting group of secondatabolites produced by a wide variety of
microorganisms. They are amphipathic molecules #md exhibit surface activities. Their
structures vary greatly, and are dependent upandagon substrate and hydrophobic and polar
domains (Ron and Rosenberg, 2001). Many of the knloiasurfactants are glycolipids. The best
studied of these molecules are the rhamnolipiddctwivere first described ifPseudomonas
aeruginosa (Jarvis and Johnston, 1949). It has since beemdfainat several isolates of
Pseudomonas produce a range of biosurfactants, including lggmles and lipoproteins (low-
molecular-mass), and polymeric and particulate ammgs (high-molecular-mass) (Ron and
Rosenberg, 2001, 2002; Mulligan, 2005).

The diversity of origin, chemical structure andfage active properties of biosurfactants makes it
difficult to generalise about the roles of biosuatéants, despite their clear significance in the
physiology of their producer organism. Most notaldjosurfactants have been found to both
increase the surface area and bioavailability {@lly) of hydrophobic water-insoluble

substrates. As a result of this property, most am$e has been conducted on developing

biosurfactants for application in bioremediativéods.

In developing biosurfactants for commercial appl@a scientists have traditionally isolated
biosurfactant-producing microorganisms from conteated soil sites (Banat, 1993; Whweal .,
1997; Stelmaclet al., 1999; Kanaly and Harayama, 2000; Christofi arghiha, 2002; Prabhu
and Phale, 2003; Mulligan, 2005; Vasileva-Tonkeval., 2006; Singhet al., 2007; Whanget

al., 2008). However, results from such studies, ha@en inconsistent, thus necessitating the
identification and investigation of novel sourcébmmsurfactant-producing bacteria (Rowseal.,
1994; Desai and Banat, 1997; Christofi and Ivsh2@2). One such source may be food. Each
food product harbours its own unique microflora@ay give point in time during production and
storage, and this microflora is an effect of a nambf factors including the initial flora,
processing and storage conditions. Of the initieraflora, some of the constituent isolates will
be able to produce spoilage metabolites and coesdégucontribute to spoilage of the food

product. Despite the variety in microfloras and thetors affecting them in different products,
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this variety typically yields to spoilage pattenvhich may emerge in different products under
similar conditions (Granet al., 2002). This is exemplified blseudomonas spp., which have
consistently been found to comprise the largestugef bacteria that exists in fresh and spoiled
aerobic, refrigerated food; including red meatsylpg, seafood products, and vegetables (Jay,
2000; Szabet al., 2000; Chytiriet al., 2004; Ercolinit al., 2006; Wiedmanet al., 2006). Many

of these foods contain oils, potentially necessitathe presence of biosurfactants which can
increase the bioavailability of those oils to spgé bacteria. Considering the unambiguous
preponderance oPseudomonas spp. in foods and their impressive capacity farshirfactant
production, foods appear to be a logical poterg@mirce of biosurfactant-producing bacteria
worth exploring.

Thus, the aim of this study was to isolate potértiasurfactant-producing bacteria, including

Pseudomonas, from foods.

MATERIALSAND METHODS

Sample collection and processing.

A total of 14 food products, including water, mdkd cream, red meats, fish and vegetables, in
their original packaging, were collected from adlbsupermarket on 3 separate occasions. All of
the samples were stored at 4°C until incubaticematlevated temperature of 30°C for three days
to induce spoilage. The food products selectedhisrstudy are listed in Table 2.1.

Sample processing and bacteriological examination.

For each sample, 20g was aseptically removed flwmotiginal sample and homogenised for
2min in 180ml diluent (0.1% bacteriological peptp@85% NaCl) in a Colworth 400 Stomacher
(Seward Medical, London, UK). A tenfold serial dian (1& to 10%) was prepared in the same
diluent and plated in duplicate using the spreadeptechnique on three different media within
20min of the dilution series being prepared. Thalimeised include tryptone soy agar (TSA;
Biolab, Midrand, South Africa);Pseudomonas selective agar, supplemented with cefalotin
sodium (PSA; Merck, Modderfontein, South Africa)dametrimide agar (CA; Scharlau,
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Barcelona, Spain), which were used to determinebéer(APC), Pseudomonas (PC) andP.
aeruginosa (PAC) plate counts, respectively. Plates were theerted and incubated aerobically
at 25°C for 24 — 48h. Plates exhibiting betweeraB8 300 colony forming units (CFU) or the
highest number, if below 30, were counted and tlgeGFU per gram or ml (log CFU/g or ml)
determined.

Selection of isolates.

Predominant populations were obtained from the Ti&&lia as previously described (von Holy
and Holzapfel, 1988), while presumptiPseudomonas isolates were selected using Pake’s disk
(Harrigan and McCance, 1976). A total of 963 isedatvere collected in this way, including 154
from the TSA plates, and 809 from the PSA and Ca#tgd. All isolates were streak-plated onto
TSA to ensure purity.

Preliminary identification of isolates.

Morphology of the isolates was examined by usirghtlimicroscopy and the Gram-stain
technique (Shewast al., 1960). Biochemical tests included an oxidase (€stvzacs, 1956) as
well as a catalase test (3%®4), which was performed on stock TSA plates. Oxidator
fermentative acid production from glucose on OF im&d(Biolab) according to Hugh and
Leifson (1953) was also performed. The medium wasubated at 30°C for 24 — 48h.
Identification was determined using the dichotomé&ay of Fisheret al. (1986), and Gram-
negative bacilli were further classified into reawst type (RT) groups based on oxidative-
fermentative reactions, shown in Table 2.2.

Screening of isolates for biosurfactant and emulsifying activities.

Due to similar populations arising on PSA and Cédatermined by preliminary identification
as described previously, predominant population§®A and PSA only were selected for further
screening for potential biosurfactant-producingaiss. The test for biosurfactant production
among the isolates obtained from the TSA and PS4 avéest for the ability of a drop of cell
suspension from each isolate to collapse on tHaaiof an oil drop, as described by Jetial.
(1991). For this assay, 40ul of cooking oil was eatito the surface of a sheet of laboratory

parafilm and allowed to equilibrate to room tempam@ Ca. 25°C) for 1h. A loopful of cells of

37



each isolate cultured on TSA (30°C, overnight) suaspended in 150ul sterile distilled water and
50ul of the cell suspension was then added touftface of an oil drop. The shape of the drop on
the surface of oil was inspected visually after 12min. Biosurfactant-producing isolates

produced collapsed drops while those that did eotained stable. Sterile distilled water, and
sterile distilled water plus 1% sodium dodecyl salpate (SDS, 1:1), functioned as negative and

positive controls, respectively.

To assay for emulsifying activity, supernatantstloé biosurfactant-producing isolates were
obtained by subjecting each isolate (grown at 3A%Drpm, overnight in tryptone soy broth) to
centrifugation (5min, 5000rpm) (Risgenal., 2004), and 500ul was added to an equal volume of
cooking oil in an Eppendorf microfuge tube and ewred for 30s. Tryptone soy broth (TSB,
Biolab), and TSB + 1.0% Tween (1:1) functioned &e hegative and positive controls,
respectively. The rationale behind using cookinlgfai the emulsification assay was based on
two considerations. Firstly, emulsification wasestigated in a food system. Secondly, several
studies have demonstrated that the addition of taetge oil can accelerate and enhance the
removal of PAHs and chlorinated aliphatic hydrocad (Borden, 2007; Gong al., 2007;
Pannuet al., 2004). The presence/absence of an emulsion te#yeach of the test isolates was
observed after the amount of time taken for thelsiom layer in the TSB control to separata. (
20min).

RESULTS

Bacterial counts.

In order to determine the microbial ecology of $gbifood products, APCs, PCs and PACs were
determined. Spoiled vegetable, fish and meat prosamples were found to have the highest
APC, ranging fronta. 8.5 — 9.5 log CFU/g, in descending order (Fid).2By contrast, the water
samples had the lowest APC of 4.45 log CFU/ml (Bid). Similarly, PCs from vegetable, fish
and meat products ranged fraa 8 to 9 log CFU/g (Fig. 2.1). The lowest PC wasorded for
dairy product samples (<2 log CFU/ml) (Fig. 2.1).
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I dentification of isolates.

Predominant spoilage populations.

The percentage distribution of aerobic predominaspulations isolated from the 14 different
food products is shown in Figure 2.2A. Predominaopulations oBacillus, reaction type (RT)
V and VI Gram-negative bacilli (GNB) each were &el from the water samples in similarly-
sized proportions (27%, 36% and 27%), while RT IMEB>comprised the remaining 9% of the
predominant isolates. Predominant isolates fromydaioduct samples includddactobacillus
spp. (47%), RT V (24%) and VI (24%) GNB (Fig. 2.2A)he meat products selected for this
study were a combination of fresh beef and lambtspeand ground beef and lamb meat
products. The isolates selected from meat prodacipkes were predominately RT Il GNB
(78.4%), with 6 of the 9 other bacterial groupsheaconstituting between 1 and 4% (Fig. 2.2A).
RT 1 GNB were predominantly isolated from fish duwt samples (96%) (Fig. 2.2A).
Enterococcaceae/ Staphyl ococcus comprised the remaining 4% of strains. Isolatemfvegetable
product samples were predominantly RT VI, V anddMB, each group of which represented 21
to 33% of the spoilage microflora (Fig. 2.2A). Tiemaining 19% compriseBacillus spp. and
RT Il GNB. RT VI and IV GNB includePseudomonas spp., particularlyP. cichorii and P.

fluorescens.

Putative Pseudomonas and P. aeruginosa populations.

Pseudomonas spp. occur in RTs lll, IV and VI, whil®. aeruginosa occurs within RT IV GNB.
For water and vegetable products, the majoritytidirss selected by the Pake’s disk on PSA
were identified as predominantly RT IV GNB (100 ar@Pb, respectively), and RT 1l (>96%)
GNB from meat products and fish (Fig. 2.2B). Altstimely, the strains isolated from meat and
fish products from CA, also using Pake’s disk, widentified as predominantly RT Il GNB (88
— 91%), while that of vegetables were identifieddaminantly as RT IV (50%) and RT VI GNB
(25%) (Fig. 2.2C).

Screening for biosurfactant and emulsifying activity.

Of the 568 isolates, only 32 (6%) exhibited bioaatant activity (Fig. 2.3). The majority of the
biosurfactant-producing strains (72%) isolatechis study were obtained from spoiled vegetable
products, as well as bottled mineral water (19%) éow fat milk (9%) (Table 2.3). The
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biosurfactant-producing isolates obtained were doun be predominantly Gram-negative
bacteria (84%). Of these, RT IV GNB predominated%®, followed by RT VI (22%), RT V
(7%) and RT 1l (4%) GNB (Table 2.3). Gram-negatigelates werd>seudomonas spp., while
Gram-positive isolates includeBacillus and Lactobacillus spp. None of the biosurfactant-
producing isolates showed emulsifying activity waboking oil (Fig. 2.4) with respect to the
positive control, TSB plus Tween 80 (1:1).

DISCUSSION

The high APCsda. 8.5 — 9.5 log CFU/g) obtained for spoiled vegktahsh and meat product
samples were expected as all three categoriesodfgmducts have pH values within the growth
range of a number of Gram-negative psychrotrophsneonly found in them. Additionally, these
foods have adequate nutrient and water contentsupport the growth of their spoilage
microflora, which may reach numbers of over 7 ldguly (ICMFS, 2000; Jay, 2005). These
food product samples also produced the highest (&€s8 to 9 log CFU/g). This was also
expected a$seudomonas spp. comprise the largest genus of bacteria tkigtsein fresh and
spoiled aerobic, refrigerated foods (ICMFS, 20G;, 2005). The low APC reported for bottled
water samples correlates with other studies, whelve reported that, after bottling, the
autochthonous bacterial population present in tagemobtained from the source increases from
1 -2 log CFU/ml to 4 — 5 log CFU/ml over a permfdl — 3 weeks post bottling (Hunter, 1993;
Tamagnini and Gonzalez, 1997). This type of growghypical of bacteria in low-nutrient
sources. Spoiled dairy product samples had thedbR€ (<2 log CFU/mI). Studies have shown
that pasteurised milk is spoiled predominantly Iwermoduric Gram-positive bacteria, as
pasteurisation destroys most Gram-negative bagctespecially psychrotrophs, including
Pseudomonas spp. (Cousin, 1982; Meer, 1991).

The relatively high incidence d&acillus (27%) in spoiled bottled water samples is surpgsas
studies have reported that the autochthonous @bnaater is composed predominantly of the
Gram-negative bacterid’seudomonas, Moraxella, Acinetobacter and Flavobacterium spp.
Pseudomonas spp. most frequently dominates the microflora (lBuand Leclerc, 1993; Ferreira

et al., 1996). One factor that could contribute to dlceurrence oBacillus in drinking water is
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the extraction procedure (Hunter, 1993Facillus species are common soil inhabitants
(Winogradsky, 1924; Henrici, 1934; Garbestaal., 2003) and it is possible that the drilling
process during sampling contaminated the aquifgplging the bottled drinking water.

Considering that natural mineral water may not bbjected to any treatments that alter or
eliminate its biological components (EC-directivE980; Leclerc and Moreau, 2002), it is
expected that bacteria present in the undergrouatkérwsupplies, whether autochthonous or
introduced by drilling, would be isolated in subsently bottled mineral water. If the aquifer is
the source of the isolatdghcillus, it is unlikely that the isolates originated frandospores, as

these have not been reported widely from aquifetesys (Leclerc and Moreau, 2002). Other
factors potentially affecting the bacterial floradsinking water include the type and size of the

container, the method of bottling and storage,taedage of the water (Hunter, 1993).

The predominance dfactobacillus in spoiled dairy products is accepted as the ahtuaicroflora
of dairy products has commonly been reported tgpheelominated by actobacillus, as some
strains are thermoduric and survive the pasteuwisgirocess (Christiansest al., 2006). The
incidence of Alcaligenes could be attributed toteomnation as\lcaligenes (RT V and VI GNB)
Is a psychrotrophic post-pasteurisation contamingmth typically originates from equipment

surfaces and water supplies (Mekal., 1991).

Aeromonas spp. (RT Il GNB) has been reported as one of thstimportant spoilage bacteria of
ground beef (Neytst al., 2000). However, its predominance (78.4%) in $peiled red meat
samples is worth noting as it is currently classifas a potential emerging foodborne pathogen
(Daskalov, 2006)Aeromonas is also widely distributed in both raw and proesswater, and it is
possible that the high incidence Aéromonas observed in this study is due to contamination
originating from water supplies used in the prorcessf the meat (Holmeat al., 1996). Fresh
red meats are also commonly spoiledAsgudomonas, Moraxella andAcinetobacter (Jay, 2005;
Ercoliniet al., 2006).

The almost exclusive predominance of RT || GNBpoited fish samples correlates with studies

which have shown that Gram-negative bacteria, diolyAeromonas andVibrio spp., dominate
fish spoilage at elevated temperatures betweemd@a°C (Chytiriet al., 2004; Jay, 2005).
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RT IV and VI, which predominate the spoiled veg&giroducts, includé’seudomonas spp.,
particularly P. cichorii and P. fluorescens, which are known to are known to dominate the
spoilage microflora of MPF vegetables (Szabal., 2000; Viswanathan and Kaur, 2001). The
relatively high incidence oAlcaligenes could also be attributed to contamination of thedpcts
during handling (Meeet al., 1991).

Pseudomonas andP. aeruginosa were putatively selected for by PSA and CA, respely, using
Pake’s diskPseudomonas spp. occur in RTs Ill, IV and VI, whil®. aeruginosa occurs within

RT IV GNB. Considering the high incidences of reseudomonas strains isolated particularly
from spoiled meat and fish samples (>88%) usindn lRBA and CA, which are developed to
select forPseudomonas spp. andP. aeruginosa, respectively, the results obtained from these two
media highlight the need to confirm the identitiddacterial colonies resulting on such selective

media.

Studies investigating the prevalence of biosurfaeproducing bacteria have reported variable
values. Jennings and Tanner (2000) investigateiffefeht uncontaminated soils and found that
biosurfactant-producing bacteria constituted 035% of the aerobic population. The frequency
of surfactant-producing fluorescePgeudomonas spp. isolates from the sugar beet rhizosphere in
two Danish soils was 6 and 60% (Nielsgtrl., 2002). In a study that evaluated the frequericy o
culturable biosurfactant-producing bacteria in stutibed and contaminated Southwestern soils,
it was found that 3.4% tested positive for biosctdat-production (Bodouat al., 2003). Traret

al. (2007) reported that only 1.3% of the culturaBseudomonas population in the rhizosphere
of black pepper in Vietnam produced biosurfactamtse frequency of biosurfactant-producing

bacteria isolated in this study (6%) is comparablether, such related studies.

It is not surprising that biosurfactant-produciracteria were isolated from the leafy vegetables
evaluated in this study. The phylloplane is congdean unfavourable environment for
colonising bacteria due to rapidly fluctuating tesrgdure, relative humidity and moisture, and
low nutrient availability. The production of biosactants by colonising bacteria not only

increases the wettability of leaves, but also iases the nutrient availability on the phylloplane
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(Bunsteret al., 1989; Lindow and Brandl, 2003), thus assistimghe colonisation of the leaf
surface. Bunsteet al. (1989) found that biosurfactant production ocedrin 50% of the
Pseudomonas strains tested from leaf surfaces. This correlat#ld our results which found that
all of the biosurfactant-producing strains isolabedhis study from vegetables were putatively
identified asPseudomonas species. Only 13% of putativeseudomonas strains from leafy
vegetable products were positive for biosurfacpatuction, which could be a result of washing
during minimal processing of the product. The oomoece of such significant proportions of
biosurfactant-producing strains on the phylloplanggests an attachment role for biosurfactants.
This speculation is supported when the other ssuofebiosurfactant-producing bacteria are
considered. The three biosurfactant-producingrstresolated from low fat milk were putatively
identified asLactobacillus. This finding corresponds with other studies, whi@ave reported the
isolation of biosurfactant-producing strains of lpatic lactic acid bacteria from dairy products
(Rodrigueset al., 2006). Lactobacilli inhabit the gastrointestiti@ct of healthy mammals and
comprise the dominant indigenous microflora of tinegenital tract (Velraeda al., 1996a). It
has been hypothesised that biosurfactants prodmcsdch bacteria may facilitate detachment of
uropathogenic bacteria, such B&sterococcus faecalis (Velraedset al., 1996b). We cannot yet
infer the significance of biosurfactant-producisglates also having been isolated from bottled
water. Haemolytic activity has been recorded foctédaal strains, includingBacillus and
Pseudomonas, isolated from mineral water (Pavie al., 2004; Korzeniewskat al., 2005).
Haemolytic activity has been used as a selectioterion for the detection of potential
biosurfactant-producing bacteria (Carritbal., 1996; Lin, 1996); however, this activity is not
definitively indicative of biosurfactant-productiobut could reflect other pathogenicity factors
(Pavlovet al., 2004).

To our knowledge, there has only been one studyrdtdrded the isolation of a biosurfactant-
producingBacillus subtilis isolate from a food product. In the study by Josthal. (2008), a

biosurfactant-producing strain &. subtilis was isolated from a fermented rice product, idly
batter. Furthermore, the isolate was also foungremuce an antifungal compound. In efforts to
improve the economy of the production of biosudats, biosurfactants have been produced
from economical, renewable substrates includingetadge oils, used vegetable oils, native oils

and even potato substrates from the potato prowessdustry (Makkar and Cameotra, 2002;
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Nitschke and Pastore, 2003; Nitschéteal., 2005; Nitschke and Pastore, 2006). To further
investigate the potential of food as a source atfional biosurfactants, it might be worthwhile
to investigate the prevalence of biosurfactant-pooty bacteria in foods both when fresh and

when spoiled. Such data could also clarify the tioéa biosurfactants play in food products.

The biosurfactant-producing isolates obtained im stwdy were found to be predominantly
Gram-negative bacteria (84%). Of these, RT IV GNBdpminated (67%), followed by RT VI
(22%), RT V (7%) and RT 1l (4%) GNB. Gram-negatigelates weré&seudomonas spp., while
Gram-positive isolates includeBacillus and Lactobacillus spp. Bacillus, Lactobacillus and
Pseudomonas spp. are all recognised producers of biosurfastéPérssomt al., 1988; Desai and
Banat, 1997; Singh and Cameotra, 2004; Mulligaf®5200ur results suggest that although the
percentage isolation of biosurfactant-producindpi®s is only 6%, food products may be a novel
source of biosurfactant-producing isolates and nmwatk is required in order to discover the full

potential of food as such a source.

None of the biosurfactant-producing isolates showsullsifying activity with respect to the
positive control; however, biosurfactant activisyriot mutually inclusive of emulsifying activity.
Bioemulsifiers are a subclass of biosurfactants timly stabilise suspensions of one liquid in
another and may not necessarily reduce surfacete(Ron and Rosenberg, 2001, 2002). Many
studies have shown the emulsifying activity of bidactant-producing bacteria isolated from
hydrocarbon-contaminated sites (Bodetial., 2003; Rahmast al., 2003; Bentaet al., 2005b;
Batistaet al., 2006). The use of cooking oil for the emulsifica assay served to give some
preliminary indication of emulsification ability asegetable oil has previously been shown to
enhance the bioremediation of PAHs and other hyarbjg contaminants (Borden, 2007; Gong
et al., 2007; Pannwet al., 2004). Vegetable oil can be used as a biodegladbw-cost soill

amendment in biological and non-biological treathp@ocesses.

However, the variation in emulsifying activity o&tterial strains isolated from different sources
could be due to various factors. As with biosuidats, bioemulsifiers can be substrate-specific,
emulsifying different hydrophobic compounds at eliéint rates (lloret al., 2005; Bodouet al.,

2003). Thus, the screening media used could hdeetafl the outcome of the assay or emulsion
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stability could have lasted only a few minutes amds not observed after 20 minutes.
Additionally, emulsifying activity could be affeactdby the substrate on which the bioemulsifier
was produced (llorét al., 2005). It is also possible that emulsificatianinaty is not required for

growth on spoiled foods. If the latter is true,stidould further support the theory that the

production of biosurfactants by strains in the prestudy plays an attachment role.

CONCLUSION

High proportions oBacillus, Lactobacillus andPseudomonas spp. were isolated from the spoiled
food products evaluated, confirming the hypothethat food is a potential source of
biosurfactant-producing bacteria. Of all the isedascreened for biosurfactant activity, only a
percentage of those obtained from predominantliy leagetable, but also water and low fat milk
products tested positive. These findings are namdlstrongly suggest that certain food products

may be a source of biosurfactant-producing isolatash investigating.
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Table2.1: Food products selected for evaluation from a lsoglermarket.

Category Product

Water Valpre spring water

Fresh cream
Milk and milk products Low fat (2%) milk

Beef stir fry

Lamb stir fry
Red meats Beef burger patty
Lamb burger patty

Lamb knuckle

Fresh Canadian salmon

Seafood Fresh rainbow trout

Pre-packed butter lettuce
Vegetables Pre-packed crisp lettuce
Pre-packed coleslaw mix

Pre-packed spinach
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Table2.3:

producing strains.

Sources, putative identities and degree of oiplitocollapse of biosurfactant-

| solate no. Origin Putative identity Degree of droplet collapse
001T Bottled water RTV +
002T Bottled water RTV +
007T Low fat (2.0%) milk Lactobacillus +
009T Bottled water RT VI +
010T Bottled water Bacillus +
012T Bottled water Bacillus ++
013T Low fat (2.0%) milk Lactobacillus +
016T Low fat (2.0%) milk Lactobacillus ++
020T Bottled water RT VI ++
100T Butter lettuce RT VI +++
119T Crisp lettuce RT IV +++
133T Crisp lettuce RT VI +++
145T Coleslaw RT IV *
226C Butter lettuce RT VI ++
227C Butter lettuce RT IV +++
228C Butter lettuce RT IV +++
229C Butter lettuce RT IV +++
231C Butter lettuce RT IV ++
283C Crisp lettuce RT IV +++
326C Butter lettuce RT IV +
331C Crisp lettuce RT IV +
340C Crisp lettuce RT VI ++
345C Coleslaw RT IV +++
347C Coleslaw RT IV +++
348C Coleslaw RT IV +++
364C Spinach RT IV ++ +
381C Spinach RT 1 ++ +
384C Spinach RT IV ++ +
390C Coleslaw RT IV +++
398C Coleslaw RT IV + +
408C Spinach RT IV ++
412C Spinach RT IV ++
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Meat Fish
| Bacillus
12% B Lactobacillus

O Enterococcus/Streptococcus

B Micrococcaceae/Staphylococcus
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Figure2.2: Putative identities of isolates isolated from ARZsTSA @.), PCs on PSAR.), PACs on CA
(C).
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Figure2.3: Assay screening for biosurfactant-producing béténdicating negative®) and positive isolates

(A.) and a representative assay showing oil dropléamse upon addition of a biosurfactant-
producing isolate and a non-biosurfactant-produc@ntate B.) compared to negative (dgbl) and

positive (1% SDS) controls.
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Figure2.4: Emulsification assay showing activity of select#dsurfactant-producing isolates compared to a

positive control (TSB + Tween 80, 1:1).
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CHAPTER 3

Partial characterisation and antimicrobial activity of compounds from biosurfactant-

producing bacteria isolated from food
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ABSTRACT

The aim of this study was to screen biosurfactaothpcing bacterial strains isolated from foods
for antimicrobial activity against a range of Grawsitive and Gram-negative bacteria, and to
partially characterise some of those compounds. 3thbiosurfactant-producing strains isolated
(see Chapter 2) were evaluated for antibacteriéivigc against Gram-negative and Gram-
positive bacteria using the spot-on-lawn assayth®f32 isolates, 18 (56%) exhibited activity
against only Gram-positive bacteria, predominaBtlgereus ATCC 10702, and to some extent,
S aureus ATCC 25923. To confirm the identities of antimibral and biosurfactant-producing
strains, 15 isolates were selected for 16S rRNAusegng based on differing colony
morphologies and/or origins. It was found that 8%} isolates were identified & pumilis, 7
(47%) asPseudomonas sp. and 2 (13%) aBroteus vulgaris. This study is the first to document
antimicrobial activity by a strain d®. fulva. The 16 strains exhibiting activity agairi&tcereus
ATCC 10702 were subjected to treatments with psmeaeat and organic solvents in order to
determine their stability. It was found that compdsi produced by the majority of tBepumilis
strains (78%) retained their antibacterial activéfter all 3 treatments, while 56% of the
Pseudomonas strains lost their activity after the 3 treatmer@$ the 16 isolates selected for the
stability assays, 6 were selected for further attarssation by TLC and it was found that the
majority of the isolates tested (67%) possibly eoreéd peptides, but that all of the isolates
stained ninhydrin-negative. The data suggeststti®imajority of compounds produced by the
strains isolated in this study produce cyclic lippfiddes, some of which may be novel.
Phylogenetic analysis of 16S rDNA sequences alsweti that the 15 biosurfactant-producing
strains are closely related to sequences of otlaeteba with biosurfactant-producing and
antimicrobial activities. This study demonstratédtta significant proportion of biosurfactants
produced by bacteria isolated from foods exhibigetivity against Gram-positive bacteria of
medical and food safety relevance, and advocatesgy for further characterisation of the

identified molecules, given their potential applioas.
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INTRODUCTION

Several low-molecular-mass microbially-producedfattants are also known to exhibit some
biological properties of therapeutic and biomedied¢vance. However, these useful properties
have not yet been exhaustively explored. Some ef libtter known biosurfactants with

antimicrobial activities are produced MWseudomonas and Bacillus spp., and are discussed

below.

Lipopeptides form the most widely reported classbasurfactants exhibiting antimicrobial
activity. Surfactin, produced b¥acillus subtilis, presents the first and best-documented
antimicrobial lipopeptide. It has well known antiberial and antifungal activities (Thimahal.,
1992; Amihouet al., 2001) and also exhibits broader biological atiéig, such as the inhibition
of fibrin clot formation (Arimaet al., 1968), the formation of ion channels in lipidayer
membranes (Sheppaet al., 1991), blocking the activity of cyclic adenosim@nophosphate
(Hosono and Suzuki, 1983), the inhibition of platehnd spleen cytosolic phospholipase A2
(PLA2) (Kim et al., 1998), antiviral (Itokawat al., 1994; Krachtet al., 1999) and antitumour
(Kamedaet al., 1974) activities. Iturin and pumilacidin are ethantimicrobial lipopeptides
produced by some strains Bf subtilis andB. pumilis, respectively. Iturin is a potent antifungal
lipopeptide (Bessosnt al., 1976; Amihouet al., 2001), while pumilacidins A - G are a group of
antiviral biosurfactants (Narusa al., 1990). Other cyclic lipopeptides (CLPs) produdad
Pseudomonas spp., viz. massetolides A — H (Geraatdal., 1997), viscosin (Neu and Poralla,
1990) and viscosinamide (Nielseh al., 1999), have all been shown to exhibit antibaaiter

(Gram-positive and -negative), antifungal and ardghactivities.

Rhamnolipids, produced dyseudomonas aeruginosa (Itoh et al., 1971), are known to possess a
range of biological activities, including antibatsé (predominantly against Gram-positive
bacteria), antifungal, antiviral (Lang and Wagr393), antimycoplasmal (Abales al., 2001)
and antiamoebal (Cossehal., 2002) activities. Additionally, rhamnolipids Fabeen shown to
inhibit the growth of the harmful algal bloom spgetersigma akashiwo and Proracentrum

dentatum (Wanget al., 2005) and induce the lysis of zoospores of thatpathogen®ythium
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aphanidermatum, Pythophthora capsici and Plasmopara lactucae-radicis from 5ug/mi
(Stanghellini and Miller, 1997).

The antimicrobial activity of biosurfactants resultom the ability of the molecules to alter the
permeability of phospholipid bilayer membrane inletergent-like manner. Both rhamnolipids
and lipopeptides intercalate into the membranemifog transmembrane pores or disintegrating
the membrane. This results in the collapse of thestnembrane electrochemical gradients and
subsequent cell lysis (Stanghellini and Miller, I98hai, 2002; Makotvitzkat al., 2006).

Given the increasing prevalence of drug-resistattiggenic bacteria, alternative lines of therapy
are required. Certain biosurfactants present a igingalternative to synthetic medicines and
antimicrobial agents, and may be used as safe féactiee therapeutic agents. Thus, the aim of
this study was to screen biosurfactant-producingteseal isolates for antimicrobial activity

against a range of Gram-positive and Gram-negateteria.

MATERIALS AND METHODS

Biosurfactant-producing strains and growth conditions.

As discussed in the previous chapter (Chapter 2)stBains of bacteria capable of producing
biosurfactants were isolated. These are listed abld 2.3. For subsequent experiments, all
isolates were grown up in TSB and incubated ovéitratj30°C with shaking at 150rpm.

Screen for antimicrobial activity.

Antimicrobial activity of biosurfactant-producingdlates was assessed against a variety of target
bacteria by the spot-on lawn assay (Hoover andadddr, 1993) and conducted in duplicate.
These included potential pathogemBacillus cereus ATCC 10702 (Lindsayet al., 2002), B.
cereus DL5 (Lindsayet al., 2002), Escherichia coli ATCC 25922 ,Salmonella enteritidis S61
(Geornaras, 2000% typhimurium S48 (Geornaras, 2000) athaphylococcus aureus ATCC
25923, and food spoilage strairis:subtilis EL39 (Kirschner, 1993)B. subtilis 168 (Lindsayet

al., 2006), Lactobacillus brevis (Deva, 2007),Pseudomonas aeruginosa ATCC 27853
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(Panayides, 2009R. fluorescens DSM 50090 (Geonaras, 2000) aRdputida dss2 (Lindsayet

al., 2008). For this assay, indicator plates of e@achet bacterium were prepared by adding a
10% volume exponential phase (€38 0.6) culture of the respective target bacteriormblten
TSA cooled to 55°C. The indicator agar mixture yasred into Petri dishes (90mm diameter),
allowed to set, stored at 4°C and used within Z4tfe indicator plates were spotted with 20 —
50ul of an overnight culture of each biosurfactantepraing isolate and allowed to incubate at
30°C for 24 — 48h. Zones of inhibition were themmned and recorded. Distilled water was the
negative control while 1% SDS and 50% sodium-hypwdle solution served as the positive

controls.

Effects of chemicals and heat on antimicrobial actity.

To determine the stability and composition of thairaicrobial substances, the cell free
supernatants (CFS) containing the antimicrobial maumds were subjected to treatments with an
enzyme, heat and organic solvents. For this ad€aysolates (001T, 002T, 007T, 009T, 010T,
012T, 013T, 016T, 119T, 133T, 228C, 229C, 231C,24P83C, 340C) that were shown to
possess antimicrobial activity agairdt cereus 10702 were selected. CFS were obtained by
subjecting each isolate to centrifugation (5000rpmin) followed by sterile filtration through a
0.22um membrane filter (Risgert al., 2003). For the enzymatic reactions, the CFS were
incubated with an equal volume of proteinase K (@0ont) for 4h at 30°C. The enzyme was then
heat-inactivated by incubating the experimental@amat 50°C for 10min. Thermal stability of
the antimicrobial compounds was evaluated by intngalOQul of CFS at 50°C and 100°C for
10min. To test for the stability of the compoundsorganic solvents, 1/10 of three different
organic solvents (chloroform, methanol and propanals added to CFS and vigourously mixed
when plated (Risged al., 2003). Indicator plates @&. cereus ATCC 10702 were spotted with
20 — 5@l of each sample and allowed to incubate at 30¥Q4o— 48h. Zones of inhibition were
then examined and recorded. The negative and p®gitintrols for the enzyme treatment were
untreated CFS and TSB incubated with enzyme (detharespectively. For the heat treatment,
the controls were CFS untreated (negative) and-theatied (positive) at 100°C for 30min,
respectively. For the treatment with organic solsethe controls were CFS only (negative) and
solvent only (positive), respectively.
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Thin layer chromatography (TLC) analysis of the bicurfactants.

A modified method of Matsuyane al. (1987) for TLC was employed to evaluate the prese
of peptides in the antimicrobial biosurfactantsselected isolates. For this assay, 6 isolates
(001T, 002T, 010T, 113T, 228C and 119T) were setettased on differing profiles from the
stability assay. A 10ul volume of CFS of each oé tlsolates was spotted onto silica gel
aluminium TLC plates (20x20cm, 250um, s Merck) and developed in
chloroform:methanol:water (65:15:2, vol/vol/vol)ifset al., 1999). For detection of peptides the
plates were air dried, sprayed with ninhydrin (0.2¢85% ethanol; Merck), air dried once more
and heated at 110°C for 10min. Plates were alsaedeunder UV light before staining with
ninhydrin. Migration distances of sample spotsobefand after staining, relative to the mobile
phase (Rvalues) were calculated. subtilis EL39 functioned as the positive biosurfactant-

producing control, as determined by the oil droptdtapse assay (Chapter 2).

16S rDNA sequencing and construction of phylogenetirees.

In order to confirm the identities of biosurfactgmbducing isolates, molecular identification by
16S rRNA sequencing was done. For identificatiorth® polymerase chain reaction (PCR), 13
of the 18 isolates showing antimicrobial activiags well as another two isolates, were selected
based on differing colony morphologies and/or oisgiThe isolates selected for 16S rRNA
sequencing were: 001T, 007T, 010T, 012T, 013T, QI®0DT, 119T, 133T, 145T, 228C, 283C,
345C, 364C and 381C. Isolates were prepared foh Bitraction by using a modified boiling
method as described by Scarpelihial. (2004). A 2.5l volume of supernatant of each isolate
was used for PCR. The primer set used for the &iggilon of the 16S rDNA was U1392R (5'-
ACG GGCGGT GTG TAC-3'; Ferrigt al., 1996; McGarveyt al., 2004) and Bac27F (5-AGA
GTT TGA TCC TGG CTC AG-3'; Inagakdt al., 2003; McGarveyet al. 2004) in combination
with 2x PCR Master Mix (Fermentas Life Sciencefp:livww.fermentas.comyccording to the
manufacturers instructions and yielded a 1300bpdymb (Sambrooket al., 1989). PCR
amplifications were performed using the followingnditions: initial denaturation of template
DNA at 94°C for 3min; then 35 cycles consistingdehaturation (94°C, 30s), annealing (60°C,
45s) and extension (1min 30s, 72°C), and a finaéresion at 72°C for 7min. The resulting

sequences were analysed by BLAST (http://www.nébimih.gov/BLAST) against 16S rDNA

sequences from GenBank (GenBank database of thendbhtCenter for Biotechnology
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Information,_http://www.ncbi.nlm.nih.gov/GenBankflhe 16S rDNA sequences were deposited

in GenBank with accession numbers FJ477095 — FDO/7he sequences were aligned using
DNAMAN (Lynnon Biosoft, version 4.0) and phylogeietirees were constructed with a

bootstrap value of 500.

RESULTS

16S rDNA sequencing and phylogenetic analysis.

Molecular identification of the 15 biosurfactantgucing isolates selected for 16S rRNA
sequencing identified the strainsBspumilis (001T, 007T, 010T, 012T, 013T, 016T, 020/),
fluorescens (100T, 229C),P. cichorii (133T, 283C),P. fulva (381C), P. tolaasii (119T) and
Proteus vulgaris (145T, 345C) (Table 3.1). The B. pumilis strains selected for 16S rDNA
sequencing were all isolated from spoiled bottleideral water and low fat (2%) milk, the
Pseudomonas strains from butter and crisp lettuce, andPhgulgaris strains from pre-packaged
coleslaw. Sequence analysis showed high sequandarsiies (<97%) with bacterial strains with

activities relevant to this study (Fig. 3.1).

All of the B. pumilis strains isolated in this study shared 99 — 1008uesaece similarity with
strains that have been previously shown to prodiimsurfactantsB. pumilis f-2-3 (FJ561295),
BSFD2-1 (FJ594457)], exhibit antiphytopathogenitivaty [B. pumilis TAD166 (FJ225309)]
and degrade lambda-cyhalothrin, an insecticiBacijlus sp. DF-1 (EU600242)]. With the
exception of strain 001T, all of the isolates até@ared 98% sequence identity wihpumilis
BM5-2 (EU880542), which was shown to produce bitatiants, while isolates 001T and 012T
shared 98 — 100% sequence similarity wBh pumilis 1Re36 (EF178454) and SSRO7
(EU373329); strains reported to exhibit activity asgt phytopathogens. Strains 001T
(FJ477095), 007T (FJ477096), 013T (FJ477099) ad (EJ477100) were 98 — 100% similar
to B. pumilis gf-4 (EU239356), a previously reported cyhalothdegrader, and®. pumilis VII
(EU779998), which degraded dairy wastewaters (Bi§A). The strains showed 91 — 95%
sequence similarity to reference straBsubtilis ATCC 6633 (AY616162) anB. cereus ATCC
10987 (AJ577290).
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The Pseudomonas strains included in the. fluorescens group comprised 100T (FJ477101), 119T
(FJ477102) and 229C (FJ477104) (Fig. 3.3C). 16SABBguence analysis revealed that dath
fluorescens 229C andP. tolaasii 119T share 99% sequence similarity with antifungain
Pseudomonas sp. IMER-A2-24 (FJ434132) and H460 (EF693759)atsal from medicinal herbs
and plant bulbs, respectivel{seudomonas sp. PSB-UG2-4 (EU849100), which solubilised
phosphate, an®. fluorescens 2132 (EU360313) which was isolated from mii. fluorescens
100T also shared 99% sequence similarity \Wisaudomonas sp. BEO8 (AY456701), which has
recorded antiphytopathogenic activity, dPgbudomonas sp. PSB-UG2-4, which also solubilised
phosphate. SimilarlyR. fluorescens 229C shared 99% sequence similarity viddeudomonas sp.
TADO025 (FJ225177), which was shown to be antiphgtbpgenicP. tolaasii 119T (FJ477109)
was found to share 99% sequence similarity vidfdeudomonas sp. PCL1171 (AY236959),
TADO054 (FJ225205), CH33-4 (EU057891) and Pi 3-583B85069); strains all previously
shown to have antifungal activity. InterestingBseudomonas sp. CH33-4 (EU057891) was
isolated from a salamandé?. tolaasii 119T also shared 99% sequence similarity Wittrivialis
BIHB 750 (FJ179366), LW3 (EU257208) and BFXJ-8 (AEB945), which have been shown to
solubilise phosphate, and degrade chlorimuron-etimd phenol, respectively. Strains 100T,
119T and 229C shared 98 — 99% sequence similaitkyreference strainB. fluorescens ATCC
13525 (AF094725) anB. tolaasii NCPPB 2129 (AF320988) (Fig. 3.3C).

P. fulva 381C (FJ477107) ani. putida 364C (FJ477106) are included in tReputida group.
Analysis of 16S rDNA sequences showed that str@8C3shared 99% sequence similarity with
Pseudomonas sp. BHP7-11 (AY162141), EC-S102 (AB200256), SPE81202488) andP.
putida F29 (EF204245). The first 3 of these strains Haaen shown to produce a biosurfactant,
exhibit antifungal activity and solubilise phosphatvhile P. putida F29 was isolated from raw
milk (Fig. 3.3D). P. putida 364C shared 99% sequence similarity wRh putida 214-D
(EF615008), which was isolated from black peppet produced a biosurfactant, aRdputida
D19 (EF204247), which was isolated from raw milittath 364C also shared 98% sequence
identity with P. putida WH3 (FJ262368), 23975 (FJ227304), JM9 (FJ47286NP-1, P.
oryzihabitans HAMBI2374 (AF501336),P. metavorans (AB302395), Pseudomonas sp. Pds-4
(EU312075) and WSCIII (AY344806); all of which weshiown to degrade xenobiotics (Fig.
3.3D).
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Proteus vulgaris 145T (FJ477108) and 345C (FJ477109) were foursthéme 98 — 99% sequence
similarity with P. vulgaris YRR06 (EU373433) an®. mirabilis Ps4 (AM231709), which have
been shown to be antimicrobial, and 98% sequemaiéasity with the reference strald vulgaris
ATCC 29905 (DQ885527) (Fig. 3.3E).

Inhibitory spectrum of antimicrobial compounds.

Of the 32 isolates that demonstrated biosurfactativity, 18 (56%) also exhibited antimicrobial
activity (Table 3.1). The isolates showing antileaiel activity were active only against several
Gram-positive bacteria. The majority of the straff8%) were active again8acillus cereus
ATCC 10702, while only 5 of those were active agaf@ram-positiveB. subtilis EL39, 4 against
B. subtilis 168 and 3 again&aphylococcus aureus ATCC 25923 (Fig. 3.1, Table 3.1). As shown
in Table 3.1, all of thé®. pumilis strains were active only agairi&tcereus ATCC 10702, while
the P. cichorii, P. fluorescens andP. tolaasii strains exhibited slightly broader spectrum attivi
againstB. cereus ATCC 10702B. subtilis EL39, B. subtilis 168 andS. aureus ATCC 25923. The

P. fulva andProteus vulgaris isolates were active only agairgtureus 25928.

Effects of chemicals and heat on antimicrobial actity.

CFS containing antimicrobial activity were subjecte several conditions in order to gain some
insight into the stability of the compounds. Aswhoin Table 3.1, 7 of the 9 (78%8) pumilis
strains were stable after treatment with protein&g$20mg/ml), heat (up to 100°C) and all three
organic solvents. One (119, pumilis 002T) was stable only after heat treatment aratrtrent
with organic solvents, and the othd. pumilis 010T) was unstable after all three treatments
(Table 3.1). In the case of tiiseudomonas strains, 4 of 7 (57%) were unstable after all éhre
treatments, 2 (29%P. cichorii 283C andP. fluorescens 228C) were stable after all three
treatments and ond(tolaasii 119T) was stable only after heat treatment analtrtrent with

organic solvents.

TLC analysis of the biosurfactants.
TLC was employed to determine whether selected €Bf&taining putative antimicrobial
biosurfactants contained peptides. The TLC plateewiewed under UV light before ninhydrin

staining and spots were observed for 4 of the &tiss, withP. fluorescens 228C andP. tolaasii
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119T producing no spots (Fig 3.2). The strains destrating spots under UV light, including the
positive controB. subtilis EL39, had Rvalues of 0.5 — 0.6. Staining with ninhydrin wagaieve

for all isolates, including the controls (Fig 3.2).

DISCUSSION

Based on the results in this study, a few trentiging to antimicrobial activity were observed.
Firstly, all of the strains evaluated were activdycagainst Gram-positive bacteria. This was
expected as Gram-negative bacteria tend to beassi® many antimicrobial molecules due to
the lipopolysaccharide layer of the outer membrasdt acts as an effective permeability barrier
against hydrophobic molecules and macromoleculésailb and Vaara, 1985). Secondly, the
activity of the B. pumilis strains had a narrow spectrum of antibacterialviictwhich was
limited to closely related bacteria as antibacta@ivity was observed only againBt cereus
ATCC 10702. Similarly, the Gram-negatiWe fulva and Proteus vulgaris strains were active
only againstS aureus ATCC 25923, which indicated a narrow spectrum civaty towards
Gram-positiveS. aureus. Gram-negative. cichorii, P. fluorescens and P. tolaasii exhibited a
broader spectrum of activity against only Gram-fpesibacteria that includeB. cereus ATCC
10702,B. subtilis EL39, B. subtilis 168 andS. aureus ATCC 25923.

Biologically active peptides — or CLPs — of bioneali and biotechnological important are
produced non-ribosomally (Schwarzsral., 2003) and are characterised by the presence of
amino acids (Luoet al., 2003). The incorporation ob-amino acids results in unusual
stereochemistry, which confers peptides resistamqeoteolysis (Lucet al., 2003; Mitchell and
Smith, 2003). The ninhydrin stain used in the T@ea¥iments typically stains amines, but not
unusual amino acids, such asamino acids. Thus, the TLC results in this stutipveing
negative ninhydrin staining support the hypothdésé the majority of the compounds produced

by our strains were CLPs.
Bacillus pumilis has been reported to produce a range of antimadrabmpounds, including

micrococcin (Fuller, 1955; Rosendahl and Douthwdli®&94), pumilacidin (Naruset al., 1990),
pumilin (Bhate, 1955) and tetaine (Borowskial., 1952). The antimicrobial compound (or
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compounds) produced by the majority of Biepumilis strains were stable after treatment with
proteinase K and organic solvents, and were habtestsuggesting that the compound could be a
lipoprotein, such as pumilacidin. Pumilacidin igr@up of CLPs with a structure very similar to
that of surfactin (Naruset al., 1990; Kalinovskayat al., 2002) with antifungal and antiviral
activities (Naruseet al., 1990). The antibacterial activity of pumilacidimas not yet been
evaluated. The remaining two isolates (002T andT®16st their antibacterial activity after
treatment with proteinase K, suggesting that thetive compounds are more proteinaceous, or
are more sensitive to protein-degrading enzymeses&hcompounds could be related to
micrococcin or tetaine. However, their antimicrobéetivity profiles did not fit that of the
compounds identified in this study. Tetaine is pegtide that has broad antimicrobial activity
against both Gram-negative and Gram-positive biac{&rynski and Becla, 1963; Kenig al.,
1976), andCandida albicans (Milewski et al., 1983), while micrococcin is a thiopeptide
antibiotic produced byB. pumilis (Fuller, 1955) andSaphylococcus sp. (Cundliffe and
Thompson, 1981; Thompson and Cundliffe, 1991; @eanal., 2001). It has broad antimicrobial
activity against Gram-positive bacteria (Caretoal., 2001) and has been found to inhibit the
growth of the malaria parasit®@asmodium falciparum (McConkeyet al., 1997; Rogert al.,
1998).

One isolate ofP. fluorescens (228C) exhibited broad spectrum activity againsar@-positive
bacteria and retained its antibacterial activitgmafreatment with proteinase K, high temperatures
and organic solvents, suggesting that the compougdestion could be rhamnolipid-like (Fujita
et al., 1988; Pearsost al., 1997). Strains oP. fluorescens are known to produce glycolipids
(Healyet al., 1996) and the results from the TLC assay supp@stspeculation. The other two
isolates (229C and 231C) were found to be activaingyy only one Gram-positive target
bacterium, namelf. cereus ATCC 10702. Additionally, their antibacterial asty was lost upon
treatment with proteinase K, heat (100°C) and dwaolvents. These data suggest that the
compound (or compounds) is not protein-based dpaphilic. The compound produced by one
or more of the isolates could be similar to mugimpan antimicrobial compound producedm®y
fluorescens (Sutherlandet al., 1985). Mupirocin is reported to be highly actiagainst Gram-
positive bacteria, particularly& aureus, but less active against Gram-negative bacteria
(Sutherlancet al., 1985; Nicholast al., 1999). However, mupirocin has not been evaluéded
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surface activity. Some strains Bf fluorescens are known to produce two very closely related
surface-active CLPs, namely viscosin (Netal., 1990) and viscosinamide (Nielseral., 1999).
The antibacterial activity of viscosin is limited mycobacteria (Ne@t al., 1990) while the
activity of viscosinamide is limited to phytopattewgc fungi (Nielseret al., 1999; Thranet al.,
2000). This discussion, together with 16S rDNA ssme analysis, demonstrates tliat
fluorescens produce a range of biologically active biosurfatsawith a range of applications,
including as antimicrobial agents (De Sowtaal., 2003; Singh and Cameotra, 2004), in the
control of phytopathogenic fungi (Nielseet al., 1999; Thraneet al., 2000) and in the
degradation of xenobiotic compounds (Wikstrénal., 1996; Whiteleyet al., 2001; Dueet al.,
2002).

Both P. tolaasii 119T and 340C isolated in this study exhibitedadrgpectrum activity against
Gram-positive bacteria. The antibacterial activitly one isolate, 119T, was lost only after
treatment with proteinase K, while the other, 340@s lost after all three treatments. Although
the stability and TLC results suggest that the ks identified from the twB. tolaasii strains
do not contain peptides, only one antimicrobialiriox tolaasin — has been identified frden
tolaasii (Nair and Fahy, 1973; Het al., 1998) to date. Tolaasin is an extracellular,t{s¢zble
polypeptide that exhibits a broad spectrum of #gtiagainst predominantly Gram-positive
bacteria, fungi and plants (Raineyal., 1991). The varying results obtained for the rooles
identified from isolates 113T and 340C could pdgditave been a result of phenotypic variation,
a strategy commonly employed by bacteria to witihdtearious environmental conditions, which
includes the alteration of several biochemical praps, including the loss of the ability to
produce tolaasin (Cutet al., 1984; Grewaét al., 1995).

This study reports the first recorded incidence aotimicrobial activity of an isolate of
Pseudomonas fulva. It was found that straiR. fulva 381C, isolated from pre-packaged spinach,
was active against onl®. aureus. However,P. fulva 381C is closely related (99% sequence
identity) to Pseudomonas sp. EC-S102, a strain which was active againshyopathogenic
water mould,Peronosporomycetes. P. fulva is an environmentaPseudomonas and is placed in
the P. putida group (Yamamotoet al., 2000). Strains of. putida are known to produce
rhamnolipids (Tuleveaet al., 2002) and the CLPs putisolvin | and putisolvinKuiper et al.,
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2004). The novel CLPs putisolvins | and 1l are poed byP. putida 1445 which was isolated
with naphthalene-degradirig putida PCL1444 and, in addition to reducing surface tamsare
known to inhibit the formation and degrade existitsgudomonas biofilms (Kuiperet al., 2004).
The identification of a putative antibacterial hidsctant produced by a strain Bf fulva is
interesting as 16S rDNA sequence analysis showadPttiulva 381C is closely related to strains

able to produce biosurfactants and with antimiabéctivities.

Biologically active substances have been reportedn fmany phytopathogenic fluorescent
Pseudomonas spp. However, the activity of most of these togampounds is predominantly
antifungal. Antibacterial activity has previouslgdn reported fdP. cichorii (Shirataet al., 1981)
but, to date, no agent has been clearly identifizdet al. (1998) found that the unknown, active
compound produced by several straindPottichorii were stable after heat but inactivated by
protease treatments. Both of tBecichorii strains isolated in this study exhibited broadcspen
activity against Gram-positive bacteria. Althougblate 133T lost its antibacterial activity after
all three treatments, the TLC results suggest tthatantibacterial compound contains a peptide
fraction. Alternatively, isolate 283C retained &@stibacterial activity after all three treatments.
Given the differing stability profiles, it cannoe ldetermined which one of the 2 compounds
identified in this study are those identified ire thtudy by Huet al. (1998), if indeed there are 2
different compounds. If there are, it is possilbiattthe active agent identified frobh cichorii
133T is a non-protein, water-soluble toxin, and fh@am P. cichorii 283C is a lipoprotein, as the
compound is resistant to proteinase K and solubleoiganic solvents; somewhat like
syringomycin-like toxins (Hwt al., 1998).

Proteus spp. are opportunistic pathogens generally knosvnciusing urinary tract infections
(UTIs) and are perhaps best known for swarming lityptwhich is characterised by cellular
differentiation and multicellular migration (Alligoet al., 1992; Givskowt al., 1997). Swarming
motility has also been recorded for spp. of othengga, includingAeromonas, Bacillus,
Clostridium, Escherichia, Pseudomonas, Salmonella, Serratia, Vibrio andYersinia (Allison and
Hughes, 1991; Rather, 2005). Many bacterial spabtiasare capable of swarming require the
production of biosurfactants, which act as wettaggents (Matsuyama and Nakagawa, 1996;
Sharma and Anand, 2002). In many cases, sudh sdtilis, P. aeruginosa and Serratia spp.,
the production of biosurfactants is regulated bgirthrespective quorum sensing systems
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(Solomonet al., 1996; Lazazzeret al., 1997; Lindunet al., 1998; Kéhlet al., 2000; Daniel&t

al., 2004), which play important roles in biofilm foation and maintenance (Bassler, 1999;
Kjelleberg, and Molin, 2002; Parsek and Greenb20§)5). However, biosurfactant production
by Proteus spp. has only been identified from oil-utilisingrasns isolated from diesel oil-
contaminated soil (Balogun and Fagade, 2008). Adtierely, peptides or amino acids, especially
glutamine, are proposed to have a signalling fancitn Proteus spp. (Fraser and Hughes, 1999).
In terms of the biological activities & oteus spp., the only antimicrobial activity reported liet
isolation of two antibacterial compounds, phenyiacacid and phenylacetaldehyde, produced by
P. mirabilis isolated from screwworm larvae (Erdmann and Kh&BB6). Of other interest, is the
production of haemolysin biyroteus spp., a virulence factor whose expression is taigeé with
swarming migration (Allisonet al., 1992). Haemolysins are pore-forming toxins whanle
produced by a range of Gram-positive and Gram-negdiacteria (Rozalsket al., 1997); the
cytotoxic activity of which is limited to erythrotgs of human and animal origin (Philips, 1955;
Rozalski and Kotelko, 1987; Rozals#ial., 1997). 16S rDNA sequence analysis showedRhat
vulgaris 145T and 345C shared sequence similarity to Bmoteus strains which reportedly
exhibited antimicrobial activity. However, it is ih&nown if this particular activity was
attributable to haemolysins. Although the majowtyProteus spp. are known particularly for
causing UTlIs,P. vulgaris has also been reported to cause gastroentergidtirgy from the
ingestion of contamination meat or other food (Goapal., 1971; Schoulet al., 1977). This is
significant when considering that the two straih®ovulgaris isolated in this study were isolated
from pre-packaged coleslaw. Given that the iderdftyhe antibacterial compound identified in
this study cannot be speculated upon, further tigesson of this compound would prove

valuable and informative.
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CONCLUSION

A high percentage of the biosurfactants evaluatadahtimicrobial activity tested positive,
particularly against potentially pathogenic Gransifige bacteria, confirming the hypothesis that
at least a percentage of biosurfactants producedbdmteria isolated from foods exhibit
antimicrobial activity of medical importance. Thealslity and TLC data suggest that the
majority of the putative antibacterial biosurfadtamre cyclic lipopeptides of pharmaceutical
interest. Phylogenetic analysis of the strainscsetefor 16S rDNA sequencing also support the

proposal to further investigate the identified nooles, given their potential biomedical
applications.
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Table 3.1:  Table summarising results of antimicrobial andraiarobial stability assays.

Stability
Isolate Identification by 16S Target Proteinase K Temperature Organic
rRNA sequencing bacteria (20ug/ml) (100°C) solvents (3)

001T Bacillus pumilis 1 + + +
002T Bacillus pumilis 1 - + +
007T Bacillus pumilis 1 + + +
009T Bacillus pumilis 1 + + +
010T Bacillus pumilis 1 - - -
012T Bacillus pumilis 1 + + +
013T Bacillus pumilis 1 + + +
016T Bacillus pumilis 1 + + +
020T Bacillus pumilis 1 + + +
119T Pseudomonas tolaasii 1,3,4 - + +
133T Pseudomonas cichorii 1,3,4 - - -
145T Proteus vulgaris 13 ND ND ND
228C Pseudomonas fluorescens 1, 4, 13 + + +
229C Pseudomonasfluorescens 1 - - -
231C Pseudomonasfluorescens 1 - - -
283C Pseudomonas cichorii 1,3,4 + + +
340C Pseudomonas tolaasii 1,3,4 - - -
381C Pseudomonas fulva 13 ND ND ND

1=B. cereus ATCC 107023 = B. subtilis 168,4 = B. subtilisEL39,13 =S aureus 25928 ,ND =
not determined
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B. cereus ATCC 10702

B. subtilis 168

24h post incubation

48h post incubation
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B. subtilis EL39

S. aureus ATCC 25928

Figure 3.1:

24h post incubation 48h post incubation

Indicator plates oB. cereus ATCC 10702 ,B. subtilis 168, B. subtilis EL39 andS. aureus 25928

exhibiting zones of inhibition resulting from biogactant-producing isolate<) and positive
controls (1% SDS and 50% bleach).
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- Bacillus pumilis JH4 (DQ232734)
Bacillus pumilis 013T (FJ477099)
Bacillus pumilis 016T (FJ477100)
Bacillus pumilis 2-1 (EU594552)
Bacillus pumilis 012T (FJ477098)
Bacillus pumilis 007T (FJ477096)
Bacillus pumilis CH2 (AM711562)
t Bacillus pumilis ZA13 (FJ263042)
r Bacillus pumilis 001T (FJ477095)
Bacillus pumilis 010T (FJ477097)
Bacillus sp. JS-12 (EF040535)
Bacillus pumilis gf-4 (EU239356)
88% Bacillus sp. JQ1-2 (FJ535860)
Bacillus pumilis 1Re36 (EF178454)
99% Bacillus pumilis SSR07 (EU373329)

98% Bacillus sp. DF1 (EU600242)

Bacillus pumilis SS-02 (EU624442)

Bacillus pumilis VII (EU779998)

— Bacillus pumilis ATCC 7061 (AY876289)
Bacillus sp. LSF-63 (FJ561054)

Bacillus pumilis TAD166 (FJ225309)

Bacillus subtilis ATCC 6633 (AY616162)

Bacillus cereus ATCC 10987 (AJ577290)
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Pseudomonas sp. FB165 (AY259520)
Pseudomonas sp. TAD054 (FJ225205)
Pseudomonas costantinii CFBP (NR_025164)

Pseudomonas costantinii (AB440117)

Pseudomonas tolaasii NCPPB 2129 (AF320988)
Pseudomonas palleroniana (AY091527)
Pseudomonas sp. PCL1171 (AY236959)
Pseudomonas tolaasii 119T (FJ477102)
Pseudomonas trivialis BIHB 750 (FJ179366)
Pseudomonas sp. TAD025 (FJ225177)
Pseudomonas fluorescens 2312 (EU360313)
Pseudomonas sp. Pi 3-58 (AB365069)
Pseudomonas sp. PSB-UG2-5 (EU849100)
Pseudomonas sp. BFXJ-8 (EU013945)

Pseudomonas sp. LW3 (EU257208)

Pseudomonas sp. H460 (EF693759)
Pseudomonas sp. IMER-A2-24 (FJ434132)

— Pseudomonas fluorescens 229C (FJ477104)

l|- Pseudomonas sp. BEO8 (AY456701)

Pseudomonas fluorescens 100T (FJ477101)

- Pseudomonas fluorescens ATCC 13525 (AF094725)

75



0.05

| I

100%

89%

Pseudomonas fulva 267zhy (AM411071)
Pseudomonas fulva 258zhy (AM410620)

Pseudomonas sp. EC-S102 (AB200256)

Pseudomonas sp. SP28 (FM202488)
Pseudomonas sp. PH20A (AY835585)

Pseudomonas fulva 381C (FJ477107)

65%

98%

Pseudomonas putida F29 (EF204245)
Pseudomonas putida ATCC 12633 (AF094736)
Pseudomonas putida S1 (EU310376)

- Pseudomonas sp. BSw10041N (FJ416144)

Pseudomonas sp. Pds-4 (EU312075)
Pseudomonas putida WH3 (FJ262368)
Pseudomonas fluorescens HDY-9 (FJ588703)

Pseudomonas metavorans (AB302395)

Pseudomonas putida PNP-1 (EU874452)

-l Pseudomonas putida JM9 (FJ472861)

Pseudomonas putida 364C (FJ477106)

Pseudomonas putida D19 (EF204247)

Pseudomonas oryzihabitans HAMBI2374 (AF501336)

Pseudomonas sp. WSCIII (AY344806)

Pseudomonas putida 23975 (FJ227304)
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99% |

100%

Pseudomonas savanastoi pv.savanastoi (EU882164)
Pseudomonas LPPA C152 (AJ970169)
Pseudomonas sp. PSB9 (EU184086)

Pseudomonas fluorescens OUC2118 (AY785748)

* Pseudomonas sp. S5-31 (DQ525595)

Pseudomonas cichorii ATCC 10857T (AB021398)
Pseudomonas cichorii 283C (FJ477105)

Pseudomonas cichorii 133T (FJ477103)
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88%
50%

— Proteus vulgaris ATCC 29905 (DQ8855257)
Proteus vulgaris 145T (FJ477108)

Proteus vulgaris m34 (AY186048)

67%
97%

Proteus vulgaris CICCHLJ (EF528263)
Proteus vulgaris YRR06 (EU373433)

- Proteus penneri ENT225 (AJ634473)

67%

67%

Proteus vulgaris 345C (FJ477109)
Proteus penneri ENT229 (AJ634474)

Proteus mirabilis Ps4 (AM231709)

Figure 3.3:

Proteus mirabilis ATCC 43071 (FM207101)

Phylogenetic relationships between 16S rDNA segesmf 15 selected surfactants, arranged into

five different groups, namelBacillus pumilis (A.), Pseudomonas fluorescens (B.), Pseudomonas

putida (C.), Pseudomonas syringae (D

similar sequences of relevance,

.) andProteus (E.). Included are reference strains and highly

such as those ptatuce biosurfactantsy!low), exhibit

antimicrobial activitiesred), degrade xenobiotichl(€), were isolated from foody(eer) and are
pathogenic ffurplg. The branch length indicates the percentage ofuesgce dissimilarity.

Numbers at the nodes indicate bootstrap valuesalydsalues of above 50% are shown.
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CHAPTER 4

Utilisation of n-hexadecane and motor oil by biosurfactant-producig Pseudomonas,

and other bacterial strains, isolated from food

79



ABSTRACT

The aim of this study was to evaluate the utilmawf model hydrocarbon compounds, such-as
hexadecane and mineral motor oil, by Gram-negatind -positive biosurfactant-producers
isolated from foods. For this study, 8 differemdairfactant-producing strains P3eudomonas, 1
Proteus, and4 Bacillus) were selected and evaluated for individual growthminimal media
supplemented with either-hexadecane (MMH) or mineral motor oil (MMMO). Adidinally,
the growth of two consortia, comprising either th&ram-negative strains or 4 Gram-positive
strains, in combination, was evaluated. It was btmat all 8 of the individual biosurfactant-
producing strains and the two consortia grew weliminimal media supplemented with either
hydrocarbon, reaching maximum cell numbersaf7 — 9 log CFU/ml. However, no significant
differences (P<0.05) were observed between indalidram-negative or Gram-positive strains
inoculated into either MMH or MMMO. The negativentml, a non biosurfactant-producer,
reached significantly lower (P<0.05) countscaf 4 and 0 log CFU/ml in MMH and MMMO,
respectively. Growth rates for the majority of cuéts were between 0.20 — 0.26 log CFU/ml/h;
however, the Gram-negative strains and consortitgw @t significantly lower (P<0.05) rates in
MMMO than in MMH, and when compared with the Grapsjbve strains and consortium.
Pseudomonas fulva 381C grew at a significantly lower (P<0.05) radelQ log CFU/mI/h) than
the other Gram-negative strains and consortium wgrewn in MMMO. The consortia did not
achieve significantly higher (P<0.05) cell numbersgrow better than individually inoculated
strains in either medium. The negative control gag¢a significantly lower (P<0.05) rate than the
strains and consortia in MMH and the populationlided to 0 in MMMO. This study is the first
to document hydrocarbon amdalkane utilisation by strains ¢f. fulva and Proteus vulgaris,
respectively. The results demonstrated that hydbacasubstrates can efficiently be utilised by
bacteria isolated from foods and advocates forftinther investigation of bacteria from such

sources for bioremediative activities.
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INTRODUCTION

Given the well-documented ability of biosurfactants increase the surface area and
bioavailability of water-insoluble substrates, dwious application of biosurfactants is that of
bioremediation. Bioremediation refers to the enleament of natural biodegradative processes
and is achieved by improving the availability ofteréals (e.g. nutrients and oxygen), conditions

(pH and moisture content) and prevailing microorgias (Ron and Rosenberg, 2002).

Polycyclic aromatic hydrocarbons (PAHsS) are comreamironmental contaminants that result
primarily from the incomplete combustion of orgamatter associated with coal and crude oil
processing. Many PAHs and other petroleum hydramabhave toxic, mutagenic and/or
carcinogenic properties (Samardiaal., 2002), thus posing a threat to human health taed
environment. One of the main approaches for elitmga polluting hydrocarbons from
contaminated sites is their biodegradation by naganisms (Wongt al., 2004). However, the
biodegradation of PAHSs is restricted by their liitbioavailability, which is largely due to their
hydrophobicity and strong adsorptive capacity it 8&ong et al., 2004). Microorganisms are
able to degrade the natural hydrocarbon compoupdsicularly the main saturated and
unsaturated alkanes, monoaromatic and low-molecotéams PAHs (Gibson and Subramanian,
1984; Wardet al., 2003). PAHs become increasingly difficult to dete as the number of rings
increase due to a decrease in volatility and iregrea adsorptive capacity (Milhelogt al., 1993;
Volkeringet al., 1995).

A well-documentednicrobial strategy for increasing the bioavailapibf insoluble PAHSs is the
production of biosurfactants. Many microorganisrhattare able to degrade hydrocarbons
produce biosurfactants, either as cell surface compts or as extracellular molecules (Wetrd
al., 2003). Several studies have shown that the iadddf surfactants can improve pollutant
desorption and bioavailability (Maier and Soberdma@z, 2000; Christofi and Ivshina, 2002;
Doong and Lei, 2003; Shest al., 2004; Wonget al., 2004; Mulliganet al., 2005), while others
reported no effect or inhibition by surfactants (Stofi and Ivshina, 2002; Shiet al., 2004,
Wong et al., 2004; Avramovaet al., 2008). Contradictory results may be attributablseveral

factors, including the diverse interactions amogdrbcarbon-degrading microbial communities,
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varied hydrocarbon structures, varied degradingrooiganisms, unpredictable production of
surfactants depending on growth conditions and g#)aand possible toxicity to degrading
microorganisms (Rousat al., 1994; Christofi and lvshina, 2002; Wodgal., 2004).

Biosurfactants have several advantages over timihatic counterparts that make them suitable
for use in several industrial and environmentalterts. Some of these advantages include their
biodegradability, low toxicity, specificity and éffency at high temperatures, pH and salinity
(Kosaric, 2001; Makkar and Rockne, 2003). The airthis study was to evaluate the utilisation
of n-hexadecane and mineral motor oil by Gram-negaséimd Gram-positive biosurfactant-
producers isolated from foods.

MATERIALS AND METHODS

Biosurfactant-producing strains and growth conditions.

For this assay, 4 Gram-negative and 4 Gram-poshivsurfactant-producing strains isolated
from foods were selected based on their positivem@plet collapse test results (+++) (Table
2.3). The Gram-negative strains wétgsudomonas fluorescens 100T, P. putida 364C,P. fulva
381C andProteus vulgaris 345C, while the Gram-positive strains wdacillus pumilis 007T,
012T, 013T and 016T. All of the isolates were adtlion TSA and incubated at 30°C overnight

until subsequent use in the growth assays.

Growth assays to evaluate utilisation of hydrocarbos.

The growth of Gram-negative (Bseudomonas sp. strains and Proteus vulgaris strain) and
Gram-positive (8. pumilis strains) bacteria, singly and in mixed consosias monitored. For
this assay, 0cells/ml of each strain were inoculated into seaf00ml| minimal media (2.50
g/l NH4Cl, 5.46 g/l KHPO,, 4.76 g/l NaHPO;, 0.20 g/l MgSQ, 0.10 g/l NaCl and 0.20 g/l yeast
extract at pH 7), supplemented with 0.4%hexadecane (Merck) or 0.4% mineral motor oil
(Helix Super 20W-50, Shell) as the carbon subst(@arathi and Vasudevan, 2001)-
Hexadecane and mineral motor oil were used asatreeynodel hydrocarbons that have been used
previously (Volkeringet al., 1997; Balbaet al., 1998; Banaét al., 2000; Noordman and Janssen,
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2002; Tulevaet al., 2002; Straubest al., 2003; Vasileva-Tonkovat al., 2006; Adoki and
Orugbani, 2007). Mixed consortia were similarly gaeed in minimal medium by inoculating
overnight cultures of the 4 Gram-negative or 4 Gpasitive strains together in separate 100m|
flasks. Growth was monitored every 24h by cell dsuifo obtain a viable cell count, a tenfold
serial dilution (1d to 10%) was prepared in the minimal media and plateduiplidate using the
pour-plate technique on nutrient agar (2%; BioldPates were then inverted and incubated
aerobically at 30°C for 24h. A flask inoculatedwR. subtilis 168, a nhon-biosurfactant-producer

(Leeet al. 2005), and an uninoculated flask, were also otlias negative controls.

Statistical analysis of the data from the dupliGsays was performed using the SAS Enterprise
Guide System (version 3.0., SAS Institute, Inc.) Analysis of variance was done by the
ANOVA,; GPLOT procedure.

RESULTS

Utilisation of the two different hydrocarbon sulasés by the 8 different isolates and two
consortia is shown by an increase in the numberiaifle cells (Figs. 4.1, 4.2) as well as by

visual inspection (Figs. 4.3 — 4.5).

All of the isolates and both consortia were fouadytow well in minimal media supplemented
with 0.4%n-hexadecane (MMH) or 0.4% mineral motor oil (MMM®Q@gaching maximum cell
counts ofca. 7 — 9 log CFU/ml (Figs. 4.+ 4.5). However, no significant differences were
observed between individual Gram-negative or Grasitye strains inoculated into either
MMH or MMMO. The Gram-positive strains, includinge Gram-positive consortium, achieved
significantly higher (P<0.05) maximum cell numberken grown in MMH (average, 7.84 log
CFU/ml) than when grown in MMMO (average, 7.74 IB§U/ml). It was also found that the
consortia did not reach significantly higher (P&).0naximum cell counts than individually
inoculated strains in either MMH or MMMO. Additioltyg the individually inoculated isolates
and consortia achieved significantly higher (P<Ps®@aximum counts than the negative control.

The negative control, a non biosurfactant-produeehieved maximum counts @hb. 4 log
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CFU/ml in MMH subsequent to a short death phase-(28h), but when grown in MMMO, the
control population declined from 2.5 — 0 log CFU({ifig. 4.1, 4.2). The uninoculated control did
not show any growth or spontaneous degradatioheohydrophobic substrates, as determined by
visual inspection (Figs. 4.3 — 4.5).

Determination of growth rates demonstrated thatethgere no significant differences (P<0.05)
between the Gram-positive strains grown in MMH ameIMO, and the Gram-negative strains
grown in MMH (0.20 — 0.26 log CFU/ml/h) (Table 4.1) was found that the Gram-negative
strains, including the consortium, grew at sigmifity higher (P<0.05) rates in MMH (average,
0.24 log CFU/ml/h) than in MMMO (average, 0.18 I6¢U/ml/h) (Figs. 4.1, 4.2, Table 4.1).
Additionally, P. fulva 381C grew at a significantly lower rate (P<0.0B)J10 log CFU/ml/h) than
the other Gram-negative strains and consortium MMO (Fig. 4.1, Table 4.1). Results also
found that the Gram-negative strains, including to@sortium, grew at significantly lower
(P<0.05) rates (0.10 — 0.22 log CFU/ml/h) than @eam-positive strains (0.21 — 0.26 log
CFU/ml/h) in MMMO (Table 4.1). The consortia didtrgrow significantly better (P<0.05) than
individually inoculated strains in either MMH or MWD (Figs. 4.1, 4.2, Table 4.1). The
individually inoculated isolates and consortia atgew significantly better (P<0.05) than the
negative control, which was shown to undergo aflateath phase (0 — 24h) when grown in
MMH, before reaching a growth rate of 0.06 log CiUh until the assay was discontinued
(Table 4.1). The negative control did not grow iMMO and the population declined at a rate of
0.05 log CFU/mi/h (Table 4.1).

DISCUSSION

A previous study (Chapter 3) showed that all theis¢ used in this study produced
biosurfactants. Studies have shown that the premtucf biosurfactants is often associated with
the growth of microorganisms, especially thoseisii§ n-alkanes, on hydrocarbons (Itoh and
Suzuki, 1972; Rosenberg and Ron, 1981; OberbrenteMiiller-Hurtig, 1989; Hommel, 1990).

The most common bacterial genera known to be resiplenfor petroleum hydrocarbon and oil

degradation comprise mairichromobacter, Acinetobacter, Alcaligenes, Arthrobacter, Bacillus,
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Flavobacterium, Micrococcus, Mycobacterium, Nocardia, Pseudomonas, Rhodococcus and
coryneforms (Leahy and Colwell, 1990; Watkinson Matgan, 1990; Balbat al., 1998; Ajayi

et al., 2008). This study showed varying degrees ofisation by all 8 strains evaluated,
including Pseudomonas fulva and Proteus vulgaris. The negative control, a non-biosurfactant-
producer, showed significantly lower (P<0.05) stlion ofn-hexadecane and growth inhibition
by mineral motor oil. Similarly, a previous studig@ showed that non-surfactin-produciBg
subtilis 168 did not degrade-alkanes (Kimet al., 2000). The secondary exponential phase is
likely to be due to the germination of spores, Wwhis activated by adverse environmental

conditions, such as starvation (Katz and Demaii/1&rossman, 1995; Driks, 1999).

The ability of somePseudomonas spp. to degrade hydrocarbon pollutants is wellbdoented.
Wilson and Bradley (1996) evaluated the degradatiomalkanes in petrol (Slovene diesel) by
free and immobilised®’seudomonas fluorescens, and found that that the immobilised systems
degraded significantly monealkanes than the free systems. The immobilisetesys degraded
14.8 — 24.5% of ¢ alkanes and 52.4 — 91.2% of theg; € Cig alkanes, whereas the free system
was found to degrade 52.3 and 11.6% ef &d G3 alkanes, respectively, but notsG- Cg
alkanes. Barathi and Vasudevan (2001) reported pitugluction of biosurfactant/s by an
indigenous strain dP. fluorescens growing, in decreasing order, on hexadecane, lexdatane,
kerosene and crude oil. Maximum viable cell numlzér$.2 — 2.2 log CFU/ml on the different
hydrophobic carbon substrates were observed. Tetmsets are significantly lower than those
obtained byP. fluorescens 100T grown onn-hexadecane in this study, suggesting that strain
100T is a betten-hexadecane utiliser. The production of biosurfaistdby another strain d¢3.
fluorescens (HW-6), isolated from industrial wastewater, w#soaobserved when the strain was
grown on hexane (Vasileva-Tonkoetal., 2006). The glycolipid biosurfactants were alsorfd

to efficiently emulsify aromatic hydrocarbons, kesae andh-paraffins. Several studies have
shown high rates of degradation of petroleum hyaifoens by strains d®. putida. Robinsonet

al. (1990) found thaP. putida (biotype B) was able to degrade the extractalaletisn of sorbed
toluene, which consisted of >90% of the total sdrb@uene, while Guerin and Boyd (1992)
found thatP. putida 17484, could degrade both sorbed and aqueous phphkéhalene. In a study
that evaluated the effects of bioremediation pnograf sterile agricultural soils contaminated

with crude petroleum, Nwachukwu (2001) found tha¢ inoculation of aP. putida strain,
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together with the addition of appropriate inorgamitrients, grew on (up to 10 log CFU/ml) and
completely degraded the oil within 9 weeks. Tuleval. (2002) reported the production of
rhamnolipids byP. putida 21BN when grown om-hexadecane, while Kumaat al. (2006b)
showed thatP. putida IR1 also produced biosurfactants upon its growth2e 3- and 4-ring
PAHSs, but not hexadecane and octadecane, as aablen and energy source. Doong and Lei
(2003) evaluated the effects of 5 surfactants (@ioaic, 1 anionic) orP. putida NCIMB 9816
inoculated into a soil system containifdd]pyrene, naphthalene and phenanthrene. They found
that the addition of surfactants decreased the naiisation rate of'{'C]pyrene and enhanced the
bioavailability of naphthalene, phenanthrene ancempy with efficiencies ranging from 21.1 —
60.6%, 33.3 — 62.8% and 26.8 — 70.9%, respectivitiditionally, only the biodegradable
surfactants (Triton X-100 and Brij 30), were uglisas sole carbon sources. This study suggests
that biodegradable biosurfactants, such as thosduped byP. putida 364C (and the other
strains evaluated in this study), play a significaole in increasing the bioavailability of
hydrophobic substrates. Our study is the firsteqoort the utilisation of hydrocarbons by a strain
of P. fulva. It is worth noting; however, th& fulva is closely related to hydrocarbon-degrading
P. putida. Additionally, theP. fulva strain isolated in this study was 97% similar t@iss of

xenobiotic-degradingseudomonas spp., according to 16S rRNA sequencing (Chapter 2)

Some species diroteus have been known to degrade and grow on oil, bubtatkanes, in such
mixed consortia. The first recorded incidence dflegradation by &roteus sp. is by Kadret al.
(1986), who identifiedP. mirabilis in the Kuwait Bay. However, most of the studies al
degradation byProteus spp. have been conducted in Nigeria due to itpmtuction industry,
and such studies have focused on degradation hgrizaonsortia also includingeromonas,
Bacillus, Micrococcus, Pseudomonas and Serratia. Benka-Coker and Ekundayo (1996) reported
the degradation of blend crude oil by such a badtepnsortium, while Adoki and Orugbani
(2007) found that consortia grown on differentmefi petroleum products (including engine oil,
diesel, kerosene and petrol) reached maximum oeilhts of 4.5 — 6.7 log CFU/ml. The Gram-
negative consortium from this study was able tahezm. 1 log CFU/ml higher than that of
Adoki and Orugbani (2007), suggesting that our odingm is able to utilise engine (motor) oll
slightly better. To our knowledge, the productidnbesurfactant by oil-utilising®roteus spp.
has previously been reported only by Balogun argh&a (2008). In their study it was found that
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7% of oil-utilising Proteus spp. isolated from diesel oil-contaminated soiloduced
biosurfactants. Our study; however, is the firstdm@ument the utilisation of amalkane (-
hexadecane) biproteus. It is possible that the production of biosurfatta byProteus spp. has
facilitated their growth and utilisation of hydrabans in this study.

Many Bacillus spp. are known to degrade hydrocarbons, incluBirgubtilis (Kim et al., 2000;
Moran et al., 2000; Haghihatet al., 2008), B. cereus (Jennings and Tanner, 2000,
thuriengensis (Jennings and Tanner, 200, sphaericus (Jennings and Tanner, 200@,
licheniformis (Kumaret al., 2006a; Haghighadt al., 2008) andB. circulans (Daset al., 2008).
Calvoet al. (2004) showed thd. pumilis 28-11, isolated from solid waste oil, grew wellthe
presence of 0.1% (w/v) crude oil and naphthalendeuraerobic conditions and used these
hydrocarbons as carbon and energy sources. Vialecaunts ofca. 10 log CFU/ml were
recorded in stationary phase. The production ofeth surface-associated biosurfactant was
suggested to have enabled the utilisation of coildlevhile naphthalene utilisation appeared to be
under control of inducible enzyme systems. Theisation of naphthalene, as well as
phenanthrene, fluoranthene or pyrene, as sole catwarces was also reported by Toletlal.
(2006), with the 5 differenB. pumilis strains, including 28-11, reaching cell count$d& — 8.8
log CFU/ml. With regards to cell counts, thesergsworrespond with or are approximately 2
log CFU/mI higher than those obtained in this sttahyB. pumilis. That said, it is not possible to
directly compare counts as the other studies digcot evaluate the growth of their strainBof
pumilis on n-hexadecane or mineral motor oil. Such counts mémghlight the observation that
different species and different strains within atipalar species have differing abilities to uiis

certain hydrophobic substrates.

This study further showed that neither of the tvemsortia was able to achieve significantly
higher (P<0.05) cell numbers or grow better thadividually inoculated strains in either
medium. Some studies have motivated for the detgaadaof hydrocarbons by bacterial
consortia. Bentoet al. (2005a) found that a bacterial consortium coimgsof Bacillus (B.
pumilis, B. cereus, B. sphaericus, B. fusiformis), Acinetobacter and Pseudomonas sp. isolated
from diesel-contaminated soil in Long Beach, Catifa (USA) (Bentcet al., 2005b), were found
to degrade light (G — Gg) and heavy (& — Gy fractions of the total petroleum hydrocarbons

87



(TPH) 72.7 and 75.2%, respectively. Co-culture®.dluorescens andP. putida, immobilised in
fibrous-bed bioreactors, were shown to degrade dyeztoluene, ethylbenzene and xylenes
(BTEX) as sole carbon and energy sources (Shimvamg), 1999; Shinet al., 2002; Shinet al.,
2005). However, BTEX degradation showed substrdiibition kinetics.

Such results further motivate for the determinatdrhydrocarbon-utilisation by HPLC and/or
gas chromatography as cell numbers and substifisatitn do not always necessarily correlate.
An interesting experiment for the future would beassess the degradation of hydrocarbons by

bacterial consortia containing both Gram-negative Gram-positive bacteria.

CONCLUSION

Results from this study showed tHgeudomonas strains isolated from foods, and producing
biosurfactants, were able to grow well in minimadia supplemented with eithethexadecane
or mineral motor oil. Furthermore, this study i tfirst to show hydrocarbon andalkane
utilisation by strains oP. fulva andProteus vulgaris, respectively. Other biosurfactant-producing
bacteria isolated from foods, includifyoteus vulgaris and 4 strains oBacillus pumilis, also
grew in hydrocarbon-supplemented medium and maxineeth numbers of up to 8.56 log
CFU/ml were recorded. Overall, the Gram-positiveaias reached significantly higher cell
numbers and growth rates than the Gram-negatianstrwhen grown in minimal media
supplemented with 0.4% mineral motor oil. Additibpathe Gram-negative strains grew better
in the minimal media supplemented with 0.#4%exadecane than with 0.4% mineral motor oil.
These results motivate for the further investigatid hydrocarbon-utilisation by biosurfactant-

producing bacteria isolated from spoiled food.
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Table 4.1:  Table summarising growth rates of seledBadillus, Pseudomonas and Proteus
isolates grown in minimal media supplemented witd%® n-hexadecane or

mineral motor oil.

Culture Growth rate Culture Growth rate
(+0.4% n-hexadecane) (log CFU/mI/h) (+0.4% mineral motor oil) (log CFU/ml/h)
B. pumilis 007T 0.23 B. pumilis 007T 0.24
B. pumilis 012T 0.22 B. pumilis 012T 0.21
B. pumilis 013T 0.25 B. pumilis 013T 0.26
B. pumilis 016 T 0.23 B. pumilis 016 T 0.24
G+ 0.27 G+ 0.24
Ps. fluorescens 100T 0.20 Ps. fluorescens 100T 0.17
Ps. putida 345C 0.26 Ps. putida 345C 0.18
Ps. fulva 364C 0.24 Ps. fulva 364C 0.10
Proteus vulgaris 381C 0.26 Proteus vulgaris 381C 0.22
G- 0.26 G- 0.25
Negative control -0.04 (0 — 24h) Negative control -0.05
0.06 (48 — 72h)

G+ (Gram-positive), consortium comprising 007T 204 013T + 016T; G- (Gram-negative),
consortium comprising 100T + 345C + 364C + 381C
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Figure 4.1: Growth of selectedPseudomonas and Proteus isolates, singly [isolate 100®); isolate345C «);

isolate 364C ¢); isolate 381C«)] or in combination [100T + 345C + 364C + 3813](in 0.4%
n-hexadecaneA(.) and 0.4% motor oilR.). The negative control iB. subtilis 168 #), a non-

biosurfactant-producer.
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Figure 4.2: Growth of selecte®acillus isolates, singly [isolate 007 ®)( isolate 012T €); isolate 016T €)] or
in combination [007T + 012T + 013T + 0167)], in 0.4%n-hexadecaneA) and 0.4% motor oil

(B.). The negative control B. subtilis 168 @), a non-biosurfactant-producer.
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Figure 4.3: Photographs showing growth of representative Gmagative A.), Gram-positive B.) and
negative control €.) in minimal media supplemented with 0.4%hexadecanei.j or mineral
motor ail (i.) at Oh post-inoculation.
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Figure 4.4: Photographs showing growth of representative Gmagative A.), Gram-positive B.) and
negative control €.) in minimal media supplemented with 0.4%hexadecanei.j or mineral
motor oil (i.) at 24h post-inoculation.
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Figure 4.5: Photographs showing growth of representative Gmegative A.), Gram-positive B.) and
negative control €.) in minimal media supplemented with 0.4%hexadecanei.j or mineral
motor oil (i.) at 72h post-inoculation. Magnified imagés. Y show emulsification of mineral

motor oil, as seen through the top of the flasks.
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CHAPTERS

Summarising discussion and conclusion
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Surfactants are amphipathic compounds which hadeserse range of application in various
industries worldwide. However, studies have ingidathat chemical surfactants pose several
problems, including poor specificity, low biodegahdity and toxicity to organisms in the
environment (Coopeat al., 1986). Due to the advantages over chemical ciariés, biologically
(microbially) produced surfactants, biosurfactantpresent an attractive alternative to chemical
surfactants. Due to their surface-active propertmse of the primary industries in which
biosurfactants are used is that of the bioremexiadi hydrophobic pollutants (Mulligan, 2005;
Singhet al., 2007). In developing biosurfactants for thisustly, studies have typically sourced
biosurfactant-producing bacteria from contaminased environments (Tulevat al., 2002,
Mulligan, 2005; Vasileva-Tonkovet al., 2006, Singtet al., 2007; Whangt al., 2008). In this
study, food products were evaluated as potentialrces of bacteria, with emphasis on

Pseudomonas spp., able to produce biosurfactants

Bacterial counts and spoilage populations

Prior to evaluating 14 different food products fine production of biosurfactants by food
spoilage bacteria, bacterial numbers and the miakdadrologies of the food products were
determined (Chapter 2). Results of bacterial cowand identification of selected isolates

generally showed consistency with the literaturigh & few exceptions.

Spoiled vegetable, fish and meat products were dotm have the highest aerobic and
Pseudomonas plate counts (APC and PC, respectively), which essected as the pH values,
nutrient and water content of such foods suppatgtowth of Gram-negative psychrotrophs,
predominantlyPseudomonas, to high numbers (Jay, 2000, 2005). In contrastJowest APC and
PC were recorded for bottled mineral water (4.5 ©@gU/ml) and dairy products (<2 log
CFU/ml), respectively (Fig. 2.1). Hunter (1993)dafamagnini and Gonzalez (1997) showed
that the APC of bottled water increased to 4 — @FU/ml over several weeks post bottling.
Although Pseudomonas spp. typically dominate the spoilage flora of ramd pasteurised milk at
the time of spoilage (Wiedmarat al., 2000), the low bacterial counts obtained in ttisdy

could reflect a low level of post-process contamaraby heat susceptiblseudomonas spp.
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Spoilage populations were putatively identified bypchemical methods and that of dairy
products was found to be predominanilgctobacillus and that of fish reaction type (RT) Il
Gram-negative bacteria (GNB). Spoiled vegetablelypcts were predominated by RT 1V, V and
VI GNB, each of which constitutech. 21 — 33% of the total population (Fig. 2.2). Thessults
are in accordance with those of related studieadléi al., 1991; Christiansesdt al., 2006; Jay,
2005). It was also found in the study tlacillus and RT VI GNB, which include8lcaligenes
spp., constituted an unusually high proportion e spoilage populations of bottled mineral
water (27%) and dairy products (24%), respectivéhe atypical presence Bhcillus in bottled
mineral water is possibly attributable to contartiova during the sampling and/or extraction
process, as previously shown by Hunter (1993). I8ityj the relatively high proportion of RT
VI GNB identified from spoiled dairy products wasost likely due to contamination from
equipment surfaces or water supplies,Adsaligenes has been reported as a common post-

pasteurisation contaminant (Meer, 1991).

Food as a novel source for biosurfactant-producing bacteria, with emphasis on
Pseudomonas strains

The present study is the first to report the préidncof biosurfactants from bacteria isolated from
spoiled food products. Other studies, which hawestigated the prevalence of biosurfactant-
producing bacteria isolated from various soils,ensaported frequencies ranging from 0.7 — 60%
(Jennings and Tanner, 2000; Nielserl., 2002; Bodouet al. 2003; Tran, 2007). Results from
the oil droplet collapse assay in this study showeat 6% of isolates obtained from the 14
different spoiled food products were able to predumosurfactants, demonstrating that the
frequency isolation of biosurfactant-producing istsais comparable to related studies and that
spoiled food products are a novel source of biestaht-producing isolates worth investigating
(Chapter 2).

The 32 biosurfactant-producing strains were isdlately from leafy vegetables, bottled mineral
water and low fat milk, with the majority of straimsolated from leafy vegetables (72%) (Table
2.3). Biosurfactant-producing strains isolated frdeafy vegetables were identified as
predominantly RT IV GNB, which includd3seudomonas (P.) aeruginosa, P. fluorescens andP.

putida. Strains isolated from bottled mineral water wpredominantlyBacillus, RT IV and VI
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GNB, the latter group of which include otHeseudomonas spp., while all of the strains isolated
from low fat milk were putatively identified dsactobacillus spp.Pseudomonas, Bacillus and
Lactobacillus spp. are all well-known producers of biosurfactafMelraedst al., 1996a; Singh
and Cameotra, 2004; Rodrigugtsal., 2006; Nitschke and Costa, 2007). Bacteria haob/ed to
produce surface-active products which fulfil a eariof roles that cannot be generalised. Some
of these roles include increasing the surface areh bioavailability hydrophobic substrates,
regulating the attachment-detachment of bactersutaces and antimicrobial activity. The first
of these roles is probably the best known as wwal bacteria to feed on water-insoluble
substrates. The results from this study; that ordgetable, bottled mineral water and dairy
yielded biosurfactant-producing strains, suggest thhe production of biosurfactants by the
biosurfactant-producing strains may have occumeatder to facilitate the attachment of bacteria
to food product surfaces, and not to directly ftet the utilisation of fats and oils present in

foods by initial and spoilage microflora as inityahypothesised (Chapter 1).

Biosurfactant-producing isolates were evaluatedthieir ability to emulsify cooking oil as this
activity was investigated in the context of foodooRing oil was used also to serve as a
preliminary indication of emulsification activitypr which none of the isolates tested positive
(Fig. 2.4). However, this is not altogether sufipgsas biosurfactant activity is not mutually
inclusive of emulsifying activity (Ron and Rosenipe?002). That said, emulsifying activity has
frequently been exhibited by biosurfactant-prodgcibacteria isolated from hydrocarbon-
contaminated sites (Bodoatal., 2003; Rahmast al., 2003; Bentcet al., 2005b; Batistat al.,
2006). Emulsification activity can be substrateesfie and may occur at different rates on
different hydrophobic substrates. The observedatian in activity of bacterial strains isolated
from different sources could suggest that suchvi@i¢tis not required for growth on spoiled
foods, further supporting the speculation that gheduction of biosurfactants by strains in the
present study plays an attachment role. Considéhiaigseveral biosurfactant-producing bacteria
were shown to utilise two model hydrocarbons (Chiapt), further investigation into the
emulsification activity of the biosurfactant-produg strains is suggested. Such an investigation
would include the evaluation of a variety of hydadwons, including those employed in the

hydrocarbon utilisation assay.
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Partial characterisation and antimicrobial activity of compounds from biosurfactant-
producing bacteria isolated from food

Many biosurfactants have also been shown to exhiiitmicrobial activity and, considering the
increasing prevalence of drug-resistant pathogéaicteria, present a potential alternative to
synthetic medicines and antimicrobial agents. Bb ttge antimicrobial potential of biosurfactant-
producing strains isolated in the study, the 33is¢r were evaluated against potential bacterial
pathogens and food spoilage strains (Chapter 3).spot-on-lawn assay found that 18 of the 32
(56%) isolates were active against only the Grasitpe target bacteria (Table 3.1), which was
expected as Gram-negative bacteria tend to beassi® many antimicrobial molecules due to

the lipopolysaccharide layer of the outer membi@fikaido and Vaara, 1985).

Furthermore, the majority of the antibacterial isisavere active against the potential pathogen
Bacillus (B.) cereus ATCC 10702. Tha. pumilis strains exhibited very narrow spectrum activity
againstB. cereus ATCC 10702, while thePseudomonas strains exhibited slightly broader
spectrum activity againg&. cereus ATCC 10702 B. subtilis andSaphylococcus (S)) aureus. The

P. fulva and Proteus vulgaris isolates were active against only tBeaureus strain (Fig. 3.1,
Table 3.1). This study is also the first to documantimicrobial activity byP. fulva, an

environmental bacterium of thi® putida group; however, this requires further investigatio

The identities of the 18 antibacterial isolates wasfirmed by 16S rRNA sequencing and it was
found that 40% of the isolates were correctly ideat by biochemical methods, highlighting the
need to confirm identities of bacterial strainsdaditional methods. Molecular identification by
16S rRNA sequencing identified 8 strains Rseudomonas spp. (one by inference), 9 &
pumilis (two by inference) and one &oteus vulgaris. Phylogenetic analysis of 16S rRNA
sequences also showed that the strains identifietb8 rRNA sequencing share high sequence
similarity with other bacteria exhibiting biosurfaat-producing and antimicrobial activities
(Chapter 3).

Although the original focus of this study is d?seudomonas, results have highlighted the

importance of other bacterial species as bioswafqiroducing food spoilage bacteria, primarily

B. pumilis. B. pumilis is a well-documented food spoilage bacterium (2805) and has been
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reported to produce several antimicrobial agentsrq®ski et al., 1952; Bhate, 1955; Fuller,
1955; Narusest al., 1990; Rosendahl and Douthwaite, 1994), somelotiware also known to
exhibit surface activity. As a result, this parttioé study (Chapter 3) was extended to include the
B. pumilis strains isolated in the previous part of the stu@lyapter 2Proteus vulgaris is also
known to be involved in food spoilage, particulatiiat of eggs (Ayres and Taylor, 1956) and
fish (Shalaby, 1997), and given that it has notnbesported to produce biosurfactants, unless
when isolated from oil-contaminated soil (Balogund &agade, 2008), or to exhibit antimicrobial

activity, further investigation of one of the straipreviously isolated (Chapter 2) was of interest.

The 16 strains that were shown to be active ag&nsereus ATCC 10702 were selected for
stability assays, in which the strains were subgd¢b treatments with protease, heat and organic
solvents. Of those 16 isolates, 6 were selectedfdather characterisation by thin layer
chromatography (TLC) in order to gain some struadtumformation of the active compounds.
The combination of antimicrobial, stability and Tldata (Fig. 3.1) suggest that the majority of
compounds produced by the strains isolated in ghigy produce cyclic lipopeptides (CLPs),

with few exceptions. Additionally, some of the pita CLPs may be novel.

One of theP. fluorescens strains isolated from butter lettuce (228C) ispgased to produce a
rhamnolipid-like molecule (Fujitat al., 1988; Pearsoet al., 1997). As mentioned, antimicrobial
activity for P. fulva had not been documented before the present shadyever, given that no
stability or TLC data was obtained for this straiinis not possible to speculate whether the
molecule produced by the strain is rhamnolipid-likea CLP, like the putisolvins produced By
putida PCL 1445 (Kuipeet al., 2004). The incongruent stability and TLC resoli¢ained for the

P. cichorii and P. tolaasii strains could be a result of phenotypic variatmfhcompounds
previously reported (Nair and Fahy, 1973; Shieital., 1981) or could reflect the production of
at least two different compounds for each of tihaiiss. The majority of thB. pumilis strains are
suspected to produce surfactin-like CLPs (Naeis®., 1990). Structural characterisation of the

compounds would be required in order to definigveentify the compounds.
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Utilisation of n-hexadecane and motor oil by biosurfactant-producing Pseudomonas, and
other bacterial strains, isolated from food

A previous chapter of this exploratory study, Cleap?, demonstrated that bacterial strains
isolated from spoiled food products were able wdpce biosurfactants. In Chapter 4, the ability
of 8 biosurfactant-producing strains P3eudomonas, 1 Proteus and4 B. pumilis) to grow in
minimal media supplemented with eithehexadecane (MMH) or mineral motor oil (MMMO)

was evaluated.

It was found that all 8 of the individual biosurfaet-producing strains and the two consortia
grew well in minimal media supplemented with eithgmdrocarbon, reaching maximum cell
numbers ofca. 7 — 9 log CFU/ml (Figs. 4.1, 4.2). However, nongigant differences (P<0.05)
were observed between individual Gram-negative ranGpositive strains inoculated into either
medium. Similarly, in terms of growth rates, thea@rnegative strains and consortium grew at
significantly lower (P<0.05) rates in MMMO than MMH, and when compared with the Gram-
positive strains and consortiufseudomonas fulva 381C grew at a particularly low rate when
grown in MMMO. Generally, the growth of individu&seudomonas and Bacillus strains in
hydrocarbons corresponded with or was higher thah af other strains investigated in similar
studies. OurP. fluorescens 100T grew to higher cell numbers than an indigenstain ofP.
fluorescens grown inn-hexadecane, as reported by Barathi and Vasud@@@i). Similarly, the
maximum cell numbers achieved by Bepumilis strains isolated in this study were equal to or
ca. 2 log CFU/ml higher than those observed in othadies investigating the growth @&.
pumilis in other hydrocarbons (Calva al., 2004; Toledcet al., 2006). The consortia did not
achieve significantly higher (P<0.05) cell numbersgrow better than individually inoculated
strains in either medium (Figs 4.1, 4.2). The negatontrol achieved lower counts and growth

rates, and population numbers were found to deglimen grown in MMMO.

These results highlight the variation in the apildf different species and strains within a
particular species to utilise certain hydrophohibstrates. Additionally, they demonstrate that
strains isolated from food matrices are able tavgusing hydrocarbon substrates at a rate that is
comparable to strains isolated from contaminatddssiAn interesting observation is that

biosurfactants produced by strains growing on hgalfoon substrates typically tend to be
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glycolipid biosurfactants; however, the significaraf this remains to be determined. In addition
to the first recorded incidence of antibacteriaivaty for P. fulva, this study is also the first to
document hydrocarbon anatalkane utilisation by strains d®. fulva and Proteus vulgaris,

respectively.

Our results, together with phylogenetic analyseardfmicrobial biosurfactants isolated in this
study (Chapter 3), demonstrated that many of th@mamobial biosurfactants shared high
(>97%) sequence similarity with other strains shotwnproduce biosurfactants and exhibit
antimicrobial and biodegradative activities. Altighugroups of biosurfactants have different
structures and are produced by various microorgasisgata demonstrates that biosurfactants are
convergent in function — even when those compowmdsisolated from varying and unrelated

matrices such as food.

Conclusion

In this study, it was shown that biosurfactant-pr@dg Pseudomonas (and other) strains were
isolated from spoiled foods at a frequency thativatés the further investigation of this novel
source of biosurfactant-producing bacteria. Futwmak based on this study could include
determining the prevalence of biosurfactant-prodgdiacteria in fresh and subsequently spoiled
food products. This would allow for the determioatiof whether fresh or spoiled food products
yield higher numbers of biosurfactant-producing teaa. It could also provide evidence,

supporting or opposing, for the attachment rolbio$urfactants in food products.

It was demonstrated that the biosurfactant-produdiacteria isolated in this study exhibited
other activities of note. Over 50% of those bioaatdnt-producing isolates exhibited a degree of
antimicrobial activity against Gram-positive ba@epnf medical and food safety relevance.
Future studies investigating the antimicrobial\attiof bacterial isolates should incorporate the
screening of more target microorganisms as it waxlpland the known antimicrobial spectrum
of these compounds. Additionally, high performatigaid chromatography (HPLC) or nuclear
magnetic resonance (NMR) imaging would facilitabe tdetermination of the structure and

subsequent accurate identification of the compowfdaterest. In the case of putatively novel
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compounds such as those speculated to have begucprbin this study, such techniques would
be invaluable.

Results showed that the strains pre-selected frgtbwth assay on 2 different hydrocarbon
substrates were able to reach cell numbers in exee¥ log CFU/mI. Given that no other
parameters were measured, the fate of the hydrmcaris unknown. In future, parameters such
as biosurfactant production and hydrocarbon degi@adahould be determined when evaluating
the utilisation of hydrocarbon substrates by bitatant-producing bacteria. Such data obtained,
by, for example, HPLC or gas chromatography wolltdhathe establishment of any correlations
between biosurfactant production and hydrocarbaratfation, and to determine the fate of the
hydrocarbon substrates. The data could also fat@livetter comparisons of the growth of strains
isolated in this study between those isolated frammventional, i.e. pollutant-contaminated,

sources.

This study showed that food was a novel sourcei@dubfactant-producing bacterial strains,
including Pseudomonas and Bacillus species, and that these isolates may also prodoweel
antimicrobial compounds, and be useful for the dnoediation of organic pollutants, advocating

for the further characterisation of these molecidestified in this study.
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