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ABSTRACT

ABiosur-factants are amphipathic compounds possessing both hydrophilic and
hydrophobic moieties that partition preferentially at the interface between two different
phases in a heterogeneous system. In past two decades, these surface active compounds
- bave gained significant commercial importance as compared to their synthetic chemical
counterpart due to their tailor-made multifaceted diversity, eco-friendly nature, higher
biodegradable ability, low toxicity, effectiveness at extreme pH and temperature
suitability for large scale production and selectivity. Among various types of
biosurfactant available rhamnolipid, glycolipid-type biosurfactant, specifically produced
by Pseudomonas aeruginosa are most effective surfactants which have great potential for
biomedical and industrial applications. Rhamnolipid have also been found té have
aﬁtagonistic effects on economically ifnportant zoosporic plant pathogens, thus opening
thelir‘ avenues as biocontrol agents. Recently, thamnolipid has emerged as a promising
multipurpose ingredient, which exhibit emulsifying, anti-adhesive and antimicrobial
activities simultaneously and are consequently suitable for many food applications.
However, despite their- potential and biological origin, their role in cqmmercialized usage
as an effective therapeutic agent to combat infectious diseases is still to be established.
This lacuna of their usage in the biomédical field prompted us to undertake the present
investigation on in vitro studies on rhammnolipid medicated biofilm inhibition using
Candida albicans as a model system. C. albicans is an opportunistic dimorphic pathogen
which commonly affect immuno-compromised individual and is capable of causing life
threatening infection. In fact, C. albicans is ranked fourth in causing nosocomial infections,
third in catheter-related infections, second highest in colonization to infection rate and
highest overall in crude mortality. It is believed that C. albicans in its biofilm mode consists

of a structured communities of cells embedded in biomatrix. The process of biofilm
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formation has been divided into different stages involving initial attachment to surface,
formation of microcolonies on the surfaces and finally differentiation of microcolonies
into exopolysaccharide-encased mature biofilm. Such biofilm can cause potentially
enormous damage specially when formed on medical devices which can result in the
failure of these devices and serve as a reservoir or source for infections. Thus, it becomes
important to control primary colonization of fungal growth as an effective therapeutic
solution not only to removal such fungal biofilm but also to eradicate them from surfaces.
The objective of present work was thus ouﬂaid to isolate, screen, purify and assess the
ability of rhamnolipid as pointed below, as potential alternative to the available
conventional therapies for the inhibition of C. albicans biofilm. From the petroleum oil
contaminated sites, soil samples were taken and screened f.or native bacterial population
for biosurfactant production. Through, screening on minimal media supplemented with
different hydrocarbons as sole organic source, 25 isolates (NSVP1-NSVP10, DSVPI1-
DSVP20 and SSVP21-SSVP25) were selected. These 25 bacterial isolates were then
tested for haemolytic ability, drop collapse assay, emulsification assay and surface
tension reduction as an index for surface active agent production. Of these four isolates
namely NSVP2, DSVPli, DSVP17 and DSVP20 were found to pose biosurfactant
producing ability and among them DSVP20 was found to be potential producer of
biosurfactant. Through 16S rRNA sequencing and taxonomic characterization, it was
found out that DSVP20 exhibited 97-99% similarity with Pseudomonas sp.. Further,
biochemical tests and cultural characteristics established DSVP20 as Pseudomonas
aeruginosa (GenBank accession no. GQ865644). Extraction of biosurfactant was done
from the cell free broth through acidification followed by organic extraction with ethyl
acetate. The extracted biosurfactant was further purified through absorption

chromatography. The FTIR spectrum of bisourfactant was recorded in the spectral region
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of 4000500 cm™' which exhibited specific absorption bands at 3381 cm™, 2927 cm™,
2859 cm™', 1735cm ™", 1635 em™, 1300-1100 cm™, 1013 cm™, 906 cm™ and 840 cm™
indicating the chemical structure to be di-rhamnolipid (RL2). The weak broad band

located at 3364 cm !

can be attributed to the O-H stretching' vibrations of hydroxyl
groups, while the strong absorption peaks at 2927 cm ' and 2859 cm™ are assigned to the
C—H stretching vibrations of the hydrocarbon chéin positions. Stretching band of C=0 at
1730 cm™ is characteristic of ester bonds and cafrboxylic acid groups. The carbonyl
stretching peak was obéerved at 1640 cm !, which is characteristic of ester compéunds.
The C-O stretching bands in the fange of 1457-1100 cm™! related to the bonds-formed |
between carbop atoms and hydroxyl groups in the chemical structures of the rhamnose
rings and the ester carbonyl group was a]so confirmed from the peak at 1057 cm !, which
corresponds to C-O stretching vibration. Relatively strong sorption bands of pyranyl at
906 cm™' and 840 cm™’ suggest it to be RL2 in nature. MALDI-TOF mass spectrum
analysis of the sample gave intense signals at m/z 672.81 corresponding to the sodium
adduct [M + Na]" of the RL2 which is reported to be m/z 649. The characteristic chemical
shifts observed from 'H NMR analysis were 0.895 ppm (for —CHj), 1.262 ppm (for —
(CHa)s), 2.552 ppm (for —-CH,— COO-), 4.878 ppm (for -O~CH-), and 5.243 ppm (for —
COO-CH-). The PC NMR also displayed chemical shifts of 102.317. and 94.450 ppm
which is a characteristic peak of RL2. The RL2 present in the cell free broth of
Pseudomonqs sp. showed thermal, pH and salt stability when tested at different time
intervals. The surface tension and critical micelle dilution (CMD) values remained stable
after exposure to high temperatures (100°C) even after 4 h. The surface actiyities were
retained over a pH range of 4-12 with minimal deviation in surface tension and CMD™!

values, whereas CMD? showed a slight and gradual increase in surface tension with

increasing pH values. No appreciable changes were observed on surface tension and



CMD values with the addition of NaCl up to 10% in cell free broth. Scanning electron
microscopy, confocal laser scanning microscopy and atomic force microscopy were used
in the study to explore the structural integrity and developmental characteristics of C.
albicans biofilm. SEM observations provided useful information on the different cellular
morphologies present in the biofilm structure. The mature biofilm consist of a mixture of
yeast and filamentous forms embedded within exopoiymeric material. Confocal laser
scanning microscopy of C. albicans biofilm combined with fluorescent stains, FITC-
ConA and PI showed presence of EPS in cell bound as well as secreted form. It
demonstrated that C. albicans possess structural heterogeneity and displays architectural
similarity to that of bacterial biofilm. Atomic force microscopy provided a surface view
of fhe C. albicans biofilm providing resolution at the atomic level. AFM was shown to be
sensitive enough to dissect the effect of subtle changes in overall C. albicans cell surface
composition on the initial interaction with biomaterials. XTT (2, 3-bis [2-Methoxy-4-
nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide) reduction assay data showed
maximum adherence with 48 h grown culture. Data also suggested that biofilm were
highly metabolicaliy active in its first 24 h. However, as the Candida biofilm matures and
become more complex (48 to 72 h), the metabolic activity reached its plateau, reflecting
high number of cells that constitute the mature biofilm. The minimum inhibitory
concentrations (MICs) of RL2 were evaluated against C. albicans by standard broth
dilution assay on different stages of C. albicans biofilm formation formed on 96 well
microtitre plates. Ir vitro studies showed that anti-adhesive activity of RL2 to inhibit the
C. albicans adhesion to be concentration dependent. Our observation showed about 50%
of candidal cells attached to 96-well plate after 2 h of treatment with 0.16 mg mL-' RL2.
RL2 (5.0 mg mL™) isolated from P. aeruginosa DSVP20 was able to reduce 96% of pre-

biofilm formed on 96 well microtitre plate. Cell surface hydrophobicity data recorded
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also indicated that with increase in RL2' concentration, there is a marked reduction in cell
surface hydrophobicity of C. albicans biofilm. C. albicans is the most common human
fungal pathogen associated with device related infections mainly in its biofilm mode of
growth. As biofilm residing Candida cells achievéd much more resistance against
antimicrobials than their planktonic counterparts, the fact that the RL2 was able to inhibit
C. albicans biofilm adhesion as well as formation asserts on the possible use of RL2 as an

alternative antifungal agent.
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CHAPTER 1

INTRODUCTION

Biosurfactants are amphipathic compounds possessing both hydrophilic and
hydrophobic moieties that partition preferentially at the interface between two different
phases in a heterogeneous system (Li et al., 2011; Makkar ef al., 2011; Mnif et al., 2011;
Batista et al., 2006). These amphiphilic compounds accommodate a wide structural diversity
~ exhibited by biomolecules such as glycolipids, lipopeptides, biopolymers, acylglycerols. In
past two decades, these surface active compounds have gained significant commercial
importance as compared to their synthetic chemical counterpart due to their tailor-made
multifaceted diversity, eco-friendly nature, higher biodegradable ability, low toxicity,
effectiveness at extreme pH and témperature suitability for large scale production and
selectivity (Sdnchez et al., 2009; Rodrigues et al., 2006b; Singh and Cameotra, 2004;
Cameotra and Makkar, 1998; Desai and Banat, 1997). Amoﬁg various types of
biosurfactants, rhamnolipid is a glycolipid based biosurfactant specifically produced by
Pseudomo;%as aeruginosa, with. huge pot_ential aé surfactants in biomedical and industrial
applications (Dusane ef al., 2010; Sotirova et al., 2010; Muthusamy et al., 2008; Whang et
al., 2008; Nitschke and Costa, 2007; Rodrigues et al., 2006a,b; Irie et al., 2005; Urum et al.,
2005; Abalos er al., 2004). Rhamnolipids belongs to a group of glycolipid based
biosurfactants and are amphipathic in nature. It comprises of a hydrophilic head, which is
formed by one or two rhamnose moieties (respectively called monorhamnolipid and
dirhamnolipid) and a hydrophobic tail containing one or two fatty acid chains. Rhamnolipid

plays an important application in petroleum-related industries which is used in enhanced oil
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recovery, cleaning oil spills, oil-contaminated tanker cleanup, viscosity control, oil
emulsification and removal of crude oil from sludges (Whang ef al., 2008; Bertrand e al,
1993). thmnolipid also imparts antagonistic effect on harmful algal blooms (HABs), which
in turn promotes their usage as biocontrol agents (Wang et a/., 2005; Stanghellini and Miller,
1997). The emulsifying, anti-adhesive and antimicrobial activity of rhamnolipid makes them
suitable for many food applications (de Araujo ef al., 2011; Dusane ef al., 2010; Nitschke
and Costa, 2007; Irie et al., 2005). However, despite their potential and biological origin,
their role in commercialized usage as an effective therapeutic agent to combat infectious
diseases is still to be established. The antimicrobial Basis for rhamnolipid could be accounted
by the physiological role it plays-i.e. maintaining biofilm porosity through localized
abrogation of biofilm. This feature rationalizes rhamnolipid usage as potential antibiofilm -
agent when used at concentrations much higher than the physiological ones. Their
antibiofilm activity had Been reported against biofilms of bacterial origins (de Araujo et al.,
2011; Dusane et al., 2010; Irie ef al., 2005) but agains‘t the biofilm of fungal origins, reports
are sparse. Surfactin produced from Bacillus subtilis and surlactin from Lactobacillus sp. are
other known examples of biosurfactants acting heterogeneously among various species. This
prompted us to undertake the present investigation through #n vitro studies on rhamnolipid
medicated biofilm inhibition using Candida albicans as a model systerr'1. Although the
majority of implant related infections are caused by bacteria like Staphylococcus epidermidis,
Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia coli, fungal infections are
becoming increasingly important. They are most often caused by pathogenic Candida genus,
particularly Candida albicans. C. albicans is an opportunistic dimorphic pathogen which

commonly affect immuno-compromised individual and is capable of causing life threatening

2



[Introduction]

infection (Finkel and Mitchell, 2011; Nétt et al., 2008; Ruhnke, 2006;'Douglas, 2003). In
fact, C. albicans is ranked fourth in the causing nosocomial infections, third in cathéter-related
infections, second highest in colonization to infection rate and highest overall in crude
mortality (Subha and Gnanamani, 2008). The increase in Candida infections in last decades
has almost paralleled the increased usage in broad range of medical implant devices in patients
with impaired host defenses. Even with current antifungal therapy, mortality of patients with
invasive candidiasis can be as high as 40% (Dominic et al., 2007). It is believed that C.
albicans in its biofilm mode, consists of a structured communities of cells embedded in
biomatrix (Lal er al., 2010\; Donlan, 2001). The process of biofilm formation has been
classified into different stages involving initial attachment to surface, formation of
_microcolonies on the surfaces and finally differentiation of microcolonies into
exopolysaccharide-encased mature biofilm (Agarwal ef al., 2008; Chandra et al., 2001).
Biofilm formation is a clinically significant brocess in view of the fact that (1) they are resistant
to antimicrobial agents; (2) they may be a persistent source of infection; (3) they may harbor
pathogenic organisms, and (4) they may allow exchange of resistance plasmids (Donlan, 2001).
Biomateriéls such as stents, shunts, prostheses (voice, heart valve and knee prostheses),
implants (lené and breast implants and dentures), endotracheal tubes, pacemakers and various
types of catheters have all been shown to facilitate C. albicans colonization and biofilm
formation (Cao et al., 2008). Such biofilm can cause potentially enormous damage specially
when formed on medical devices which can result in the failure of these devices and serve as
a reservoir or source for persistent and sjrstemic infections (Cameotra et al., 2009; Uppuluri
et al., 2009; Agarwal et él., 2008; Al-Fattani and Douglas, 2006; Mukherjee et al., 2003;

Baillie et al., 2000). As factors responsible for C. albicans pathogenesis is still unknown, it

3
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becomes extremely vital to control primary colonization of fungal growth. The prophylaxis
of inhibiting fungal colonization is an only therapeutic solution for removal as well as
abrogation of fungal biofilm from biological surfaces. Since years, azole drugs and
derivatives continue to dominate as antifungal agents of choice against Candida related
infections, as topical applications or as oral drugs. Even though very widely acclaimed for
their efficacy, these drugs are known to have side effects (Bruzual et al., 2007; Jain et al.,
2007; Sheehan er al., 1999). Besides this, the action of antifungal may be limited by their

penetration and chemical reaction into biofilm matrix (Jain et al., 2007).

The objective of the investigation as listed below was to do molecular characterization
of surface active agent and to assess its ability as potential alternative to the available

conventional therapies for the inhibition of C. albicans biofilm.

I. Screening and isolation of surface active agent producing microorganisms

II. Extraction, purification and molecular characterization of di-thamnolipid from culture
broth of P. aeruginosa DSVP20

III. Physico-chemical analysis and optimization of growth conditions for di-rhamnolipid
production from P. aeruginosa DSVP20

IV. To study the effect of di—fhamnolipid on the C. albicans biofilm



CHAPTER 2

LITERATURE REVIEW

2.1 Biosurfactant and its nature

Biosurfactant produced by micrdbcs are structurally diverse and heterogeneous
groups of surface-active amphipathic molecules which partition preferentially at the
interface between fluid phases such as oil/water or air/water interfaces (Sen et al., 2010;
Luna et al., 2009; Wang et al., 2007, Rodrigues et al., 2006a; Desai and Banat, 1997;
Neu, 1996). The polar, water soluble part of a biosurfactant may consists of simple
groupsl such as carboxylate or hydroxyl or a comp_lex- mixture of phosphate, amino acids
or peptides, anions or cations, or mono-, di- or polysaccharides. The lipophilic portions
comprise hydrocarbon tail that usually made of long chain, saturated or unsaturated,
hydroxyl or a-alkyl-B-hydroxy fatty acids and may contain cyclic structures (Banat,
1995). The fatty acid of lipophilic moiety is linkec to the hydrophilic group by a
glycosidic, ester or amide bond (Rosenberg and Ron, 1999). Most biosurfactants are
either neutral or negatively charged. The negatively charged biosurfactants are anionic in
nature due to presence of carboxylate, phosphate or sulphate group. Least number of
cationic biosurfactants contains amine group (Cooper, 1986). A special property
associated with biosurfactant is their ability to lower the surface tension of water from 72

mN m™ to below 35 mN m™ (Desai-and Banat, 1997; Cooper, 1986).

Effective physicochemical properties, such as low interfacial tensions, critical
micelle concentration (CMC) and also temperature stability are characteristics of these
compounds. The heterogeneous groups of these surface-active molecules also reduce the
CMC and interfacial tension in both aqueous solutions and in hydrocarbon mixtures.

These properties create micro emulsions which lead to micelle formation where
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hydrocarbons can solubilize in water or water-in-hydrocarbons (Banat, 1995). As
compared to chemical surfactants, these compounds héve several advantages such as
lower toxicity, higher biodegradability and effectiveness at extreme temperatures or pH
values. Furthermore, these molecules can be tailor-made to suit different applicatibns by
changing the growth substrate or growth conditions. Besides this, some biosurfactants
have proven to be suitable alternatives to synthetic medicines and antimicrobial agents

and may therefore be used as safe and effective therapeutic agents.

Biosurfactint | ‘T
,monomiers i?

‘Sirficetodsica

CMC  ‘Piesurfactant concentration

Figure 1: The relationship between biosurfactant concentration, surface tension and
formation of micelles

Most biosurfactants are considered séco‘ndary metabolites, though some may play
essential roles for the survival of the producing-microorganisms either through facilitating
nutrient transpoﬁ, microbe-host interactions or as biocide agents (Sen et al., 2010;
Toribio et al., 2010; Rodrigues et al., 2006b). The role of biosurfactant also include
increasing the surface area and bioavailability of hydrophobic water-insoluble substrates,
heavy metal binding, bacterial pathogenesis, quorum sensing and biofilm formation

(Rodrigues and Teixeira, 2010).
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Figure 2: Structure of surfactant molecule
2.2 Classification of biosurfactants

Biosurfactants are classified according to the nature of their polar grouping .and
categorized mainly by their chemical coﬁposition and microbial origin. The major classes
of biosurfactant include glycolipids, lipopeptides and lipoproteins, phospholipids,
hydrosylated and crosslinked fatty acids, polymeric surfactants and particulate surfactants
and it is presumed that diverse properties and physiological functions have been exhibited
by different groups of biosurfactants (Sen et al., 2010; Rodriguqs and Teixeira, 2010;

Rodrigues et al., 2006a; Cameotra and Makkar, 2004; Ron and Rosenberg, 2001).

2.2.1 Glycolipids

Glycolipids are the most known class of biosurfactants. Being a structu;al element of
cell membranes, they are widely distributed across all life forms. They are glycosyl
derivatives of various classes of lipids such such as an acylglycerol, a sphingoid, a
ceramide (N-acylsphingoid) or a prenyl phosphate. Based on the hydrophobic moiety,
_ glycolipids are further classified majority into glycoglycerolipids, glycophosphoinositols
and glycosphingolipids. sterolipids, prenolipids, saccharolipids and ketolipids. In

saccharolipids, mono, di or oligosaccharides conjugates with beta hydroxy fatty acids
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through glycosidic linkage. Based on the sugars involved, saccharolipids are named, for
instance; Rhamnolipids derivative of rhamnose, Sophorolipids derivative of sophorose,
Trehalolipids derivative of trehalose and Fructose-lipids derivative of fructose (Mulligan,

2005; Kitamoto ef al, 2002; Rosenberg and Ron, 1999; Desai and Banat, 1997, Lang and

Wagner, 1987).

Saccharolipids are widely distributed among prokaryotic genera. In Gram negative
bacteria, lipid A which is the part of lipopolysaccharide layer of outer membrane

comprises of N-Acetylated glucosamines based saccharolipids.

Trehalose lipids (mainly diacyl trehaloses) are found in various Gram positive
eubacteria belonging to the mycolates group, the order Actinomycetales (Mycobacterium,
Rhodococcus, Nocardia and Gordonia), in fungi, algae and in insects where they may

have a role as an energetic reserve compound.

Sophorolipids‘(SLs) are a group of microbial glycolipids produced by yeasts, such as

Candida bombicola, Yarrowia lipolytica, Candida apicola, and Candida bogoriensis

o
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Figure 3: Structure of some common glycolipids
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Table 1. Major types of biosurfactant produced by microorganisms

Biosurfactant types | Microorganisms References
Glycolipids
Rhamnolipids P. aeruginosa Robert et al., 1989
: Pseudomonas sp. Lang et al., 1989
Trehalolipids R. erythropolis Rapp et al., 1979
N. erythropolis Margaritis et ak, 1980
Mycobacterium sp. Cooper et al., 1989
Sophorolipids T. bombicola Cooper et al., 1989
T. apicola Gobbert ef al., 1984
T. petrophilum Hommel et al., 1987
Cellobiolipids U. zeae, Boothroyd et al., 1956
U. maydis Syldatk et al., 1985

Lipopeptides and lipoproteins

Peptide-lipid

B. licheniformis

Yakimov et al., 1995

Serrawettin S. marcescens Matsuyama ef al., 1991
Viscosin P. fluorescens Neu and Poralla 1990
Surfactin B. subtilis | Bernheimer and Avigad, 1970
Gramicidins B. brevis Marahiel et al.,1977
Polymyxins B. polymyxa Suzuki ef al., 1965
Subtilisin B. subtilis Bernheimer and

Avigad, 1970
Fatty acids, neutral lipids, and phospholipids
Fatty acids C. lepus Cooper and Paddock, 1983

Neutral lipids

N. erythropolis

Lin et al., 1994

Phospholipids

T. thiooxidans

Koch et al., 1988

Polymeric surfactants

Emulsan

A. calcoaceticus

Zosim et al., 1982

Biodispersan

A. calcoaceticus

Rosenberg ef al., 1988

Mannan-lipid-protein

C. tropicalis

Kappeli et al., 1984

Liposan

C. lipolytica

Cirigliano and Carman, 1985

Carbohydrate- P. fluorescens Persson et al., 1988
protein-lipid D. polymorphis Singh and Desai, 1989
Protein PA P. aeruginosa

Hisatsuka et al.,1977

Particulate biosurfactants

Vesicles and fimbriae | 4. calcoaceticus | Gutnick and Shabtai, 1987

2.2.2 Lipopeptides

Lipopeptides usually appear as mixtures of closely related compounds which show
slight variations in their amino acid composition and/or lipid portion which is mostly a

hydroxy fatty acid. A family of cyclic lipopeptides consists of 8 to 17 amino acids and a
9
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lipid portion which is composed of 8 to 9 methylene groups and a mixture of linear and
branched tails (Desai and Banat, 1997). Major research has been focused on class of
lipopeptides formed by certain strain of B. subtilis and B. pumilis (Mulligan, 2005;

Cameotra and Makkar, 2004).

Different strains of B. licheniformis produce lipopeptide biosurfactants e.g.
lichenysin A (Yahkimov ef al., 1995), lichenysin B (Lin et al., 1994), lichenysin C (Jenny

et al., 1991), biosurfactant BL-86 (Horowitz et al., 1990).

CH;;\C
B H(CH,},CHCH;CO-  -Glu- ; -Lew- p-Lew- | -Val- | -Asp- p-Leu- -Leu
CH; .

O

Surfactin (SF)

Figure 4: Structure of cyclic lipopeptide surfactin produced by B. subtilis

A large nuinber of cyclic lipopetides including decapeptide antibiotics (gramicidins)
and lipopeptide antibiotics (polymyxins) produced by B. brevis (Marahiel er al., 1977)
and B. polymyxa (Suzuki et al., 1965) r_espectively, possess remarkable surface active
properties. Other types of lipopeptides include ornithine containing | lipids from P.
rubescens (Yamane, 1987) and Cerilipin an ornithine and taurine containing lipid from
Gluconobacter cerinus IFO 3267 (Tahara et al., 1976). Other lipopeptides include
viscosin produced by P. fluorescens (Laycock et al., 1991) and arthrofactin, produced by

Arthrobacter spp. Strain MIS38 (Morikawa et al., 1993).
2.2.3 Fatty acids, phospholipids and neutral lipids

Several bacteria and yeast that produce fatty acids and phospholipids while growing
on n-alkanes, have received considerable attention as surfactants (Rosenberg and Ron,

1999). These biosurfactants are able to produce optically clear microemulsions of alkanes

10
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in water (Desai and Desai, 1993). The hydrophilic lipophilic balance (HLB) of fatty acids
is related to the length of the hydrocarbon chain. Examples of microorganisms that
produce these types of biosurfactants include sulphur-reducing bacteria, Thiobacillus

thiooxidans (Desai and Banat, 1997) and Corynebacterium lepus (Rosenberg and Ron,

1999; Cooper and Paddock, 1983).
2.2.4 Polymeric biosurfactants

Many bacterial species from different genera produce exocellular polymeric
surfactants compoéed of proteins, polysaccharides, lipopolysaccharides or complex
mixture of these biopolymers (Rosenberg and Ron, 1999). Fatty acids are covalently
linked to the polysaccharides through o-ester linkages (Desai and Banat, 1997; Zukerberg
et al., 1979). The best-studied polymeric biosurfactants are emulsan, liposan and

mannoprotein (Rosenberg and Ron, 1999; Desai and Banat, 1997).
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Figure S: Structure of emulsan produced by Acinetobacter calcoaceticus

2.2.5 Particulate biosurfactants

Particulate biosurfactant includes vesicles and fimbriae produced by Acinetobacter
sp. (Kappeli and Finnerty, 1980). The purified vesicles are composed of proteins,

phospholipids and lipopolysaccharides. This extracellular membrane vesicles partition

11
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hydrocarbons, and form a microemulsion, which plays an important role in alkane uptake

by microbial cells (Desai and Banat, 1997).
2.3 Rhamnolipid: evaluation and production

Rhamnolipid is a glycolipid that contains one or two molecules of rhamnose that are
linked to one or two molecules of B-hydroxydecanoic acid. Up to seven homologues have
been identified (Abalos et al., 2001). L-Rhamnosyl-L-rthamnosyl-B-hydroxydecanoyl-B-
hydroxydecanoate and L-rhamnosyl-B-hydroxydecanoyl-f-hydroxydecanoate, referred to
as rhamnolipid 1 and 2, respectively, are the principal glycolipids produced by P.
aeruginosa (Desai and Banat, 1997). Rhamnolipid from P. geruginosa have shown to
lower the surface tension from 72 to 26 mN m™ and the interfacial tension against n-

hexadecane to 1 mN m™ (Mulligan, 2005; Lang and Wagner, 1987).
2.3.1 Physico-chemical characterization of rhammolipid

Crude rhamnolipid extract from microbial sources appeared as viscous sticky oily
residue with amber to yellowish brown in color and fruity pineapple in odor (Abdel-
Mawgoud et al., 2009). Rhamnolipid is .soluble in aqueous solution at pH>4 with
optimum solubility at pH 7-7.5. It is soluble in organic solvents like methanol,
chloroform, ethylether, and ethylacetate. It was observed that rhamnolipid have their
optimum aqueous solubility at neutral to alkaline pH (Silva et al., 2010). This
phenomenon is attributed to their acidic nature. Rhamnolipid contain a single free
carboxylic acid group corresponding to the B- hydroxy fatty acid moiety, and this confers‘
the anionic nature of rhamnolipid. It was reported that as the pH increases from 5 to 8, the
negative charge of the polar head increases (Abdel-Mawgoud et al., 2009), and this is
reflected by increased aqueous solubility. Rhamnolipid is usually produced as a mixture

of homologues, whose similarity and abundance hinder their separation. On the other
12
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hand, the use of the whole mixture aé a sole component enhances the surface active
properties of rhamnolipid (Guo et al., 2009). Rhamnolipid’s hydrophilicity is due to
;hamnosyl groups while the long fatty acid chains bestow it with hydrophobicity. The
carboxylic moieties confer the rhamnolipid with negative charge depending on the

subphase conditions such as pH and electrolytic strength.
2.3.2 Surface activities
2.3.2.1 Surface tension

Surface tension is a phenomenon involving the cohesive force between liquid

- molecules. Surface tension can be defined in terms of work, W as follows (Garret,‘1972):
Surface tension, y =W/AA, where AA is the change in surface area.

Plots of the surfacé tension .(y) at 25 °C versus logarithmic concentration in mg L
for the different biosurfactants revealed surface tension values are decreased gradually
with increasing concentrations until a constant value is obtained. When a rhamnolipid is
added to air /water or oil/water system at increasing concéntration, reduction of surface
tension is observed only up to a critical level beyond whiéh micelle formation takes place
(Makkar and Cameotra, 1997). This break point, after which surface tension becomes
constant, was taken-as the critical micelle concentration (CMC) and is determined from
the break point of the surface tension versus concentration curve. Tﬁis had been used
previously to quantify surface activities of biosurfactants such as surfactin (Moran et al.,
2002) and rhamnolipid (Johnson and Boese-Marrazzo, 1980). For practical purposes, it is
important to distinguish between an effective biosurfactant and an efficient biosurfactant.
Effectiveness is measured by the minimum value to which the surface tension can be
reduced, whereas efficiency is measured by the biosurfactant concentration required to

produce a significant reduction in the surface tension of water. The latter can be known
. 13 .
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from the CMC of the biosurfactant (Abdel-Mawgoud er agl., 2009; Haba et al., 2003;
Parkinson, 1985). In general, biosurfactants are more effective and efficient and their
CMC is about 1040 times lower than that of chemical surfactants, i.e. less surfactant is

necessary to get a maximum decrease in surface tension (Muthusamy ef al., 2008).
2.3.2.2 Interfacial tension

~ The direct measurement of the interfacial activity .of the culture supernatant is also
the most straightforward screening method and very appropriate for a preliminary
screening of biosurfactant producing microbes (Lin, 1996). This gives a strong indication
on biosurfactant production. The interfacial of a liquid can be measured by a variety of
methods. However, there is a restriction in the range of measurement (Morikawa et al.,
2000; Makkar and Cameotra, 1997). A good surfactant can lower the interfacial tension
of water/hexadecane from 40 to 1 mN m” (Pacwa-Plociniczak et al., 2011). Surfactin
from B. subtilis can reduce the interfacial tension of water/hexadecane to <1 mN m™
(Desai and Banat, 1997). Rhamnolipid from P. aeruginosa decrease the interfacial tension
of water/hexadecane to <1 mN m™ (Desai and Banat, 1997). The sophorolipids from 7.
bombiéola have been reported to reduce the interfacial tension to 5 mN m™ (Desai and
Banat, 1597).
2.3.2.3 Critical micelle dilution (CMD)
The critical micelle dilution (CMD) method, which was determined by measuring the
surface tension of serial dilutions of supernatant from fermentation broth, was used as a
criterion for selecting high production strain. The two cultures with very different

concentrations of biosurfactant may display the same surface tension. This problem can

be solved by serial diluting until a sharp increase in surface tension is observed (Batista et

14
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al., 2006; Makkar and Cameotra, 1997). The corresponding dilution of the supernatant is

called critical micelle dilution (CMD) and correlates to the concentration of biosurfactant.
2.3.3 Rhamnolipid production

Rhamnolipid is an effective biosurfactant and is well suited for applications in
bioremediation of oil pollutants (Mulligan, 2005), the major hurdle for commercial
application of the rhamnolipid has been its low yield and high production cost (Wei et al.,
2005). Although the potential for rhamnolipid production is determined by the genetics
of the microorganisms, other factors such as environmental conditions and the nature of
the substrate also influence the yield of rhamnolipid. Hence, optimization of these
conditions may lead to high and safe rhamnolipid production. Most of the studies to date
describe rthamnolipid production by bacteria grown on hydrocarbons, but a few have.
reported rhamnolipid produced by bacteria growing on carbohydrates (Haferburg et al.,
1986). Most of the world’s total oil and fat production is derived ﬁom plants, Hence,
these hydrophobic substrates may be used for bulk production of rhamnolipid. There are
reports regarding the production of rhamnolipid from different substrates such as glycerol
(Arino et al., 1996), soybean oil (Lang and Wullbtandt, 1999), olive oil (Mercade” et al.,
1993), corn oil (Linhardt et al.,1989), canola oil (Sim et al., 1997), ethanol (Matsufuji et
al., 1997), sucrose, and whey (Babu et al., 1996) by different strains of P. aeruginosa.
Use of water miscible wastes such as molasses and whey and distillery wastes,
wastewater from olive oil processing, has also been reported (Daniel ef al., 1998; Patel-
and Desai, 1997; 'Babu et al.,, 1996; Mercade et al., 1993;). In earlier studies, P.
aeruginosa GS9-119 and P. aeruginosa DS10-129 produced 4.3 and 7.5 g L™! of crude
biosurfactant, respectively, when grown on a glucose plus glycerol medium (Rahman et

al., 2002a). The use of renewable low-cost substrates, such as plant oil and grain starch,
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and even lignocellulosic biomass, could dramatically increase the economics of
rhamnolipid production (Mukherjee et al., 2006; Nitschke ef al., 2005). Therefore, there
is an urgent demand to develop an efficient biosurfactant producer and a cost-effective
bioprocess for the production of rhamnolipid. The types of the rhamnolipid produced
depend on several factors: the bacterial strain, the carbon source used, as well as the
culture conditions (Sober6n-Chavez et al., 2005). Concerning its production, high yields
are obtained as compared to other biosurfactants; furthermore, the carbon source can be
supplied by several raw materials like, for instance, used oils or wastes from the food
industry (Sober6n-Chavez ef al., 2005; Banat et al., 2000; Lang and Wullbrandt, 1999),
and therefore the overallA procedure for the bacterial production of rhamnolipid can be
classified as a green process (Sanchez et al., 2009). Soybean oil waste is found as the best
substrate for rhamnolipid p?oduction by P. aeruginosa LBI, exhibiting therefore the
greatest potential as an alternative economically viable carbon source (Nitschke et al.,
2005). Attempts have also been made to engineer microbes for production of rhamnolipid
as an agent for enhanced oil recovery (Wang ef al., 2007). Indigenous P. aeruginosa EM1

isolated from oil-contaminated site has also been used for production of thamnolipid (Wu

et al., 2008).
2.3.4 Biosynthetic routes of Rhamnolipid

The rhamnolipid were first described in 1949 (Jarvis and Johnson, 1949), and their
biosynthesis was studied ir vivo by using radioactive precursors (Hauser and Karnovsky,
1957). Rhamnolipid, being glycosyl derivatives of p-hydroxyl aéids, are synthesized
through sequential glycosyl transfer reactions, each catalyzed by a specific
rixamnosyltransferase with TDP-rhamnose acting as a rhamnosyl donor and 3-

hydroxydecanoyl-3-hydroxydecanoate acting as the acceptor (Wins et al., 2009; Sober6n-
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Chavez et al., 2005; Rahim et al., 2001; Kanehisa and Goto, 2000; Ochsner and Reiser,
1995; Burger et al., 1963). P. aeruginosa produces two major types of rhamnolipid in
liquid cultures namely, ménorhamnolipid, rhamnosyl-B-hydroxydecanoyl-f-
hydroxydecanoate (Rha-C10-C10) and the dirhamnolipid, rhamnosyl-rhamnosyl-3-
hydroxydecanoyl-B-hydroxydecanoate - (Rha-Rha-C10-C10) (Deziel er al., 2000).
However, 25 rhamnolipid congeners have been described in P. aeruginosa, varying in
chain length and/or extent of saturation, showing that the addition of a hydrocarbon chain
to dTDP-L-thamnose is not specific to the carbon chains (Deziel et al., 1999). The initial
i)recursor for rhamnolipid biosynthesis, a P-hydroxyl acid, is synthesized through
condensation of malonyl Co-A and acetyl Co-A to form acetoacetyl-CoA through FabH
(Campos-garci’a et al., 1998). This ketoester is further reduced by FabG, a NADPH
dependant enzyme, to produce a [-hydroxy acid. The B-hydroxy acid is then
dehydrogenated to produce a trans-enoyl-ACP complex by Fab A and F éb Z. This trans-
enoyl acid is then reduced by Fabl, with NADH as cofactor, to produce acyl-ACP
complex. Through repetition of this four chemical reaction long cycle elongation occurs
i.e. longer aliphatic chains of B-hydroxy acids are generated. These high molecular weight
B-hydroxy acids act as precursors for the synthesis of polyhydroxy alkonates '(PHA)
which acfs as bacterial storage cOmpouﬁds. This polymerization is brought about by PHA
synthases (PhaC) using coenzyme A linked monomeric B-hydroxyl fétty acids as
substrates. The dimeric B-hsrdroxyl fatty acids (For example B-hydroxydecanoyl-B-
hydroxydecanoate) act as substraté for rhamnose transferase (Rt) which in turn catalyses
the transfer of rhamnose units to its substrate to synthesize rhamnolipid (Miller et al.,
2006). There are two kinds of rhamnotransferase known, one is Rtl which catalyses the
transfer of single rhamnose unit to dimeric B-hydroxyl fatty acids to create

monorhamnolipid while the other, Rt2 catalyses the transfer of the rhamnose unit to
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mono-rhamnolipid for the synthesis of di-rhamnolipid. For both enzymes, TDP-L
rhamnose acts as rhamnose donor and rhamnose subun_its are bonded to B-hydroxyl acids
through glycosidic linkages (Deziel ef al., 2003; Rahim et al., 2001). The biosynthetic
pathways responsible for generating PHA are well smdied in E. coli and homologs of
enzymes involved in the biosynthetic pathway are found in other bacteria (Park and Lee,
2003). Such as r#4lG, a homologue of fabG, found in Pseﬁdomonas spp. is dedicated for
the synthesis of B-hydroxy moiety of rhamnolipid. Genes coding for biosynthesis,
regulation, and induction of Rtl enzyme are organized in tandem in the rhl4BRI gene
cluster around min 38 of the P. aeruginosa chromosome (Campos-garci’a et al., 1998;

Ochsner and Reiser, 1995). The genes encoding Rt2 have yet to be described.
2.4 Potential applications of rhamnolipid

Rhamnolipid are naturally produced as a mixture of mono- and di-rhamnolipid.
Rhamnolipid are being used in a wide range of applications (Deziel ef al., 2000). As a
surfactant or emulsifier, rthamnolipid can be used as natural “green” ingredient in
cosmetics, detergents, shampoos and soaps as well as for environmental cleanup
(Bioremediation), enhanced oil recovery (EOR), sludge removal, pesticide dispersal and
wetting agent. When used as a surfactant, only low concentrations are necessary. As a
fungicide and antibiotic, rhamnolipid can be used as a pesticide, food preservative, and
medical device and implant coating. As a pharmacological agent, thamnolipid can be
used for age marks, bedsores, burn repair, wound healing, psoriasis, sun damage, énd
wrinkle reduction. As an anionic complexation agent, rhamnolipid foaming can be uséd to

remove heavy metal contaminants from soils, wastewater, and other liquids.
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Figure 6: Schematic representation of the fatty acid biosynthetic pathway showing the
deduced role of the RhIG protein in the production of rhamnolipid and PHAs (Campos-
Garcia et al., 1998)

2.4.1 Environmental applications

With the use of rhamnolipid, the biodegradation of the pollutants can be significantly
enhanced. It has been found that the biodegradation of Casablanca crude oil was
accelerated in the presence of rhamnolipid produced by P. ae.ruginosa AT10 (Abalos et
al., 2004). Zhang et al., 1997 reported that rhamnolipid increased the solubility of
phenanthrene (polycyclic aromatic hydrocarbons) in a test solution, resulting in the

enhancement of the phenanthrene biodegradation rate. In addition, rhamnolipid produced
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by P. aeruginosa UG2 was found. to increase the solubilization of pesticides, resulting in
the stimulation of biodegradation rate and extent (Mata-Sandoval et al., 2001; 2000). The
enhancement of hexadecane biodegradation by rhamnolipid has also been reported
(Noordman et al., 2002). Besides their use as a pure culture, thamnolipid can stimulate
the biodegradation of contaminated soil and water. Rahman et a.l., 2002b showed that
rhamnolipid-containing additives had positive effects on the bioremediation of gasoline-
contaminated soil. The potential‘ use of thamnolipid produced by P. aeruginosa J4 for the
biodegradation of diesel-contaminated wate._r_ and soil has also been reported (Wang er al.,
2008). Clifford er al., 2007 found that rhamnolipid produced by P. aeruginosa ATCC
9027 significantly improved the solubilization of tetrachloroethylene (PCE), a common
ground water pollutant, indicated the potential use of the tested biosurfactant in
surfactant-enhanced aquifer remediation (SEAR) applications. Cassidy ef al., 2002 also
suggested that rhamnolipid might be applied in intrinsic bioremediation using in situ
rhamnolipid production at an abandoned petroleum refinery. In some cases,
biodegradation processes are too slow or infeasible, so it is necessary to remove the
contaminants from the environment (Maier and Soberon-Chavez, 2000). Urum et al.,
2005 investigated the removal of crude oil from soil in air sparging assisted stirred tank

reactors using two surfactants, sodium dodecyl sulfate (SDS) and rhamnolipid.
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Table 2. Applications of rhamnolipid

Industry

Applications

Role of rhamnolipid

Petroleum
industry

Enhanced oil recovery

Improving oil drainage into well bore,
stimulating release of oil entrapped by
capillaries, wetting of solid surfaces,
Reduction of oil viscosity and oil pour
point, lowering of interfacial tension,
dissolving of oil

De-emulsification

De-emulsification of oil emulsions, oil
solubilization, viscosity reduction,
wetting agent

Environmental
industry

Bioremediation

Emulsification of hydrocarbons,
lowering of interfacial tension,
metal sequestration

Soil remediation and
flushing

Emulsification through adherence to
hydrocarbons, dispersion, foaming
agent, detergent, soil flushing

Food industry

Emulsification and de-
emulsification

Emulsifier, solubilizer, demulsifier,
suspension, wetting, foaming,
defoaming, thickener, lubricating agent

Functional ingredient

Interaction with lipids, proteins and
carbohydrates, protecting agent

Biological
industry

Microbiological

Physiological behaviour such as cell
mobility, cell communication, nutrient
accession, cell—cell competition,
plant and animal pathogenesis

Pharmaceuticals and
therapeutics

Antibacterial, antifungal, antiviral
agents, adhesive agents,

‘| immunomodulatory molecules,

vaccines, gene therapy

Agricultural
industry

Biocontrol

Facilitation of biocontrol mechanisms
of microbes such as parasitism,
antibiosis, competition, induced
systemic resistance and hypovirulence

Bioprocessing
industry

Downstream processing

Biocatalysis in aqueous two-phase
systems and microemulsions,
biotransformations, recovery of
intracellular products, enhanced
production of extracellular enzymes and
fermentation products

Cosmetic
industry

Health and beauty
products

Emulsifiers, foaming agents,
solubilizers, wetting agents, cleansers,
antimicrobial agents, mediators of
enzyme action
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The results indicated that rhamnolipid removed oil from the contaminated soil
sample comparable to the-tested synthetic surfactant (Urum et al., 2005). 'Bai etal., 1997
reported that mono-rhamnolipid produced by P. aeruginosa ATCC 9027 displayed
efficiency in the removal of residual hexadecane from soil higher than thrée synthetic
surfactants: SDS, polyoxyethylene and. sorbitan monooleate. Noordman et al., 1998
showed that rhamnolipid produced by P. aeruginosa UG2 effectively removed
phenanthréne from soil. Mulligan, 2005 found that rhamnolipid foam effectively removed
inorganic heavy metal, including cadmium and nickel, from a contaminated soil sample.
The removal of copper, (Mulligan er al., 2001) zinc and lead (Herman et al., 1995) by
rhamnolipid has‘also been reported. In soil remediation applications, one of the important
considerations is the size of the surfactant microstructures. Because contaminants are
often found in very small soil pores, the movement of surfactant molecules through the
soil can be easily limited by the poré size. Therefore, the size of the rhamnolipid
microstructures should be studied closely for their effective use. It was previously
reported that rhamnolipid could form various types of microstructures in an aqueous
media (including lamellar sheets, vesicles and micelles), depending on concentration and
pH 1-6, (Champion ef al., 1995). The size of these rhamnolipid microstructures ranged
from less than 50 nm to larger than 1 um, while the smaller-sized soil pores was in the
range of 2 pm-0.2 mm. Thus, the appropriate size of rhamnolipid microstructure could be

achieved by controlling the concentration and pH.

2.4.2 Food applications

Biosurfactants can be explored for several food-processing applications. In this
section we emphasize their potential as food-formulation ingredients. Apart from their

obvious role as agents that decrease surface and interfacial tension, thus promoting the
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formation and stabilization of emulsions, surfactants can have several other functions in
food. For example, to control the agglomeration of fat globules, stabilize aerated systems,
improve texture and shelf-life of starch-cdntaining products, modify rheological
properties of wheat dough and improve coﬂsistency and texture of fat-based products
(Nitschke and Costa, 2007). In bakery and icecream formulations biosurfactants act by
controlling consistency, retarding staling and solubilizing flavour oils; they are also
utilized as fat stabilizers and antispattering agents during cooking of oil and fats.
Improvement in dough stability, texture, volume and conservation of bakery products is
obtained by the addition of rhamnolipid surfactants (Van Haesendonck and Vanzeveren,
2004). The study also suggested the use of rhamnolipids to improve the properties of
butter cream, croissants and frozen confectionery products. L-Rhamnose has considerable
potential as a precursor for ﬂavoufing. It is already used industrially as a precursor of
high-quality flavour components like furaneol (Linhardt er al., 1989; Lang and

Waullbrandt, 1999).
2.4.3 Therapeutic and biomedical applications

Rhamnolipid obtained from P. aeruginosa AT10 showed excellent antibacterial
activity against Escherichia coli, Micrococcus luteus, Alcaligenes faecalis, Serratia
arcescens, Mycobacterium phlei, Staphylococcus epidermidis and antifungal activity
against Aspergillus niger, Chaetonium globosum, Enicillium crysogenum, Aureobasidium
pullulans. Besides this, it also showed phytopathogenic activity against Botrytis cinerea
and Rhizoctonia solani (Abalos et al., 2001). During P. aeruginosa biofilm development,
due to continuous accumulation of the exopolymeric substances the porosity and
dynamism of biofilm is completely blocked. At this stage, P. aeruginosa, rhamnolipid

acts as surface active molecule which modulates biofilm architecture through its
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membrane destabilizing activity, thereby maintaining the biofilm porosity and enabling
the water channels not to be blocked (Davey et al., 2003). Previously, researchers have
also reported the antagonistic effects of rhamnolipid on the economically important
zoosporic plant pathogens (Stanghellini and Miller, 1997). Wang et al., 2005 during their
studies on algicidal activity of rhamnolipid biosurfactants produced by Pseudomonas
aeruginosa have shown that it had potential algicidal effects on the harmful algal blbom
(HAB) species,} Heterosigma akashiwo and Protocentrum dentatum. Earlier researchers
have also shown the inhibitory potential of the rhamnolipid on P. aeruginosa biofilm
development when added during the initial stages of biofilm formation (de Araujo et al.,
2011; Dusane ef al., 2010). Davey et al., 2003 observed that rhamnolipid interfere; with
the microbial adherence to substratum and it also retards biofilm growth by its membrane
destabilizing activity. However, at later stages when maturation of biofilm had taken
place, thamnolipid exhibits no potential antibibﬁm activity (Rodrigues et al., 2006a; b).
Rhamnolipid affects both planktonic as well as sessile cells through altering the
lipopolysaccharide content of cell wall and outer membrane protein composition (Dusane
et al., 2010; Sotirova et al., 2010; Irie ef al., 2005). Additionally, rhamnolipid also exhibit
antibiofilm activity on other microorganisms (Dusane et al., 2010). Bordetella
bronchiseptica, a human pathogen, infects the respiratory extract of wide range of
mammals owing to its biofilm forming tendency and recently thamnolipid had been
shown to inhibit its biofilm which further validates its potency as antimicrobial agent (Irie
et al., 2005). As C. albicans, mediates many of its infection through biofilm formation
which is well resistant to conventional antifungal agents, we investigéted the antibiofilm
activity of rhamnolipid on Candida biofilm. Moreover, being therapeutically effective

rhamnolipid biosurfactant is a suitable alternative to synthetic medicines and
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antimicrobial agents, and may be used as safe and effective therapeutic agents (Benincasa

et al., 2004; Singh.and Cameotra, 2004; Makkar and Cameotra, 2002; Flasz et al., 1998).
2.5 Biofilm formation by Candida albicans

2.5.1 Biofilm

Regulated life cycle switching of microorgaﬁism from nomadic unicellular state to a
sedentary multicellular state where subsequent growth result in structured communities
and cellular differentiation had shown the scientific world that biofilm formation once
considered being the domain of a few species is now really a universal attribute of
microorganisms (Yang et al., 2011; Yergeau et al., 2010; Read et al., 2010; Flemming et
al., 2007). In fact, biofilm formation is a complex dynamic process which consists of
interdependent communities, microbigl species embedded in a biopolymer matrix
(containing polysaccharides, protein and DNA) on either biotic or abiotic substrata
(Sauer, 2003; Hall-Stoodley and Stoodley, 2002) and able to resﬁond and adapt to
changes in environment or perform highly specialised tasks similar to multi-cellular
organisms (Hall-Stoodley and Stoodley, 2002; O’Toole et al., 2000; Costeﬁon et al.,
1999). Microorganisms embedded in the biofilm have -characteristic architecture,
phenotypic properties and slow growth than planktonic cells. This matrix encapéulated
biofilm provide slow access to nutrients and oxygen supply leading a decrease in the rate
of macromolecular synthesis and as a consequence, to get it proteéted from the onslaught
of both host immune response and antimicrobial agents (Nava-ortiz et al.; 2010; Smith,

2005; Donlon and Costerton, 2002).
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2.5.2 C. albicans biofilm on medical implant

Approximately 65% of hospital-acquired infections are related to surface-attached
microbes (Resch ef al., 2005). Cauda, 2009 pointed out that Candida spp. are responsible
for a great number of infections related to implanted devices, especially intravascular and
urinary catheters. It is estimated that infection is associated to biofilm formation in case
of urinary catheters, bone fixation materials, central venous catheters, pace-’makers,
vascular grafts, joint prosthesis and mechanical cardiac valves. Furthermore, biofilm
formation is very frequent in dental and laryngeal prostheses and in other biomedical
devices that are used in contact with skin or mucosal surfaces (Kojic and Darouiche,
2004). Biofilm forming strains of C. albicans, C. parappsilosis, C. tropicals and C.
glabrata have been associated with con»siderably high mortality rates (Hasan et al., 2009;
Trofa et al., 2008; T.umbarello et al., 2008). The ARTEMIS global antifungal surveillance
program showed that C. albicans was the most common (63-70%) cause of invasive
fungal infections, followed by C. glabrata (44%), C. tropicalis (6%) and C. parapsilosis
(5%) (Pfaller and Diekema, 2007). C. albicans is an opportunistic dimorphic pathogen
which commonly affects immune-compromised individual and is capable of causing life
threatening infections (Rosenbach et al., 2010; Wang et al., 2010; Imamura er al., 2008).
Importantly, C. albicans is ranked fourth in causing nosocomial infections, third in
catheter-related infections, second highest in colonization to infection rate and highest
overall in crude mortality is of immense concern (Subha and Gnanamani, 2008). It is
believed that C. albicans biofilm, a structured communities of cells embedded in biomatrix,
formed on medical devices can result in the failure of the device and serve as a reservoir

or source for infections (Lal et al., 2010; Martins ef al., 2010a).
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2.5.3 Architecture and development of C. albicans biofilm

Although research on bacterial biofilm has been fairly advanced (Donlan and
Costerton, 2002; Costerton ef al., 1999; 1994; 1987) studies on fungal biofilm have only
recently been initiated (Chandra et al., 2001; Martinez and Casadevall, 2005). Similar to
bacterial biofilm, fungal bioﬁlfn poses heterogeneous architecture with increased stress
tolerance and properties quite distinct as compared to their planktonic counterparts.
Analogous to quorum sensing signals (homoserine‘lactones) observed in case of bacteria
biofilm, fungal biofilm are also regulated through signalling molecules such as farnesol
and tyrosol (Ramége et al., 2002a). Being a part of human normal microbe flora, C.
albicans are exposed to a variety of implants utilized as medical devices and eventually
these biomaterials used as sub‘strates for biofilm formation which in turns leads to
infection and implant discard (Ramage et al., 2005; 2002b; Alem and Douglas, 2005). To
understand the architecture of C. albicans biofilm, both in vivo and in vitro models have
been studied (Seneviratne et al., 2008; Thein et al., 2007; Kuhn et al., 2002; Chandra et -
al., 2001). Comprehensive studies utilizing these models revealed that Caridida biofilm is
an organized three dimensional structure comprising of yeast cells, hyphae as well as
pseudohyphae cells embedded in a fungal derived extracellular matrix consisting of
polysaccharides and proteins. This het_ero genous architecture of candidal biofilm well
accords with the biofilm of bacterial origin with the exception of hyphae which are
predominantly observed in fungal biofilm (Ramage et al., 2005). Conventional assays for
assaying biofilm include calorimetric tests based on dyes such as crystal violet, MTT,
XTT, fluorescein diacetate (FDA), resazurin, 1,9-dimethy]l methylene blue (DMMB) etc (
Al-Dhaheri and Douglas, 2010; Agarwal et al., 2008; Chandra et al., 2008; Peeters et al.,
2008; Jin ef al., 2004; Nikawa et al., 1996). Although aforementiohed calorimetric assays

and techniques have been extensively used to quantify growth kinetics of Candida
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biofilm, they don’t reveal any information regarding biofilm architecture. With different
formé of vegetative and germ cells scattered in the biofilm, the CFU counts lacks
reproducibility and thus one has to rely on imaging technologies to understand biofilm
morphology. Various microscopic techniques such as scanning electron microscopy
(SEM), fluorescence microscopy, and confocal scanning laser microcopy (CLSM) have
been employed for direct observation of developing Candida biofilm (Thein et al., 2007;
Chandra et al., 2001) SEM has been extensively used by previous workers to obtain high-
resolution images of the surface topography of Candida biofilm but involves degradation
of the native hydrated structural features (particularly of the matrix) due to the fixation
and dehydration steps performed -during sample preparation (Thein et al., 2007;
Samaranayake et al., 2005; Chandra et al., 2001). Moreover, efficient software
programmes that couples SEM imaging and quantify architectural parameters of candidal
biofilm have not been developed. Among the other techniques, fluorescence microscopy
reveals only surface morphology of biofilm whereas CLSM provides useful information
about 3D architectural properties of bio-vblume, average thickness, biofilm roughness,
surface area/volume ratio énd the proportion of live/dead cells in the different biofilm
development stages. In contrast, recently developed mathematical modelling software
COMSTAT coupled with CLSM has been successfully utilised to quantify architectural
parameters of bacterial biofilm (Hansen e al., 2007; Heydorn ef al., 2000). Seneviratne ef
al., 2009 revealed that CLSM coupled with COMSTAT software analyses yields reliable
information regarding growth kinetics; architecture and viability of biofilm. CLSM
examination of C. albicans biofilm in combination of the fluorescent dyes FUN-1 and
ConA (both from Molecular Probes, Inc., Eugene, Oreg.) have shown the importance of
these dyes in casting the position and proportion of liviﬂg and dead cells found in biofilm

(Lal et al., 2010; Chandra et al., 2001; Haugland, 1996). In vitro experiments had shown
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that C. albicans biofilm formation proceeds in three distinct developmental phases

namely early, intermediate and mature (Mukherjee et al., 2003; Chandra et al., 2001).

Early phases (0-11 h) which involves adsorption of C. albicans cells to a surface,
initial adhesion to the surface, formation of basal layers of C. albicans microcolonies and
an initial switch to a hyphal mode of growth (Samaranayake et al., 1995; Samaranayake

and MacFarlane, 1981).

Intermediate phases (12-30 h) at which microcolonies inhabits basal layers, hyphal
layers are formed above the basal layers, extracellular matrix material is secreted which

surrounds C. albicans, host cells and hyphae (Douglas, 2003; Chandra et al., 2001).

Mature phases (38-72 h) mature biofilm contain numerous microcolonies with
extensive hyphae and pseudohyphae surrounded by exopolysaccharide layer and
interspersed with water channels to allow circulation of nutrients, and dispersal of cells
from the mature biofilm (Wilcox et al., 2004; Douglas, 2003; Stoodley et al., 2002;
Chandra et al, 2001). In a typical biofilm formed on a hydrophobic surface such as
silicon elastomer, a basal layer of blastospores covered by hyphal layer is embedded in
exopolysaccharide layer. Adhesion is initially through non-specific interactions, such as
hydrophobjc and electrostatic forces, between the cells and the substrétum (Nett and
Andes, 2006; Donlan and Costertdn, 2002; Samaranayake, 1990) but eventually specific
adhesion molecules are expressed to facilitate stronger adhesion. Amongst these specific
adhesions molecules, oné well known group bélongs to cell-surface glycoproteins that are
encoded by the agglutinin-like sequence (ALS) gene family (Zhao ef al., 2005). Once the
blastospores adhere, distinct boundaries are established which manifests to biofilm
architecture. Morphogenesis of thesc cells in the nascent community depends on various

factors such as carbon source, substratum, and species. Water channels between hyphal
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cells facilitate the diffusion of nutrients from the environment through the biomass to the
bottom layers and also permits waste dispdsal. Considerable similarities ﬁe observed in
biofilm formed on both in vitro and in vivo models but maturation is faster and thickness
is greater in in vivo biofilm as compared to those grown on in vitro systems. The
thickness of a biofilm grown in vitro can range from 25 pm to 450 um (Kuhn ez al., 2002;
Chandra et al., 2001; Ramage et al., 2001a); whereas it usually exceeds 100 pum in in vivo

models (Andes et al., 2004).
2.5.4 Factors favouring C. albicans biofilm formation

Candida biofilm formation may be affected by many physical, biological, chemical
and environmental factor}s like hydrodynamic shear, mass transfer, detachment,
substratum texture, physiology of cells,‘microbial population, EPS, physico-chemical
environment, type of substrate and nutrients affect the biofilm structure to various extents
(Rosenberg and Kjelleberg, 1986). Conceptual and mathematical modelling was
described by Picioreanu et al., 2000c and Taylor et al., 1990 to explain the effect of

different factors on biofilm structure.
2.5.4.1 Substratum effect

Virtually any type of surface on Earth can be colonised by bacteria, yeasts, viruses or
fungi (de Carvalho, 2007) but the factors influencing microbial adherence to a surface
include chemical composition 4of the material, surface charge, hydrophobicity, surface
roughness, the wettability, the preconditioning of the surface and contact angle
measurements (Mauclaire and Egli, 2010). Rough surfaces have higher surface to volume
ratio hence provide a-larger surface for microbial adhesion (Teughels et al., 2006;

Scheuerman et al., 1998). Microbes prefer to attach to low-energy, hydrophobic surfaces
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such as polystyrene, Teflon rather than to high-energy, hydrophilic surfaces such as
stainless steel, glass (Hong-Geller et al., 2010; Pagedar et al., 2010; Chandra et al., 2005;
Gotteﬁbos et al., 2000). This observation accords with the fact that bioﬁlrﬁ formation by
each Candida species varies depending on the materials (Estivill ef al., 2011; Tumbarello

et al., 2008). Different researchers earlier reported that C. albicans adherence to
biomaterials such as denture (Frade and Arthington-Skaggse, 201 1; Singh et al., 2011;
Chandra et al., 2005). The implant site infection rates are different both in case of porous
and dense materials and increase with porosity. Microbes prefer grooved and porous
materials to adhere due to increased surface area (Kinnari ef al., 2009; Medilanski e al.,
2002). Researchers also noticed that modification of surface properties of biomaterials
prevent or reduce biofilm formation on biomaterials (Frade and Arthington-Skaggs, 2011;
Chandra et al., 2005). Furthermore, biofilm foi‘med- on rougher surfaces tends to have
higher resistance towards antibiofilm agents as compared to biofilm formed on less
rougher or polished surfaces (Siﬁgh et al., 2011; Nevzatoglu er al., 2007). The chances of
Candida spp. mediated stomatities increases with the usage of liners, especially in the
case of dentures, with extremely porous surfaces i.e, increased surface energy (Pereira-
Cenci ef al., 2008; Nevzatoglu et al., 2007). Enviornmental fabtors such as moisture, solar
radiation, and corrosive nature of various metals and alloy surfaces also affect microbial

adhesion (de Carvalho, 2007).
2.5.4.2 Acquired pellicle

Acquired pellicle refers to a layer of biological material conditioned on the surface of
implants through body fluids such as urine, blood, saliva and synovial fluid (Honraet et
al., 2005; Xiong et al., 2005; Byers and Ratner, 2004; Jin et al., 2004; Kojic and

Darouiche, 2004; Nemet and Zagar, 2000; Nikawa et al., 2000, 1997). The composition
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of the pellicle is related to the nature of the substratum (Edgerton ez al., 1996) and varies
with the biological fluid to which it is ex-posed (Edgerton et al., 1996). The chemical
modification of implants surfaces alters the property of microbial adherence. Random
binding of host proteins on to the implants surfaces is responsible for acquired pellicle
formation which further accelerates biofilm formation by assisting in initial adhesion
(Kojic and Darouiche, 2004). The effect of acquired pellicles on candidal biofilm
formation has not been widely studied but sporadic studies indicate that coating substrata
with human whole saliva quantitatively promotes Candida biofilm formation (Ramage ef
al., 2005; 2001; Nikawa et al., 1997). Acquired pellicle enhances receptor mediated
adhesion and various host proteins coated on implants acts as docking agents for initial
adherence. Glycoprotein on the yeast surface may be involved in this event, since
protease and glycosidase treatment of yeast cells can significantly reduce adhesion to
fresh human submandibular-sublingual saliva (HSMSL)-coated polymethylmethacrylate
(Edgerton et al., 1993). On the other hand, mucins in HSMSL and four proteins of 17, 20,
24 and 27 kDa in human parotid saliva (HPS) have been identified as receptors for C.
albicéns adhesion (O’Sullivan et al., 1997). Even though acquired pellicle increase the
frequency of adherence, a rate limiting step in biofilm formation, it showed little effect on
overall biofilm physiology (Ramage et al., 2005). In addition, the effect of acquired -
pellicles on candidal biofilm formation seems to vary from species to sp'ecies (Baboni et
al., 2010). Nikawa et al., 1997 during in vitro biofilm formation studies on soft lining

materials oBserved that coating acrylic sheets with serum or saliva did not enhance

biofilm formation of most tested isolates of C. glabrata or'C. tropicalis, but showed

promoting effect when noted with C. albicans. Interestingly, in contrast to saliva’s innate |
immune function, coating of implants with salivary fluids facilitates adherence of C.

albicans (Moura et al., 2006; Elguezabal et al., 2004; Nikawa et al., 2000; Millsap et al.,
’ 33



[Literature Review]

1999). Recently studies have indicated that -aromatic hydrocarbons released through
cigarette smoke can interfere with biofilm formation on various orthodontic materials

(Baboni ef al., 2010).
2.5.4.3 Physicochemical factors-

Biofilm formation by microbes is affected by range of different physiochemical
factors including temperature, time of exposure, microbial concentration, intermicrobial
co-adhesion, pH, oxygen, nutrients and presence of toxin (Bandara et al., 2010; Filoche et
al., 2010; ten Cate et al., 2009; Bruzual. et al., 2007, Sissons et al., 2007, Sampermans et
dl., 2005; Jin et al., 2004; Vérstrepen et al., 2003; McWhirter ef al., 2002; Nikawa ef al.,
1997; 1996). Studies on the effect of carbon source on C. albicans biofilm have yielded
conflicting results (Jin er al., 2004). Nutritional stress is one of the prominent factors
regulating biofilm formation as it regulates the synthesis of autoinducers which signals
for biofilm formation through specific and diverse signal transduction pathways (Jin et
al., 2004). Environmental factors operating within the oral milieu such as dietary sugars
and saliva could modify candidal adhesion and biofilm formation to varying extents (Jin
et al.,. 2004). Concentrations of nutrients, electrolytes- and pH value in the culture
environment also induce adhesion by activating adhesion gene (Kucharikova et al., 2011;
Sampermans et al., 2005; Verstrepen et al., 2003). Chemical nature of the carbon source
also affects biofilm synthesis as indicated by increase in biofilm formation under the
presence of glucose (Al-Fattani and Douglas, 2006). Beside this, numerous environmental
factors such as pH, temperature and inter species competition also influence adhesion and
biofilm formation (Bandara et al., 2010; Pan ef al., 2010; Bunt et al., 1993). Presence of
functional groups on cell surface enhances biofilm adhesion through incfeased non-

bonding interactions. Uncharged bacterial cell surface associated at pH ranging from 2.2
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to 4.0 and 1M ionic strength exhibits enhanced adhesion to hydrophobic surfaces
(Katsikégianni and Missirils, 2004). C. albicans is able to grow either aerobically or
anaerobically, and only a few studies hav.e so far specifically focused on C. albicans
biofilm formation in anaerobic conditions (Thein ef al., 2007). Contrastingly, studies
done by of Biswas and Chaffin, 2005 suggested the inability of C. albicans to form

biofilm under strict anaerobic conditions.
2.5.4.4 Exopolymeric substances

Candidal exopolymeric substances (EPS) are an inherent part of a biofilm and bestow
biofilm with structural stability as well as acts as a structural barrier between sessile cells
& environment (Lal et al., 2010; Knoshaug et al., 2000). EPS form a three-dimensional,
gel-like, highly hydrated structure having dynamic environment in which microbial cells
are immobilised. These substances have electric charge (due to functional groups) and are
of hydrophobic nature which enables them to interact with variety of substrates which in
turn facilitates adhesion, an initial and crucial step in biofilm formation (Saravanan and
Jayachandran, 2008). Moreover, these substances by acting as a barrier between sessile
microbial cells and environment (Allison ef al., 1999), restricts the diffusion of various
antibiotics and protects the cells from host immune response (Hall-Stoodley and
Stoodley, 2009). The EPS are mainly constituted by simple sugars, polysaccharides,
proteins, eDNA and trace elements like éhosphorus, sulphur etc. Al-Fattani and Douglas,
2006 during study on Candida sp. biofilm showed glucose (32.2% w.r.t. entire biofilm
content) and hexosamine (27.4% w.r.t. entire biofilm content) as a major carbhohydrate
content. Apart from this they also reported small amounts of phosphorus, hexosamine,
and uronic acid in EPS content of Candida sp. biofilm (Al-Fattani and Douglas, 2006).

Although polysaccharides and proteins are the more extensively studied substances of
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Candida biofilm EPS, other molecules_ such as lipids and nucleic acids play a crucial role
on EPS functions (Nobile. and Mitchell, 2007). Earlier, different research groups have
identified eDNA in the surrounding milieu as part of the EPS of biofilm formed by
bacteria (Allesen-Holm et al., 2006; Vilain et al., 2009). Allesen-Holm ef al., 2006 have
proposed the mecharﬁs_ms implicated in eDNA release which include cell lysis, quorum
sensing, and excretion from DNA containing vesicles. Besides the. role of eDNA as a
structural component of bacterial biofilm EPS, its role at the initial stage of biofilm
formation and antibiotic resistance is still in its infancy (Tetz et al., 2009; Izano et al.,
2008 ; Mult;ahy et al., 2008, Whitchurch ef al., 2002). Recently, Martins et al., 2010b has
been studied the role of eDNA in C. albicans biofilm structure and formation, with eDNA
being a key element of the EPS in mature C. albicans biofilm and playing a predominant
role in biofilm stfuctural integrity and mainteilance.' Some of the .components found in
biofilm are also secreted by the planktonic cells into their medium (Thomas ef al., 2006)
which indicates that these are the metabolic by-products. Previous studies had shown that
EPS production is also determined by environmental conditions such as carbon source,
stress and flow rate of nutrients (Al-Fattani and Douglas, 2006; Hawser ef al., 1998).
Generally, EPS contain a wide variety of macromolecules and ions (Sutherland, 2001),
which have multiple forms of interactions, like hydrogen bonding between
electronegative atoms and polymer bridging between divalent cations. The combination
of these interactions contributes to the biofilm’s overall cohesiveness (Ahimou ef adl.,

2007; Chaw et al., 2005).
2.6 Genetic regulation of C. albicans biofilm

Inspite of being the most common opportunistic human pathogen, information with

respect to genetic architecture and complexity of C. albicans biofilm is limiting. Genome
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sequence of C. albicans strain SC5314 (Jones et ql ., 2004) have shown that around two-
thirds of its open reading frames bears orthology with open reading frames of
Saccharomyces cerevisiae genome (d’Enfert et al., 2005; Ihmels et al., 2005; Goffeau et
al., 1996). Since, S. cerevisiae, is a widely studied model organism, extensive homology
of C. albicans genome besides taxonomic level enables easy adaptation of the genetic
tools and information for better understanding of C. albicans biology and pathogenesis
(Wang et al., 2009). Though molecular basis of C. albicans biofilm formation and
development is less understood it is believed that the interaction through substratum

causes differential gene expression for biofilm genesis (Nailis et al., 2006).

A list of transcription factors (Table 3), either repressors or activators, regulates
biofilm development (Finkel and Mitchell, 2011; Wichtler et al., 2011; Nobile ef al.,
2006). Zapl is a Zinc finger DNA binding domain containing transcription factor which
negatively regulate the biofilm formation probably in according to the ambient zinc levels
(Heller et al., 2009). The azole efflux genes CDRI, CDR2 and MDRI are induced early in
biofilm formation and might contribute to overall azole resistance (Mansfield et al.,
2010). Transcription factors such as Efgl, Cph land Tecl positively regulates candidal
morphogenesis and biofilm development and null mutants of Efgl and Cphl were not
able to mediate hyphal growth (Biswas et al., 2007). Transcription factors modulating
surface properties of hyphae (Berl) and controlling their morphogenesis (CHK) are also
critical for biofilm form’ation (Biswas ef al., 2007). BCRI proved to be a novel regulator
of hyphal cell surface properties, thus suggesting that hyphal adherence specifically is
critical for biofilm formation. Deletion of the histidine kinase gene CHK! renders both
hyphal morphogenesis and biofilm formation refractory to farnesol inhibition. Alcohol
dehyrogenases like Cshl yields a matrix-inhibitory signal and retards biofilm

development whereas Adh5 might function preferentially to yield a matrix-stimulatory
37



[Literature Review]

signal and enhance biofilm development (Finkel and Mitchell; 2011; Ramage et al. 2005).
A cell wall protein which anchprs the biofilm to substratum also regulétes biofilm
development. Ywpl/Pga24 negatively regulates adherence of yeast cells and deletion of
YWPI improves adherence; over-expression of YWPI inhibits adherence (Granger ef al.,
2005). Ywpl is covalently linked to the cell wall through a glycophosphotidylinositol
" (GPI) anchor-derived linkage and has some structural similarity to the S. cerevisiae
adhesin Flol (de Groot ef al., 2004; 2003). The largest family of known adhesins in C. -
albicans is the ALS (agglutirﬁn—like sequence) gene family, and at least one fa:hily
mem‘ber, ALS3, is Aupregulated during hyphal morphogenesis (Hoyer ef al., 1998). Als
family members are known to interact with several substrates, including host cAells and
proteins (Kumamoto and Vinces, 2005;' Sheppard et al., 2004; Sundstrom, 2002; Hoyer,
2001). The ALS family has been irhplicated specifically in biofilm formation through the
finding that expression of ALS! and other Afamily members increases during biofilm

development , in vitro.
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2.7 C. albicans biofilm resistance

The mechanisms that contribute to drug resistant phenotype in euka?yotic cell§ include
reduction in the import of the drug into the cell; modification or degradation of the drug once it is
inside the cell; changes in the interaction of the drug with the target enzyme (binding, activity);
changes in other enzymes of the same enzymatic pathway and an increased efflux of the drug
from the cell (White et al., 1998). Studies done by Anderson, 2005 too have shown that growth
of C. albicans in biofilm mode had increased antifungal resistance, in the expanding population
of immunocompromised persons. Presence of such ‘antifungal persister’ cells and inhibition of
diffusion of antifungals by the extracellular biofilm matrix may also offer resistance (Al-Dhaheri
and Douglas, 2010; Al-Fattani and Douglas, 2006; LaFleur et al., 2006), despite the fact that the
molecular kmechan'isms underlying the anti-fungal resistance had not been fully understood

(d’Enfert, 2006; Mukherjee et al., 2005; Ramage et al. 2005).
2.7.1 Factors attribute to antifungal resistance

2.7.1.1 Biofilm growth

Progression of drug resistance of the C. afbicans biofilm is associated with parallel increase
in metabolic activity of the develdping biofilm (Nett et al., 2011; Bruzual ef al., 2007). Increased
drug resistance is not due to lower metabolic activity of cells in maturing biofilm, but is more
related to the maturation process (Watamoto et al., 2011; Ferreira er al. 2010). As biofilm
consists of a heterogeneous population of cells with different growth rates; therefore, a
subpopulation of cells could also confer antifungal resistance because of their slower growth rate

(Kumamoto, 2002).
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2.7.1.2 Genetic basis of antifungal resistance

Molecular mechanisms conferring antifungal resistance in C. albicans biofilm have not been
fully elucidated. Majority of the drug resistance genes are those coding for multidrug efflux
pumps, the upregulation can result in cell to become a multidrug-resistant phenotype (Douglas,
2002; Ramage et al., 2002b; Chandra et al., 2001). C. albicans possess two different types of
efflux pumps: adenosine triphos-phate-binding cassette (ABC) transporters encoded by the CDR
genes (CDRI and CDR?2) and major facilitatprs encoded by thé MDR genes (Harry et al., 2002;
Ramage et al., 2002b). The overexpression of the MDRI gene leads to excluéively fluconazole
resistance (Chandra et al., 2001; Moran et al., 1998). Studies have shown that ATP-binding
cassette (ABC) and major facilitator superfamily. (MFS) drug efflux pumps are involved in
increased azole antifungal resistance in only early phase. Microarray analysis of C. albicans
biofilm further confirmed expression of MDR and CDR genes in biofilm is phase-specific,
contributing to azole resistance only during the early phase, whereas changes in sterol
composition are involved in the resistance in the mature phase (Mukherjge et al., 2003). A study
using an in vivo bi;)ﬁ]m model has yielded different results, the expression of CDRI and CDR2
is up-regulated in biofilm compared with planktonic cells, but that EFGI1 and MDRI expression.
is similar in both biofilm and planktonic ceus (Andes et al., 2004). Recently, the role of B-1,3-
glucan in antifungal resistance was postulated as it has shown that cell walls from biofilm cells
could bind (a.nd hence neutraliz-e) antifungals better than planktonic variants, and that exogenous
B-1,3-glucan reduced the activity of fluconazole against planktonic C. albicans cells (Nett et al.,
2008). Another contributing factor rﬁight be the role of cross-resistance. It has been frequently
obsérved that mild forms of stress may prepare cells for subsequent (increased) stress conditions

of a different nature (ten Cate et al., 2009; Kara et al., 2006). Biofilm cells live in a nutrient-
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poor, hypoxic environment, and it is éonceivable that the suboptimal growth conditions in
biofilm may result in increased tolerance to various forms of stress, including‘ antimycotics-
related cellular stress. More sophisticated in .vitro and in vivo genome wide éxpression analyses
are needed to elucidate the role of genes that confer higher antifungal resistance in Candida
biofilm. Phenotypic switching of C. albicans (Balan et al., 1997) and C. glabrata (Lachke et al.,
2002) also regulates the expression of some genes such as CDR gene, which is closely associated

with azole resistance of C. albicans.

2.8 Antifung»;il\“sfqu‘sceptibility of C. albicans biofilm

Slnce _deéadgsrﬁany drugs and derivatives continue to dominate as an antifungal arsenal to
combat C LIIIZZI'CCI}'IS infections (Pusateri et al., 2009; Agarwal et al., 2008; Seyfarth et al., 2008).
Even though they are very widely acclaimed for their efficacy, these drugs are known to have
side effects and become ineffective when the therapies are delayed or when the organism
switched to its biofilm mode (Bruzual ef al., 2007; Jain et al., 2007). Besides this, the action of
these drugs may be limited by their penetration and chemical reaction into biofilm matrix, the

extracellular polymeric material (Lal et al., 2010; Nett et al., 2010; Perlin ef al., 2009; Jain et al.,

2007).
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Figure 8: Different sites of action of antifungal agents (Mishra et al., 200

The most prominent drug which is used widely for combating C. albicans caused ‘infections
is azole based. Ergosterol is a structural component of fungal cell membranes as cholesterol is in
animal cell membranes. Azoles inhibits the cytochrome P450 dependant lanosterol demethylase
which eventually leads to the accumulation of methylated 14« sterols which are toxic to the cells
(Clark et al., 1996). The other class of drugs inhibiting the ergosterol pathway is morpholines,
allylamines and thiocarbamates. The other important classes of anticandidal drugs include
polyenes, amphotericin B, nystatin and primaricin. These drugs destabilize the cell memBrane of
fungi by intercalating into the ergosterol containing phospholipid bilayer and creating channels
which consequently abolishes the proton gradient required for oxidative phosphorylation (Mishra
et al., 2007). Even though, severél classes of drugs as depicted in Fig. 8 could be potentially
useful in prophylaxis. They are completely ineffective once candidal infection is established as

they are often associated with biofilm formation. Candida biofilm are resistant to plethora of
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antifungal agents and drug concentrations required for 50% reduction in metabolism were five to
. eight times higher for biofilm that for planktonic cells, and 30-2000 times higher than the
corresponding minimum inhibitory concentration (Ramage et al., 2002a; 2002b; Baillie and
Douglas, 2000). There are various factors re;sponsible for antifungal resistance in biofilm. The
major factor is the up regulation of many drug efflux pumps such as ABC transporters, MFS
pumps in the cells anchored in biofilm. These efflux pumps reduce the bioavailability of thé
drugs and effectively increase the drug concentrations by many folds (Ramage et al., 2002a).
The other factor alters the pharmacokinetics of drug by reduced diffusion or increased expulsion
of drugs through biofilm. Moreover, the slow growth rate of sessile cells in biofilm brings about
changes in their cell membrane which in turn reduce their susceptibility towards drugs acting at
cell membrane such as amphotericin B (Nett ef al., 2007). The selective evolution and
proliferation of populafion with mutation in the target genes or enzymes in biofilm also concurs
with its resistance towards antifungal agents acting on metabolic pathways; for instance: point
mutations occurring in lanosterol methylase gene ERGI1 brings about resistance towards azoles
(Lamb et al., 1997).. Biofilm of non C. albicans species, such as C. tropicalis and C.
parapsilosis, were also drugs resistant (Kuhn ez al, 2002). Many studies have demonstrated drug
resistance for Candida biofilm grown on cellulose (Baillie and Douglas, 1998), polysytfene
(Ramage et al., 2001a; 2001b), silicone elastomer (Chandra et al., 2001) and denture acrylic
(Chandra et al., 2001). Recently, however, it has been reported that some of the newer antifungal
agents are active égainst Candida biofilm (Douglas, 2003; 2002). Although biofilm of C.
albicans and C. parapsilosis were clearly resistant to two new triazoles (voriconazole and
revuconazole), there appeared to be some antibiofilm activity with lipid forrriulations of

amphotericin B and two echinocandins, caspofungin and micafungin (Kuhn et al., 2002). The
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efficacy of caspofungin against C. albicans biofilm ix vitro has been confirmed by other workers
(Ramage et al., 2002b). Caspofungin, is an antifungal agent that inhibits the synthesis of B-1,3-
glucan, the major structural component of Candida cell wall and its biofilm matrix and has
proved to be an im}ﬁortant agent for biofilm removal (Baillie and Douglas, 2000). Recent
preventive trials against C. albicans biofilm demonstrated that peppermint, eucalyptus, ginger
grass and clove oils act as potent éntifungal agents against C. albicans biofilm and eucalyptus oil
was found to be a potentially superior antifungal agent in compared to fluconazole (Agarwal ef
al., 2008). It is believed that plant derived substance owing to their versatile application could
justify the search for noval antifungal agent. Eugenol [2-methoxy-4-(2-propenyl) phenol], the
major phenolic component of clove (Eugenia caryophillis) oil belongs to a new class of
microbicidal phenylpropanoids which possesses potent fungicidal, bactericidal, anesthetic, anti-
oxidant and anti-inflammatory properties (Guenette et al., 2006; Nangle er al., 2006). The
increasing resistance of biofilm residing microbes towards these compounds and the reduced
number of available drugs asserts on the need for the search and development of 'novel

therapeutic alternatives which is indeed the aim and goal of the present study.
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|| CHAPTER 3 II

MATERIALS AND METHODS

3.1 MATERIALS

3.1.1 Microbial strains

a) Bacterial strains: Pseudomonas aeruginosa (DSVP20) and besides this, 309 bacterial
strains were collected from contaminated oil sludge samples (Ankleswar, Gujarat) and

from local fuel filling stations.

b) Fungal strains: Candida albicans (MTCC 227) was procured from Institute of

Microbial Technology (IMTECH), Chandigarh, India.
3.1.2 Chemical reagents and diagnostic Kits
Some of the fine chemicals and kits used in the study have been listed below:

. 2,3-bis[2-Mcthoxy—4-nitro—5-sulfophenyl]-2H-tctrazolium-5-carboxanilidc (XTT);
Menadione; Ethidium Bromide (EtBr) from Sigma chemicals, USA.

e Silica gel 60-200 from Merck, Germany.

e Fluoranthene, Pristine, Hexadecane from Acros organics, Belgium.

e Propidium Iodide (PI); Fluorescein Isothiocynate (FITC) and Concanavalin A
(ConA) from Himedia chemicals, India.

e All culture media and solvents were obtained from Himedia chemicals and Ranbaxy,
India.

3.1.3 Culture media

Yeast extract peptone dextrose (YPD), Yeast extract phosphate (YEP) and Roswell

Park Memorial Institute (RPMI) 1640 medium were purchased from



[Materials and Methods]

Himedia Chemicals, India.
3.1.4 Indwelling medical devices (IMDs)

e Surgical sutures: Nonabsorbable sutures Prolene* NW843 (Ethicon; Johnson &
Johnson), Sutupak* SW216 (Ethicon; Johnson & Johnson) and absorbable sutures
Chromic NWw4241 (Mersutures; Johnson & Johnson), Plain W2004 (Ethicon;
Johnson & Johnson).

e Soft contact lenses: Etafilcon A (Johnson & Johnson), Galyﬁlpon A (Johnson &
Johnson), and Hilafilcon A (Bosch & Lomb). |

e Commercially available biopolymer, polystyrene (PS) was cut into 1 cm” and

sterilized before use.
3.2 METHODS

3.2.1 Isolation and screening of rhamnolipid producing microorganism

Oil sludge samples were collected from contaminated sites viz. Ankleshwar, Gujarat.
Besides this, samples contaminated with diesel oil and motor oil from local fuel filling
stations were also used in this study. The samples were stocked in a sterile container and

stored at 4°C until analysed.

3.2.2 Media preparation

“Pruthi and Cameotra” (PAC) salt medium used in this study contained the following
nutrients (mg L), which were found optimal in. biosurfactant synthesis: KH,PO4 2000;
Na,HPO4-2H,O 2000; K,SO; 350; NaNO; 2000; MgSO47H,O 150; NaCl 100;
FeSO4 7H,0 50; CaCl, 50; 1 mL of the trace elements (TES) per liter and 2% glycerol

as sole carbon source. TES contained (mg L_l): ZnS0,4-7H,0 525; MnSO4-4H,0 200;
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CuSO,4-5H,0 705; Na;MoO4-2H,0 15; CoCly-6H,O 200; H3BO3 15; NiSO4-6H,0 27

(Pruthi and Cameotra, 2003) .
3.2.3 Bacterial enumeration

Soil samples (10 g) were shaken with 200 mL distilled water for 30 min at 200 rpm
and allowed to settle. The supernatant was collected and centrifuged at 3000 rpm for 5
min before plating on PAC salt medium supplemented with 2% crude oil for detéction 'of
bacterial isolates as colony forming unit (cfu) / g of soil (Kiyc;hara et al., 1982). The
purified bacterial colonies obtained were tested for their ability to grow on 2%
hydrocarbon substrates like dodecane, hexadecane, pristine, toluene and fluoranthene

(Himedia, Acros).
3.2.4 Screening of selected isolates for biosurfactant production
3.2.4.1 Surface tension measurement

Surface tension of P. aeruginosa cell-free broth was measured using Wilhelmy plate
measurement technique as described earlier by Pallas and Pethica, 1983 at various time
intervals. The surface tension of PAC salt medium at 25°C was used as control. Cell free
broth was taken in a 50 mL glass beaker and placed onto the tensiometer platform. A
platinum plate was touched the liquid-air interface, to measure the surface tension (mN m’
'} by a Du-Nouy tensiometer (CSC No 70535, USA). Between each measurement, the
platinum plate was rinsed three times with water, three timés with acetone, and was then
allowed to dry. The instrument was calibrated using water to a reading of 72 mN m™' and
all the measurements were taken in triplicate (Cameotra and Singh, 2009). For
determining the CMD, the cell-free broth was diluted 10-fold (CMD‘;I) and 100-fold

(CMD ™) with distilled water (Rivardo et al., 2009; Rahman ef al., 2002a).
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3.2.4.2 Haemolytic activity

Screening of isolated biosurfactant producing strain was determined by haemolytic
activity. The fresh single colony of cultures was streaked on blood agar plates containing .
5% (v/v) blood (Himedia, India), respectively and incubated at 37°C for 48-72 h.
Haemolytic activity was detected by presence of a clear zone around the bacterial colony
after incubation for 48 h ét 37°C which is an indicative of biosurfactant production (Plaza

et al., 2006; Mulligan ef al., 1984).
3.2.4.3 CTAB agar plate assay

The CTAB agar plate method is a semi-quantitative assay for the detection of
extracellular glycolipid biosurfactants of various isolates deVeloped by Seigmund and
Wagner, 1991. Each pre-grown culture (24 h) from MSM medium was spot inoculated
onto CTAB agar plates and incubated at 37°C for 48 h to detect dark blue halos around

the culture spot. -
3.2.4.4 Drop collapse assay

The drop collapse assay was performed in the polystyrene 96-well microtitre plate as
reported previously (Bodour and Miller, 1998). Bacteria were subcultured from overnight
cultures into PAC salt medium and grown for 16 h at 30°C. Cells were removed by
centrifugation, and the supernatant was filtered through a 0.22-um membrane and serially
diluted in dH,O. Aliquots of 5uL were spotted into the centre of the well using a 25 pL
glass syringe (Hamilton, USA) by holding the syringe at an angle of 45°C and assayed for
bead formation. Samples that did not form a bead were defined as having drop collapse

activity (Caiazza et al., 2005; Deziel ef al., 2003).
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3.2.4.5 Emulsification test

A qualitative biosurfactant activity assay was performed using a modified method
emulsification test (Cameron et al., 1998).The bacterial broth was centrifuged and 2 mL
cell free broth with 3 mL of n—hexadecé_ne in the screw cap test tube was then added. The
mixture was vortexed at high speed for 2 min and left at room temperature. The result
was observed after 24 h for the stability of emulsion. The total volume of the mixture,
volume of emulsified and volume of non-emulsified phase was observed (Chen ef al.,
2007). The emulsification index Ej4 (%) was calculated dividing the height of the

emulsion layer by the mixture’s total hei ght and multiplying by 100.
E,4 (%) = (The height of emulsion layer / The height of total solution) x 100

3.2.5 Cell surface hydrophobicity technique

Bacterial strains selected on basis of above screening methods (3 2.4), were subjected
to cell surface hydrophobicity technique for further assessment of biosurfactant
production. In this technique, an a1;ray of tests namely Hydrophobic Interaction
- Chromatography (HIC): Bacterial Adherence to Hydrocarbons (BATH): Adherence is

Polystyrene; Replica Plate Test (RP) was performed.
3.2.5.1 Hydrophobic interaction chromatography (HIC)

AIn this method, phenyl Sepharose CL-4B, bed volume approximately 0.6 mL was
used as the column packing matrix. The colurﬁn was equilibrated with a solution of 4.0 M
NaClI in 0.5 M citrate buffer. Cell suspension was prepared in the same solution which
served for equilibrating the gel and 0.1 mL was introduced on the gel followed by 3 mL

of the equilibrating solution. Elute (non retained bacteria) was compared with the original
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bacterial suspension by measuring the absorbance at 540 nm and the results recorded as a

percentage of retained bacteria (Hydrophobic Index, HI) (Pruthi and Cameotra, 1997).
3.2.5.2 Bacterial adherence to hydrocarbons (BATH)
BATH assays were performed to determine changes in cell surface hydrophobicity

during growth on PAC salt mediurﬁ as previously described (Zhang 1992; Rosenberg er
al., 1980). Briefly, cells were grown for 24 h at 30°C in PAC salt medium, washed twice
~ in phosphate buffer and resuspended in the same buffer to reach ODggonm of about 0.6.
The cell suspension (1.2 mL) was then mixed with 0.2 mL of hydrocarbon (dodecane,
hexadecane, pristane) and vortexed for 2 min. It was then allowed to stand at room
temperature for 15 min. The aqueous phage was recovered, and its optical density was
measured at 600 nm. The difference between the OD of the aqueous phase before and
after mixing time was calculated: 100x[1—(ODgpo after mixing/ODgg¢ before mixing)].
The results were expressed as the percentage of cells bound to hydrocarbon (Caiazza et

al., 2005; Christova et al., 2004).
3.2.5.3 Adherence to polystyrene: replica plate (RP) test

In this technique, 25 mm diameter coupons were cut from sterile disposable
polystyrene petri dishes. They were pressed firmly on to confluent agar surface growth
and the replica colonies obtaiﬁed on the polystyrene surface were washed in running
water for 2 min. To facilitate visualization and comparison with the original colonies the
replica was fixed by dipping in methanol and staining with crystal violet. Greater than
50% coverage of the disc by adherence cells was scored as positive. This procedure was
repeated at different time intervals so as to check the age dependent hydrophobicity of the

bacterial colonies (Pruthi and Cameotra, 1997).
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3.2.6 Extraction and purification of biosurfactant from culture broth

To extract biosurfactant, the P. aeruginosa DSVP20 was cultivated at 30°C for 96 h
at rotary shaking (150 rpm) in a 250 mL Erlenmeyer flask containing 100 mL of the PAC
salt medium. Cell free broth of the P. aeruginosa so obtained was then centrifuged
(9000xg for 20 min, 4-8°C). The broth was then acidified to pH 2 with 6M H,SO4 and
allowed to stand overnight at 4°C. The precipitate was harvested by centrifugation
(5000xg, 20 min) and extracted twice with ethyl acetate. The organic phase wés collected
and the solvent was removed in a rotary evaporator (Yamto, Japan) to obtain crude
biosurfactant which was ‘again precipitated with acid, re-dissolved in deionized water
followed by lyophilization. The surface active properties of above extracted biosurfactant
were then measured as described in section 3.2.4. For further purification, Sanchez et al.,
2007 method was used. Briefly, about 6 g of crude extracted mixture was re-dissolved in
10 ml of chloroform (CHCIl3) and subjected to chromatography on 85 g ultra pure flash
silica-gel 60, which has a particle size of 40—63 pm, 230-400 mesh, and a surface area of
500 m® g . The loaded column (2.8 cmx 35 cm) was rinsed with CHCl; at a flow rate of
approximately 1 mL min~! until neutral lipids were totally eluted. CHCl;-MeOH (5:1 to
1:5, v/v) were then applied as- mobile phase in ;sequence and 15 mL fractions were

collected by an auto fraction collector, followed by TLC detection.
3.2.7 Structural analysis of biosurfactant
3.2.7.1 Thir layer chromatography (TLC)

' The initial characteristic of biosurfactant was done using thin layer chromatography
(TLC) on silica gel 60 plates (5553, Merck, Darmstadt, Germany) with solvent system

comprising of chloroform/methanol/acetic acid (15:5:1) and visualized by orcinol-sulfuric
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acid staining (Christova ef al., 2004). Spots so obtained were then scraped and extracted

with 3 mL of chloroform/menthol (2:1, v/v) in an elution column.
3.2.7.2 Fourier transforms infrared spectroscopy (FTIR)

For FTIR analysis, dried biosurfactant was ground with KBr powder and was
dispersed uniformly in a matrix of dry nujol (paraffin) mar, compressed to form an almost
transparent disc for FTIR spectra measurement in the frequency range of 4000-500 cm™.
The biosurfactant sample was characterized using FTIR spectrophotometer (Thermo-

Nicolet, USA) equipped with OMNIC software for data analysis (Worakitsiri ef al.,

2011).

3.2.7.3 Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-

TOF-MS)

For mass spectrometric analysis of isolated biosurfactant was dissolved in anhydrous
methanolic 5% HCI, heated at 100°C for 2 h, then neutralized with 0.5 M NaHCO3 and
extracted with CHCl;. The CHCl; extract containing fatty acid methyl esters was
dissolved in CH30H then 0.5 pL of purified biosurfactant were spotted onto an anchor
chip positions on a MALDI plate. 0.5 pL of matrix was added to the sample spot which
consist of saturated solution of 2,5-dihydroxybenzoic acid (DHB) in water and 0.3 mg
mL" a-cyano-4-hydroxycinnamic acid in acetone: ethanol (2:1, v/v). A peptide standard
was also spotted for external calibration. The spots were left at room temperature to dry
and analyzed on Applied Biésystems Voyager System 4402 mass spectrometer in delayed

mode, with an acceleration voltage 20 kv (Wang ef al., 2005).
3.2.7.4 Nuclear magnetic resonance spectroscopy (NMR)

Spectra of the purified biosurfactant was recorded with 'H and *C NMR using 500
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MHz Bruker AV500 OFT-NMR spectrometer (Thanomsub et al., 2006; Wie et al., 2008).
The samples were prepared as solutions in 100% CDCI; using approximately 1-3 mg of

biosurfactant for 'H NMR analysis.
3.2.8 Physico-chemical properties of di-rhamnolipid (RL2)
3.2.8.1 Surface active properties of RL2

The surface active properties (Surface tension, CMD™, CMD? and emulsification
index) of above extracted purified RL2 were measured as per the protocols described in

section 3.2.4.
3.2.8.2 Determination of sugar concentration

Substrate concentration (total sugars) was estimated by Anthrone reaction (Roe et al.,
1955). In brief, 4 mL of Anthrone Reagent (2.0 g of Anthrone dissolved in 1L of conc.
sulfuric acid) was added to 1 mL of sample or standard solution and rapidly mixed in an
ice bath. Tubes ‘were incubated in a boiling water bath for 10 min., cooled and read at 620
nm using a reagent blank. Sugar in the samplé was determined from calibration curve

plotted using rhamnose as the standard (Dubois et al., 1956).
3.2.8.3 Determination of lipid content of the isolated RL2

To determine the lipid content, the biosurfactant was extracted by gently refluxing
with diethyl ether for 1 h. This step was repeated thrice. The ether extract was dried with

anhydrous Na;SO4 and clarified, followed by gravimetric estimation of the crude lipid.
3.2.8.4 Stability studies of purified RL2

Aqueous solution of 0.1% purified RL2 was used to study its stability effect at

different temperature, pH and salinity.
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3.2.8.4.1 Stability at different temperature

To check the stability of RL2 at different temperature, RL2 solutions (0.1%) was
exposed to temperature (4-121°C) for 10 min and the surface activities (surface tension,
CMD™ and CMD?) and emulsification activity of the resultant solutions were then

measured (Abdel-Mawgoud et al., 2009).
3.2.8.4.2 Stability at different pH

To monitor the stability of RL2 at different pH, a set of RL2 solutions (0.1%) ‘was
adjusted to pH values of 4, 6, 8, 10 and 12. The surface activities (surface tension, cMD!
and CMD™) and emulsification activity of the resultant solutions were then measured

(Zhang and Miller, 1992; Cooper and Goldenberg, 1987).
3.2.84.3 Stabiiity at different salinities

To test the stability of RL2 at different salinity, R1.2 solutions (0.1%) were prepared
containing different NaCl concentrations (1, 2, 4, 6, 8, 10%, w/v). The surface activities
(surface tension, CMD™ and CMD™) and emulsification activity of the resultant solutions

were then measured (Helvaci et al., 2004).
3.2.9 Optimization of physico-chemical parameters for RL.2 production

Optimization of physico-chemical parameters for maximum production of RL2 was
done using different parameters such as incubation period, aeration and agitation rate,

temperature, type of substrates and substrate concentration.
3.2.9.1 Effect of incubation period on RL2 production

To optimize P. aeruginosa DSVP20 growth at 37°C for RL2 production at different
intervals time (24-144 h) changes in surface tension values, RL2 production and dry

‘biomass were recorded as has been described by Praveesh ef al., 2010.
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3.2.9.2 Effect of aeration and agitation rate on RL2 production

To study the effect of aeration and agitation on optimum RL2 production, different
aeration (0.25-1.5 vvm) and agitation rates (50-200 rpm) were used. Changes in surface
tension values, RL.2 production and dry biomass were measured after 96 h of growth at

37°C (Wei et al., 2005).
3.2.9.3 Effect of pH and temperature on RL2 production

To study the effect of pH and temperature on optimum RL2 production, wide range
of pH (4-12) and temperatures (20-50°C) were used. Changes in surface tension values,

RL2 production and dry biomass were measured after 96 h of growth (Wei et al., 2005).
3.2.9.4 Effect of carbon source on RL2 production

To study the effect of carbon sources on optimum RL2 production, PAC salt medium
supplemented with 2% (w/v) glycerol, glucose, mannitol, starch, sucrose, maltose, oleic
acid, olive oil and soyabean oil was used. Changes in surface tension values, dry biomass

and RL2 production were measured after 96 h of growth at 30°C.
3.2.9.5 Effect of glycerol concentration on RL2 production

To investigate the effect of glycerol concentration on RL2 production, glycerol was
added at different conc. 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 % (w/v) into PAC salt medium.
Changes in surface tension values, dry biomass and RL2 production were measured after

96 h of growth at 30°C.
3.2.9.6 Effect of inorganic and organic nitrogen sources on RL2 production

0.5% (w/v) of inorganic (ammonium sulphate, ammonium nitrate, ammonium
chloride, sodium nitrate, sodium nitrite and potassium nitrate) and organic nitrogen (urea

and yeast extract) sources, were added separately in PAC salt medium having 2% (w/v)
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glycerol. Changes in surface tension, dry biomass and RL2 production were then

measured as described previously (Silva et al., 2010).
3.2.10 C. albicans biofilm formation and quantification
3.2.10.1 C. albicans biofilm formation

The C. albicans culture broth was centrifuged (5000xg for 15 min at 4°C) and pellet
was washed twice with sterile PBS buffer (phosphate buffered saline, pH 7.2). The cell
pellet was then diluted to obtain an inoculum of 1 x10 blastospores mL~" in RPMI 1640-
MOPS medium for experimental work. C. albicans biofilm formation and quantification
was done on commercially available, presterilised, polystyrene, ﬂat—bottomed, 96-well
microtitre plates (MTP), as described earlier (Bruzual et al., 2007). Standard cell
suspensions (200 pL containing 1x107 blastospores mL~" in RPMI 1640-MOPS medium)
were seeded in MTP wells at 37°C for 96 min (adhesion phase), the wells were then
washed with sterilized PBS to remove loosely adhered cells, followed by addition of
sterilized RPMI 1640-MOPS medium (200 pL) for 72 h at 37°C incubation without
agitation to form the biofilm. Quantification of biofilm was done using XTT reduction
assay and measuring the OD4oznm using MTP reader (Oasys UVM 340). All assays were

carried out in triplicate (Bruzual et al., 2007; Silva et al., 2008).
3.2.10.2 XTT reduction assay

The metabolic activity of candidal cells were measured using the tetrazolium (XTT)
assay based upon the reduction of XTT tetrazolium to tetrazolium formazan by
mitochondrially active cells in the presence of menadione, an electron-coupling agent.
Briefly, from each well RPMI-1640 medium was aspirated and rinsed twice with PBS.
The plates were then incﬁbated for 1.5 h at 37°C in the dark with 40 pLL of XTT (I mg

mL" in PBS) and 2 pL of menadione (0.4 mM in acetone) in 158 uL of PBS. The
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absorbance of XTT formazan was then measured at 492 nm (microplate reader, Spectra
Max M2) and correlated with the metabolic activity of Candidal cell within the biofilm

(Silva et al., 2008; Bruzual et al., 2007).
3.2.10.3 Scanning electron microscopy (SEM) |

SEM studies on C. albicans biofilm were performed using PS coupons as described
by Singh et al., 2011. Briefly, PS discs (0.5 cm?), were fixed with 2.5% (v/v)
glutaraldehyde in PBS for 2 h at room temperature. They were then treated with 1% (W/v)
uranyl acetate for 1 h, and washed with distilled water. The samples were dehydrated with
ethanol series (30%, 50%, 70%, 90% and 100%). All samples were dried to critical point
by Polaron critical point drier, coated with gold and viewed under SEM (Leo 435,

England) for analysis.
3.2.10.4 Confocal laser scanning microscopy (CLSM)

CLSM was performed to visualize C. albicans biofilm on PS coupons by fixing it
with 2.5% glutaraldehyde 1n 0.1 M phosphate -buffered saline (PBS; pH 7.2) for 1.5 h.
After washing with PBS, coupons were transferred to 12-well plates and incubated for 45
min at 37°C in 4 mL of PBS containing the fluorescent stains Propidium iodide (PI; 8
uM) and (FITC-ConAj; 50 ug mL™) in 10 mM hydroxyethylpiperazine ethanesulfonic
acid (HEPES)/ 0.1 M NaCl, containing 0.1 mM Ca** and 0.01 mM Mn**. PI (long-pass
filter; excitation wavelength, 543 nm; emission, 617 nm) intercalates into double-stranded
nucleic acids to metabolically inactive cells and emit red florescence, while FITC-Con A
(long—passﬁlter; excitation wavelength, -490 nm; emission, 525 nm) binds to glucose and
mannose residues of fungal cell wall polysaccharides and emits green fluorescence. After
incubation with the dyes, the PS coupons were flipped and placed on a 35—mﬁ1—diafneter

glass-bottom petri dish. Stained biofilm were observed by using an Olympus FluoView™
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FV1000 confocal laser scanning microscope (objective Plan Apo 60X1.4 oil, Japan) (Lal

et al., 2010).
3.2.11 Effect of RL2 on C. albicans biofilm
3.2.11.1 Minimum inhibitory concentration (MIC) determination of RL2

The MIC of RL2 against the C. albicans was determined by using the standard broth
microdilution method (NCCLS, 2002). Different RL2 concentrations (0.78—400 pg mL™")
were prepared in RPMI 1640-MOPS medium and édded to each MTP wells. An
overnight grown culture of C. albicans was diluted to final concentration of 0.5x10° to
2.5x10° blastospores mL~" in RPMI 1640-MOPS medium and then inoculated up to 200
pL into above MTP wells as has been done ‘by Park et al., 2006; Bruzual erf al., 2007. The
plates were incubated at 37°C for 24 h without agitation. The MIC was defined as the
lowest drug concentration at which there was complete inhibition of C. albicans growth
when estimated using MTP reader at OD530nm.. Wells without RL2 and those lacking the

cells were used as controls. All assays were carried out in triplicate.
3.2.11.2 Anti-adhesive action of RL2 on C. albicans

The anti-adhesive activity of RL2 against C. albicans was estimated by adding 200
L of Candidal cells (1x107 blastospores mL™ in RPMI 1640-MOPS medium) in 96-well
plate. Cells were allowed to adhere for 4 h at 37°C, then medium was aspirated and wells
were washed with sterilized PBS to remove loosely adhered cells. Different
concentrations of RL2 (0.04-5.0 mg mL™") were then added and the plates were further
incubated at 37°C for 2 h. The plates were read at ODasgonm by performing XTT reduction
assay. The results were expressed in term of percent cell adhesion compared to
rhamnolipid-untreated wells, which were used as control. All assays were carried out in

triplicate.
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3.2.11.3 RL2 treatment of pre-formed biofiim

C. albicans biofilm was allowed to form in 96-well polystyr.ene MTP as described
earlier (Agarwal et al., 2008). After '48_ h incubation period, planktonic cells were
removed and the medium was replaced with RPMI 1640-MOPS medium containing
different concentrations of RL2 (0.04—5.0 mg mL""). These plates were further incubated
at 37°C for 12 h. The biofilm formed on MTP wells were quantified by using the XTT
reduction assay (Silva et al., 2008; Bruzual et al., 2007). The values are expressed in .
terms of percent biofilm formed in compariso'n to untreated biofilm as control (Dusane et

al., 2010; Bruzual et al., 2007).
3.2.11.4 Cell surface hydrophobicity

Cell surface hydropﬁobicity of Candida biofilm was assessed by the biphasic
separation method in RPMI 1640-MOPS medium at 37°C as described previously (Klotz
et al., 1985). Briefly, C. albicans exposed to different concentrations .(0.04-5.0 mg mL™)
of RL2 were incubated for 48 h to form biofilm. Bioﬁlrﬁ formed was then removed from
the MTP well surfaces with a sterile scraper to prepare a cell suspension (ODgponm of 1.0
in RPMI 1640-MOPS medium). A total of 1.2 mL of fhe suspension from ‘each group was
drawn into a clean glass tube and overlaid with 0.3 mL of octane. The mixtures were
vortexed for 3 min and then the phases 'were allowed to separate. The ODgoonm Was
determined for the aqueous phase soon after the two phases had separated. OD values of
strains in RPMI 1640-MOPS medium without octane overlay were used as a negativé
control. Three repeats were performed for each group. The relative hydrophobicity was
recorded as [(ODgoo of the control-ODggy after octane overlay)/ODgop of the

control]*x100.
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3.2.11.5 Scanning electron microscopy (SEM)

Effect of RL2 (5.0 mg mL™") on C. albicans adhesion and pre-formed C. albicans
biofilm in comparison to control formed on PS coupons were visualized by SEM as

described above in section 3.2.10.3.
3.2.11.6 Atomic force microscopy (AFM)

Micrographs of untreated and 12 h RL2 (5.0 mg mL™") treated preformed C. albicans
biofilm on PS coupons were obtained with AFM (NTEGRA NT-MDT, Russia). All
micrographs were collected in semi-contact mode using sharpened silicon nitride
cantilevers NSG10S with spring constant about 10 N m~'. The cantilevers had an
amplitude range 5-15 nm, tip radius 10 nm and cone angle of 22 degree. Height and

deflection images were simultaneously acquired at a scan rate of 250 kHz. Data analysis

was done using NOVA software (Lal ef al., 2010).
3.2.11.7 Confocal laser scanning microscopy (CLSM)

CLSM was performed to visualize the impact of RL2 (5.0 mg mL") on C. albicans
adhesion and pre-formed C. albicans biofilm formed on PS coupons as described above

in section 3.2.10.4.
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RESULTS

4.1 Isolation and screening of bacterial isolates for biosurfactant

production

Total bacterial population obtained from oil sludge samples and fuel filling stafions
1.8x107 cfu/g and 2.4x10'° cfu/g respectively after 48 h of incubation at 30°C (Table 4).
The bacterial stfains so obtained were then purified and checked for their ability to grow
on different hydrocarbons viz. dodecane, n-hexadecane, pristane, eicosane, toluene and
ﬂuoranthene as sole carbon source in “Pruthi and Cameotra” salt medium. Among, 310
purified bacterial isolates obtained, 25 isolates (NSVP1-NSVP10, DSVP11-DSVP20,
SSVP21-SSVP25) showed the ability to grow on these tested hydrocarbons (Table 5).
These 25 bacterial isolates were then tested for hemolytic ability, CTAB agar plate assay,
drop collapse assay, emulsification assay, and surface tension reduction as an index for
biosurfactant production (Fig. 9). Of these four isolates namely NSVP2, DSVPII,
DSVP17 and DSVP20 were found to be potential biosurfactant producer (Table 6). P.
aeruginosa DSVP20 grown on “Pruthi and Cameotra” salt medium with 2% glycerol
showed maximum biosurfactant production (5.8 g L") after 96 h of growth (Fig. 10). The
surface activities measured in terms of surface tension revealed maximum reduction in its

value from 72.0 mN m~! to 28.5 mN m™! in cell free broth of P. aeruginosa while CMD"!

and CMD™ values recorded were 39.50 mN m~' and 42.50 mN m~! respectively after 96h.
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Table 4: Bacterial population in the original natural habitats and after isolation and
selection on 2% hydrocarbon as substrate

| Isolation Type of | Total Number of | Hydrocarbon
source contamination | bacterial purified utilizing
' population | strains isclates
_ {cfu/g) isolated
Oily sludge, Hydrocarbon 1.8x10’ 101 16
Ankleswar, Gujarat contaminated
Fuel filling stations Gasoline, Diesel | 2.4x10" 209 9
Roorkee, India fuel
Total . 310 25
Table 5: Growth of bacterial isolates on different hydrocarbons
I;(())llz::lc(;n Isolates | Dodecane | Hexadecane | Pristane | Toluene | Fluoranthene
NSVP1 ++ ++ - - -
NSVP2 +4++ ++ ++ +++ ++
NSVP3 ++ ++ ++ - -
NSVP4 ++ ++ - - -
NSVP5 ++ -+t ++ + -
Oily sludge NSVP6 T o 1t _ _
NSVP7 ++ ++ + +
NSVP8 ++ ++ - - -
NSVP9 ++ ++ + -
NSVP10 ++ ++ ++ - -
DSVPI11 ++ +++ ++ ++ +++
DSVP12 ++ ++ + + -
DSVP13 + + - - -
DSVP14 ++ ++ + + +
DSVPI15 ++ ++ ++ ++ -
DSVPl6 |  ++ ++ + + -
DSVP17 +++ +++ ++ ++ ++
Fuel filling | DSVP18 |  ++ _t + H T
stations | DSVP19 ++ ++ ++ + -
DSVP20 +++ +++ +++ -+ +++
SSVP21 ++ e ++ ++ ++
SSVP22 ++ ++ ++ + -
SSVP23 ++ ++ - - -
SSVP24 ++ ++ + - -
SSVP25 |  ++ - ++ + -

(+) indicates growth, (++) good growth, (+++) excellent growth and (—) no growth
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Table 6: Screening of isolates for biosurfactant production

Isolates | Drop Blood Emulsification | Surface Tension [CTAB
’ Collapse | Haemolysis | Index, Ez4 (%) | (mN m'l)
NSVP1l [— Nil 8 65 Nil
NSVP2 |+ 8 mm 65 34.6 18.9 mm
NSVP3 |+ Nil 20 44 Nil
NSVP4 |[— 2.6 mm 60 39.6 N1l
NSVPS5 [— Nil 14 61.2 Nil
NSVP6 |+ Nil 10 60.3 INil
NSVP7 |+ 2.45 mm 9.3 61.6 INil
NSVP8 [+ Nil 21.5 44 INil
INSVP9 |+ Nil 8 65 Nil
NSVPI10 |+ Nil 12 59 Nil
DSVP11 |+ 10 mm 72 324 10.3 mm
DSVP12 (+ Nil 9.1 35 N1l
DSVP13 |+ Nil 7.9 66 Nil
DSVP14 |+ Nil 10.1 63 Nil
DSVP15 |— Nil 11 64 INil
DSVP16 (— Nil 9 61 N1l
DSVP17 |+ 12 mm 83 27.6 11.4 mm
DSVP18 |+ Nil 22 56 Nl
DSVP19 |+ ~[Nil 29 55 Nl
DSVP20 |+ 16 mm 94 26.8 17.2 mm
SSVP21 |+ Nil 25 51 INil
SSVP22 |— Nil 16 38 Nil
SSVP23 |— 3.6 mm 39 65 Nil
SSVP24 |+ Nil 9 35 INil
SSVP25 |— Nil 41 61 Nl

(+) indicates growth and (—) no growth -
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Figure 9: Screening methods used for evaluating biosurfactant production: a) Haemolysis on
Blood agar plate b) Drop collapse assay ¢) CTAB agar plate assay d) Surface tension
reduction using Du-Nouy-ring-type tensiometer
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Figure 10: Surface tension, CMD"!, CMD2, dry biomass and biosurfactant production by P.
aeruginosa DSVP20 at different time intervals (0-144 h) at 37°C
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4.1.1 Cell surface hydrophobicity studies

A convenient way for confirmation of biosurfactant production by above bacterial
isolates was performed using cell surface hydrophobicity studies. This technique includes
various assays like hydrophobic interaction chromatography (HIC), salt aggregation test
(SAT), bacterial adher;:nce to hydrocarbon (BATH), and adhesion to polystyrene by replica
plate test (RP). Results of these tests as shown in Table 7 confirmed the biosurfactant
producing ability of bacterial isolates: NSVP2, DSVP11, DSVP17 and DSVP20. Data
showed among these isolates, DSVP11 and ISSVPZO were scored positive for the adherence
to polystyrene coupons when tested using replica plate method. The result of HIC for these
isolates showed that the bacterial strain DSVP20 had maximum HI (98%) while BATH assay

based on decrease in absorbance of lower aqueous phase of cell suspension depicted that

DSVP20 had 14, 12, 14% absorbance for dodecane, hexadecane, pristine respectively.

Table 7: Cell surface hydrophobicity studies of isolates

ASSAY
STRAINS | HIC | | RP [ BATH
DODECANE | HEXADECANE | PRISTANE
NSVP2 91 — |14 18 19
DSVP1l |95 + |80 76 79
DSVP17 |28 - |16 15 18
DSVP20 |98 + |14 12 14

4.2 Characterization and identification of strain DSVP20

The selected bacterial strain DSVP20 was characterized using microscopic studies,

various biochemical tests and molecular analysis using 16S rRNA amplification. On
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microscopic examination, DSVP20 appeared as Gram-negative, aerobic, motile, rod shaped
bacteria (Fig. 11). On PAC salt medium, DSVP20 showed large creamish colonies having
undulate margin with circular form and ﬂat‘ elevation (Fig. 11). Biochemical analysis was
performed using Bergey’s manual of systématic bacteriology, the strain was tentatively
identified as Pseudomonas aeruginosa- (Table 8). To confirm the identity of the isolate, PCR
amplification and sequencing of 16S rRNA gene was done. The results révealed that the PCR
amplified product yielded an amplicon of 1.5 kb (Fig. 12) which corresponds to 16S rRNA
gene. Alignment of the 16S rRNA gene sequences of bacterial isolate DSVP20 with
sequences obtained by doing a BLAST searching revealed 100% similarity to P. aeruginosa.
The tree was constructed using the neighbour-joining method (Felsenstein, 1993).
Dendrogram showing phylogenetic relationships derived from 16S rRNA gene sequence
analysis of strain DSVP20 (GeneBank accession no. GQ865644) with respect to other

Pseudomonas species is shown in Fig. 13.
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Figure 11: (a) Gram staining and (b) Plate showing colony morphology of strain DSVP20

Figure 12: PCR amplified product (1.5 kb) of P. aeruginosa DSVP20, where MM represents
molecular weight marker
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Table 8: Biochemical analysis of strain DSVP20

Biochemical characterization of strain

DSVP20

Gram stain Gram -ve

Shape { Rod

Motility +

Spore formation -

VP test -

Indole production -

Reduction of nitrate +

Citrate +

Catalase test T

Oxidase test +

Utilization of glucose -

Utilization of glactose -

P.otitidis MCC10330
P.aeruginosa DSM 50071
Pseudomonas sp. DSVP20
P.resinovorans LMG 2274
P.citroneliolis DSM 50332
| P.knackmussii B13
L P.delhiensis
P.nitroreducens IAM 1439
P.stutzeri ATCC 17588
P.pseudoalcaligenes Stanier 63
—L_ P.alcaliphila AL15-21
P.mendocina NCIB 10541
P.alcaligenes IAM12411

-

} + + —
0.015 0.010 0.005 0.000

Figure 13: Dendrogram showing phylogenetic relationships derived from 16S rRNA
gene sequence analysis of strain DSVP20 with respect to Pseudomonas species

4.3 Extraction and purification of biosurfactant from culture broth

Maximum surface tension reduction, dry biomass and rhamnolipid values obtained

from cell free broth of P. aeruginosa DSVP20 were found to be 28.5 mN m™, 2.43 mg
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mL" and 5.8 mg mL™" respectively after 96 h of growth (Fig. 10). After preliminary
.isolation in the silica-gel column to remove neutral lipids, the partially purified
biosurfactant was then separated by TLC (Fig. 14) which suggested that the purified
biosurfactant obtained from cell free broth P. aeruginosa to be glycolipid in nature having
Rs valve of 0.415 in the solvent system chloroform/methanol/acetic acid (15:5:1) when

sprayed with orcinol-sulfuric acid stain.
4.3.1 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectrum of RL2 were recorded in the spectral region of 4000-500 cm”?
(Fig. 16) which exhibited specific absorption bands at 3381 cm™, 2927 cm™, 2859 cm™ ',
1735cm™", 1635 cm™, 1300-1100 cm™, 1013 cm ™!, 906 cm ™' and 840 cm ™! indicating the
chemical structure to be di- rhamnolipid (RL2). The weak broad band located at 3364
cm™! can be attributed to the O—H stretching vibrations of hydroxyl groups, while the
strong absorption peaks at 2927 cm! and 2859 cm ™’ are assigned to the C—H stretching
vibrations of the hydrocarbon chain positions. Stretching band of C=0 at 1730 em™ is
characteristic of ester bonds and carboxylic acid groups. The carbonyl stretching peak

was observed at 1640 c¢cm’!

, which is characteristic of ester compounds. The C-O
stretching bands in the range of 1457-1100 cm’ ! related to the bonds formed between
carbon atoms and hydroxyl groups in the chemical structures of the thamnose rings and
the ester carbonyl group wﬁs also confirmed from the peak at 1057 cm™', which

corresponds to C-O stretching vibration. Relatively strong sorption bands of pyranyl at

906 cm ! and 840 cm™! suggest it to be RL2 in nature.

4.3.2 Matrix assisted laser desorption ionisation time-of-flight mass spectrometry

(MALDI-TOF-MS)

Data obtained from MALDI-TOF mass spectrum analysis of the purified bio-

77



[Results]

-surfactant showed well-resolved groups of peaks at m/z values between 600-2500. It
gave intense signals at m/z 672.81 corresponding to the sodium adduct [M + Na]" of the

RL2 which had m/z 649 (Fig. 15).

Figure 14: TLC profile of eluted biosurfactant from P. aeruginosa DSVP20

100 | ;‘(672.8132 18644
{ :
{
90
80 -
70
60
=
% 50 | 634.5156
=
® 40
688.7710
30 &
i
i
20
.660.7747
&
10 }Ee 698.8030
i
Rl | | B
600.0 2980.2 1360.4 1740.6 2120.6 2501.0
Mass (m/z)

Figure 15: MALDI-TOF-MS profile of biosurfactant from P. aeruginosa DSVP20
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Figure 16: FTIR spectrum of biosurfactant from P. aeruginosa DSVP20
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4.3.3 Nuclear magnetic resonance (NMR)

" The characteristic chemical shifts observed from 'H NMR analysis were 0.895 ppm
(for —-CH3), 1.262 ppm (for —-(CHa)s), 2.552 ppm (for —-CH,— COO-), 4.878 ppm (for —O—
CH-), and 5.243 ppm (for -COO-CH-) (Fig. 17). The 13C NMR also displayed chemical

shifts of 102.317 and 94.450 ppm which is a characteristic peak of RL2 (Fig. 18).

_
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Figure 17: "H NMR spectrum of biosurfactant from P. aeruginosa DSVP20
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Figure 18: 3C NMR spectrum of biosurfactant from P. aeruginosa DSVP20

4.4 Surface active properties of RL2

The surface active properties such as surface tension, CMD, CMD? and

emulsification index of purified RL2 (0.1 mg mL") obtained from P. aeruginosa
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DSVP20 were found to be 269 mN m”, 30.0 mg mL", 36.0 mg mL" and 98%

respectively.
4.5 Determination of lipid and sugar content of RL2

Isolated rhamnolipid (RL2) was mainly composed of carbohydrates and lipids 14.7%
carbohydrate, while lipid coﬁtent was 29.3% respectively. The remaining constituents
54.2% were dialyzable (inorganic salts) which had precipitated along with the surface
active compound. The proportion of the surfactant ratio of carbohydrate and lipid remain

constant in the acid pfecipitate at different periods of harvesting.

4.6 Stability studies of purified RL2

The aqueous solution of the RI2 (0.1%) from P. aeruginosa DSVP20 when
incﬁbated for 10 min at different temperatures (4-100°C) showed little | variation in
surface properties and emulsification vaiues. Similarly, a wide range of pH values (4-12)
had minimal effect on the surface properties and emulsification values of the RL2. Data
showed no appreciable changes in reduction of the surface properties and emulsification
value of RL2 were recorded when the NaCl concentration were varied from 2-10% (Table
9). The surface active properties such as surface tension, CMD?, CMD? and
emulsification index of purified RLZ (0.1 mg 'mL'l) obtained from P. aeruginosa

DSVP20 were found to be 26.8 mN m™, 30 mg mL", 36 mg mL" and 98% respectively.
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Table 9. Stability studies of R1.2

Effect of pH on RL2
pH _ Surface tension | CMD’ CMD™ E24 (%)
(mNm™) (mN m™) (mN m™)

4 32.7 36.9 40.6 69

6 26.8 30.4 33.6 94

8 27.1 32.8 34.9 86

10 32.2 36.8 40.4 . 68

12 32.5 36.8 40.4 68.5

Effect of temperature on RL2

Temperature Surface tension | CMD' CMD™ Ea4 (%)

(°C) | mNm™ (mN m™) (mN m™)

4 30.6 34.2 39.0 70

20 272 32.8 34.9 86

40 27.4 32.8 34.9 86

60 28.2 33.2 35.4 78

80 30.2 34.0 39.0 69

100 30.3 34.5 39.0 70

121 30.3 346 39 | 71

Effect of saline concentration on RL.2

NaCl (%) Surface tension | CMD"™ CMD™ Ep4 (%)
| . (mN m™) (mN m™) (mN m™)

1 272 32.8 34.9 86

2 28.4 ' 33.2 354 78

4 29.5 343 38.3 74

6 29.8 34.5 39.0 70

8 32.1 36.8 40.4 68

10 35.7 38.2 42.5 65

4.7 Optimization of RL2 production

4.7.1 Effect of incubation period on RL2 production

The effect of incubation period on RL2 production was determined by incubating the
culture medium at different time intervals (24-198 h). Maximum RL2 production (6.4 mg
mL"), dry biomass (2.71 mg mL™") and surface tension reduction value (27.6 mN m™)

were recorded after 96 h of growth as shown in Fig. 19.
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4.7.2 Effect of aeration and agitation rate on RL2 production

Results obtained using different aeration (0.25-1.5 vvim) and agitation rates (50-250
rpm) on RL2 production showed that as the agitation rate increased from 50 to 150 rpm,
an increase in RL2 production (7.50 mg mL™) also was observed (Fig. 20 & Fig. 21).
However, the RL2 productions start diminishing thereafter with increase in agitation rate.
'Effect of aeration (0.5 vvm) showed maximum RIL2 production (7.55 mg mL™) when the

culture was grown for 96 h at 30°C.
4.7.3 Effect of pH and temperature on RL2 production

The results presented in (Fig. 22), showed that higher and lower pH values (12.0 and
4.0) resulted in major reduction in RL2 production while maximum RIL.2 (6.83 mg mL™)
was obtained at pH 6. Simiiarly, it was observed that temperature values above 35°C
resulted in lower RL2 production (Fig. 23). Increase in inéubation temperature to 45°C
also decreases RLL2 production to 2.35 mg mL" with negligible dry biomass (0.72 mg mL’
by,

4.7.4 Effect of carbon source on RL2 production

Optimization of RL2 production usiﬁg different type of carbon sources such as
carbohydrates (i.e., glucose, glycerol, mannitol, sucrose, maltose, glycerol and starch),
vegetable oils (i.e., olive oil and soybean oil), and fatty acid (i.e., oleic acid) as a substrate
in PAC salt medium was carried out in 500 ml flask. Results revealed an increase in RL2
production (2.78 mg mL™") and biomass (7.31 mg mL’l) with decrease in surface tension
value (26.9 mN m'l) using glyce;ol as a carbon source in corhparison to control (Fig. 24).
Optimization of substrate concentration for RL2 production was carried out in 500 mL
flask containing different conc. (0.5, 1.0, 1.5, 2.0, 2.5,3.0,3.5 and 4.0 %) of glycerol as a

carbon source in PAC salt medium.
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Figure 19: Effect of incubation period on surface tension, dry biomass and RL2 production

50+ -8
& Surface Tension
Il RL2
< 40+ [J Dry Biomass
£ ® -6 g
=
= I o
= 30+ S5
c ® 3 P
Ke) 4
2 s 8 3
@ = 3
= 9204
. 20 g g
©
5 F
2 = = o 2 =
9 104 + I
0 0
o K S R

Aeration Rate (vvm)

Figure 20: Effect of aeration on surface tension, dry biomass and RL2 production
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Figure 21: Effect of agitation on surface tension, dry biomass and RL2 production
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Figure 22: Effect of pH on surface tension, dry biomass and RL2 production
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Figure 23: Effect of temperature on surface tension, dry biomass and RL2 production
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4.7.5 Effect of substrate concentration on RL2 production

Maximum biosurfactant production (7.35 mg mL'l) by P. aeruginosa DSVP20 took
place after 96 h of growth using 2% glycerol (Fig. 25). Inhibitory effect of glycerol on

RL2 production was observed when the glycerol concentration exceeded >4%.
4.7.6 Effect of carbon and nitrogen sources on RL2 production

Among nitrogen sources used, NaNO; gave maximum RL2 yield (7.8 mg mL™)
followed by (NH4),SO4 (5.71 mg. mL™") and NH4Cl (5.41 mg mL'l). Minimum surface
" tension values 26.78 mN m™ and 28.2 mN m™ were achieved using sodium nitrate and
ammonium sulphate respectively (Fig. 26). Nitrogen sources like urea, sodium nitrate and
ammonium chloride depicted least reduction in surface tension value compared with
nitrogen free medium therefore, were not suitable for RL.2 production. Fig. 26, represents
the surface tension value and RL2 production by P. aeruginosa DSVP20 using different

of nitrogen sources at 48 h of growth at 35°C.
4.8 C. albicans biofilm formation and quantification

4.8.1 C. albicans biofilm formation

The adherence and subsequent biofilm formation by C. albicans on the surface of
MTP wells over 72 h were determined by XTT reduction assay (Fig. 27); In the initial
phase (8 h), C. albicans biofilm were highly metabolically active but the complexity
increases as the biofilm matures (24 to 48 h) and the metabolic activity reached a plateau,
reflecting the iﬁcreased number of cells. These mature biofilm as demonstrated by SEM
were characterized by a mixture of yeasts, germ tubes and young hyphae, and an
intracellular matrix of EPS (Fig. 8C). Biofilm with less cell density were observed after
56 h depicting biofilm detachment and reduction due to accumulation of metabolites and

waste products.
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Figure 27: C. albicans biofilm formation at different time intervals and its biofilm
quantification by XTT reduction assay

4.8.2 SEM and CLSM visualization of C. albicans biofilm

Biofilm formation by C. albicans on PS discs was monitored by SEM (Fig. 28).
Despite its destructive nature, SEM observations provided useful information on the
different cellular morphologies present in the biofilm structure. Initial adherence Qf yeast
cells was followed by germ tube formation and subsequent development of hyphae (12 h
and 24 h). Mature biofilm consisted of a dense network of cells of all morphologies,
deeply embedded in matrix consisting of expolymeric material (24 h and 48 h). Biofilm
with less cells density was observed after 56 h depicting biofilm detachment and
reduction due to accumulation of metabolites and waste products.

The non-invasive CLSM technique enabled imaging of intact biofilm and

visualization of the three dimensional distribution of labeled C. albicans cells in the
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context of the complex biofilm community. Significant channeling and porosity were

observed. Overall, results indicated that mature C. albicans biofilm displayed typical
microcolony/water channel architecture with extensive spatial heterogeneity. A three
dimensional reconstruction of a 48 h old, 30.6 um thick C. albicans biofilm after staining
showing FITC-ConA (green) and PI (red) resulting from the compilation of a series of
individual xy sections taken across the z axis (Fig. 29).

Further analysis of typical micro-colony inside the 48 h grown biofilm showed
that the structures are covered with dense EPS matrix (FITC-ConA, green color)
produced by cells inside them (Fig. 29). Staining of the micro-colony with PI showed the
cells as red color and EPS containing spaces or cavities in black color spot (Fig. 29)

suggesting secretion of EPS as cell over-layers.
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Contd...
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Figure 28: Scanning electron micrographs of C. albicans biofilm at different time intervals

Figure 29: CLSM micrograph of 48 h old C. albicans biofilm after staining with FITC-ConA
(green) and PI (red)
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4.8.3 C. albicans biofilm on different indwelling medical devices

Data obtained from C. albicans biofilm formed on different surgical sutures .(Fi'g.
30A) revealed that maximum biofilm formation was observed by nonabsorbable sutures
Sutupak* SW216) and Prolene* NW843, followed by absorbable sutures Plain W2004
and Chromic NW4241 respectively. Similar studies were done on contact lenses showed
that maximum C. albicans biofilm formation was on Etafilcon followed by Galycofilcon,
Hilafilcon respectively after 48h biofilm growth, when quantified using XTT reduction
~assay. The topology of C. albicans biofilm on different absorbable and nonabsorbable

suture materials as well as on contact lenses was also observed by SEM (Fig. 30B).
Results showed that maximum biofilm formation was observed on Sutupak* SW216,
containing dense hyphae and pseudohyphe network of Candida cells encased in
extracellular matrix as compared to biofilm formed on absorbable sutures, Chromic
NW4241 and Plain W2004 respectively (Fig. 30A). Interestingly least biofilm formation
was observed on sutures Prolene* NW843. Visualization of 48 h grown SEM micrograph
-of C. albicans biofilm on contact lenses showed maximum biofilm formation on Etafilcon

followed by Galycofilcon and Hilafilcon (Fig. 30B).

4.9 Effect of RL2 on C. albicans biofilm

4.9.1 Minimum inhibitory concentration (MIC) of RL2

The antifungal activity of purified RL2 from P. aeruginosa when checked using the
standard broth microdilution method showed inhibition of C. albicans growth to be dose
dependent. Data recorded showed that the MIC of RL2 to inhibit growth of C. albicans to
be > 100 pg mL-! (Fig. 31). The growtﬁ of C. albicans was poorly inhibited upto 0.78 g

mL-! and 50% reduction was observed when > 3.12 pg mL~" of RL2 was used.

~
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Figure 35: SEM micrographs (A-control and B- RL2 treated) and CLSM micrographs (C-

control and D- RL2 treated) of C. albicans cells
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Figure 36: SEM micrographs (A-control and B- RL2 treated) and CLSM micrographs (C-

control and D- RL2 treated) of pre-formed C. albicans biofilm
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(B)

Figure 37: AFM micrographs showing roughness of (A) pre-formed C. albicans biofilm (222
nm) and (B) after treatment for 12 h with 5.0 mg mL~' concentration of RL2 preformed C.

albicans biofilm (31 nm). X-Y scales 10 um
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4.9.2. Anti-adhesive activity of RL2

In vitro studies on effect of different concentration (0.04-5.0 mg mL‘]) of RL2 on
candidal cell adhesion after 2 h showed it to be concentration dependent (Fig. 32). Data
showed about 50% of Candida cells remain adhered to 96-well plate after 2 h of

treatment with 0.16 mg mL~' RL.2.

4.9.3. RL2 treatment of pre-formed biofilm

Pre-formed C. albicans biofilm on PS surface were reduced upto 70% and 90% with
RL2 treatment at a concentration of 2.5 mg ;nL'l and 5.0 mg mL™! respectively. Data
revealed that at lower concentrations < 6.3 12 mg mL'l, the biofilm reduction by the RL2
was not quite evident. However, at higher concentrations there was a dose—dependent
increase in biofilm reduction caused by the RL2 (Fig. 33). Statistical analysis result
obtained using student’s t-test showed significant difference (p < 0.05) at higher

concentrations of RL2 (>1.25 mg mL™") when compared with untreated biofilm.
4.9.4. The cell surface hydrophobicity of C. albicans biofilm

Cell surface hydrophobicity results showed reduction in C. albicans biofilm formed
on MTP wells when exposed to different concentration of RL2 (Fig 34). Th¢ relative cell
“surface hydrophobicity was 0.4 and 0.14 at RL2 concentration of 2.5 and 5.0 mg mL",
respectively as depicted in Fig 34. Data recorded also indicated that with increase in RL2

concentration, there is a marked decline in cell surface hydrophobicity of C. albicans

biofilm.
4.9.5. Scanning electron microscopy (SEM)

SEM micrograph results showed a noticeable reduction in the dense network of

candidal cells, germ tube, hyphae and pseudohyphae enclosed in exopolysaccharides
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matrix in preformed C. albicans biofilm treated with RL2 (5.0 mg mL" Y when
compared with its control. Effect of RL2 on C. albicans adhesion visualized by SEM
micrographs also showed similar reduction in number of candidal cells and alteration in
structural design of C. albicans when compared with its control (Fig. 35A, 35B & Fig.

36A and 36B).
4.9.6. Atomic force microscopy (AFM)

AFM data obtained on the roughness of pre-formed C. albicans biofilm and RL2 (5.0
mg mL™?) treated C. albicans biofilm on PS surface were 222 nm and 31 nm respectively

as shown in Fig. 37.
4.9.7. Confocal laser scanning microscopy (CLSM)

Through CLSM micrographs it was established that C. albicans biofilm architecture
was disturbed on RL2 treatment and fewer numbers of candidal cells were seen adhering
to the PS surface ((Fig. 35C, 35D & Fig. 36C, 36D). The green fluorescence from FITC-
ConA binding indicates dense network of polysaccharides and areas of red fluorescence
was due to PI binding which represent dead cells. The yellow color formed as a result of
overlapping of red and green images depicts production of exopolysaccharides as

capsular components.

100



" CHAPTERS Il

DISCUSSION

 Interest in biosurfactants, the amphiphatic molecules, had steadily increased due to
their diversity, environmentally friendly nature, potential in microbial enhanced oil
recovery, biomedical applications, and food processing industries (Makkar ez al., 2011;
Mnif et al., 2011; Sanchez et al., 2009; Wang et al., 2008; Batista et fal., 2006; Rodrigues
et al., 2006a; Singh and Cameotra, 2004). Biosurfactants, have distinct advantages over
their chemical counterparts iﬁ biodegradability, effectiveness at extreme temperature, pH
and in having lowerAtoxicity (Sanchez et al., 2009; Rodrigues et al., 2006a; Singh and

Cameotra, 2004; Banat et al., 2000; Cameotra and Makkar, 1998).

In present investigation, intent was to isolate a novel biosurfactant producing .
microorganism from oil sludge sambles from contaminated sites viz. Ankleshwar,
quarat. Besides this, samples contaminated with diesel oil and motor oil from local fuel
filling stations were also used in this study. The samples from these sites were gathered
because the probability of finding biosurfactant producing native bacterial population
mineralizing crude oil hydrocarbons in petroleum oil contaminated site is higher (Parreira
et'al., 2011; Arutchelvi and Doble, 2010; Rajan, 2010; Zhang et al., 2010; Ganesh and
Lin, 2009). A total of 25 morphologically distinct bacterial isolates were selected on their

‘basis of ability to grow on different hydrocarbons using enrichment techniques. The
indigenous population of hydrocarbon degrading bacteria was found to be 2x10* cfu/g of
soil. Similar results, confirming low indigenous population of hydrocarbon degrading
bacteria in soil (10° to10* cfu/g of soil) have been obtained during evaluation studies of

inoculum addition in oily sludge contaminated soil by Mishra et al.,, 2001. Such
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enrichment methods are highly selective, resulting in the isolation of new microbial

species from various natural habitats as has been reported by Jacques ef al., 2009.

Based on various physical and chemical properties employed to measure the
efficiency for biosurfactant production sucﬁ as haemolytic activity, CTAB assay, drop
collapse assay, surface tension reduction, and emulsification activity, a total of f§ur
strains namely, NSVP2, DSVP11, DSVP17 and DSVP20 were selected. Similar studies,
to screen and evaluate potenﬁal biosurfactant producing microorganisms have been done
by Hazra et al., 2011, Techaoei et al., 2011, Anandaraj and Thivakaran, 2010. Studies
have documented these methods to be rapid, simple and reliable for screening and
selection of microbes producing biosurfactants (Hazra et al., 2011; Liu et al., 2011;
Techaoei et al., 2011; Anandaraj and Thivakaran, 2010; Nie et al., 2010; Balogun and
Fagade, 2008; Bodour ef al., 2004; Banat et al., 2000). Besides this, cell surface
hydrophobicity studies (HIC, BATH, RP assay) were further exploited for confirmation
of biosurfactant production by these isolates (Pruthi and Cameotra, 1997 i\Ieu and
Poralla, 1990). These assay procedures suggest that hydrophobic nature of cell surface is

a prerequisite for the identification of biosurfactant produbing strain.

On comparative analysis of physiochemical parameters especially hydrophobic
properties, bacterial isolate DSVP20 was selected as an active biosurfactant producer.
Earlier, Rosenberg and Kjelleberg, 1986, too had recommended the use of cell surface
hydrophobicity tests aé a characteristic feature of biosurfactant producing microbes. The
selected bacterial strain DSVP20 when _Visualized microscopically appeared as Gram

negative, motile rod shaped with circular undulated margins.

The phylogenetic tree was prepared based on neighbor joining analysis of the 165

tRNA gene nucleotide sequences to understand the taxonomic position of DSVP20. On
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pair wise alignment of the 16S rRNA gene nucleotide sequence, maximum similarity was
observed with the organisms of class v — Proteobacteria and family Pseudomonadaceae.
Among the species of genus Pseudomonas, é detailed phylogenetic study was performed.
The sequence analysis revealed that DSVP20 16S rRNA gene nucleotide sequence
showed 97% to 99% identity with P. aeruginosa. Phylogram (Fig. 13) constructed on the
basis of multiple sequence alignment from selected BLAST hits, revealed the
evolutionary distance- between DSVP20 and other members of Pseudomonas species.
Thus, based on its morphological, physiologiéal and biochemical features, as well as its
16S rRNA sequence analysis, strain DSVP20 was classified as P. aeruginosa (GenBank

accession no. GQ865644).

The reduction of the surface tension values and increase in the yield of biosﬁrfactant
during late log phase of P. aeruginosa growth indicates the isolated biosurfactant to be a
secondary microbial metabolite as reported for P. aeruginosa by different research groups
(Cameotra and Singh, 2009; Wei e al., 2008). Our data revealed similar trends in surface
tension reduction, dry biomass and rhamnolipid values obtained from cell free broth of P.
aeruginosa DSVP20 which were 28.5 mN m'i, 243 mg mL! and 5.8 mg mL!
respectively during the late log growth phase (96 h) of P. aeruginosa DSVP20. Acid
precipitation and ethyl acetate extraction yielded an extract -which was subjected to
absorption chromatography for the purification of rhamnolipid. Preliminary chemical
characte;rization of the isolated biosurfactant suggested it to be a glycolipid in naﬁue.
Thin-layer chromatography revealed Ry values 0.415 when sprayed with orcinol reagent.
It is in agreement with the literature studies where the standard glycolipid with a retention
index of 0.42 was found out to be a rhamnolipid (Abdel-Mawgoud et al., 2009). FT-IR
spectrum of isolated fhamnolipid when compared with previously reported biosurfactants

from Pseudomonas species, showed band characteristic of —OH bond, aliphatic chain,
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C=0 stretching for ester bond and —COO stretching for carﬁonyl bond this further
confirmed that isolated biosurfactant to be a glycolipid in nature (Bharali and Konwar,
2011; Pornsunthorntawee et al., 2009; Tuleva et al., 2002). Analysis of spectrum showed
typical broad absorption band at 3364 cm” for O-H stretching vibrations confirms the
presence of hydroxyl group in the rhamnolipid, whereas the bond formation between the
carbon and hydroxyl group in the ring of rhamnolipid was confirmed by the presence of
C-O stretching vibrations. These findings are in accordance with previously reported
literature (Worakitsiri ef al., 2011). Relatively strong absorption bands of pyranyl at
lower energy 906 cm ' and 840 cm™ in the IR spectrum of the biosurfactant revealed it to
be a RL2 in nature which is in accordance with previous reports of Hazra ef al., 2011;
Worakitsiri ez al., 2011. MALDI-TOF mass spectrometry is an emerging technique
offering promise for the fast and accurate determination of molecular mass of
biomolecules. The mass spectrum of biosurfactant showed an intense peak at m/z 672.81,
this can be assigned to sodiated adduct of RL2 (Wang et al., 2005; Deziel et al. 2000).
Nuclear Magnetic Resonance (NMR) spectroscopy is the most powerful tool available for
determining the structure of organic compounds. This technique relies on the ability of
atomic nuclei to behave like a small magnet and align them with an external magnetic
field. When irradiated with a radio frequency signal the nuclei in a molecule can change
from being aligned with the magnetic field to being opposed to it. The most common
nuclei observed using this technique are 'H and BC. Analysis of proton NMR spectra
suggests the two a-rhamnose and two B-hydroxy fatty acid moieties and provided the
information about the length of the fatty acid chains. B3C NMR signals for CH3 and CH,
are similar to lipid structure and the signals at 171.4 and 173.6 ppm, corresponds to ester
and carboxylate moieties. The BC NMR also displayed chemical shifts at 102.5, 94.4

ppm, this indicate that the molecular structure is identical to RL2. Similar NMR
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spectroscopy analysis of di-rhamnolipid production has been reported by Wei et al., 2008
and Ganesh et al., 2010 using indigenous isolates, P. aeruginosa J16 and P. aeruginosa
BS-161R respectively. Earlier, literature findings showed that P. aeruginosa could

prdduce different rhamnolipid homologues, which may differ in the chain length of fatty
acids or in the number of rhamnose units (Deziel et al., 1999). Interestingly, amphipathic
nature of rhamnolipid was observed to be proportipnal to 'fatty acid chain length and
number of rhamnose units respectively (Wei et al., 2008; Nitschke et al., 2005). The two
common structures in rhamnolipid family are mono-rhamnolipid and di-rhamnolipid,
composed of monomer or dimer of L-rhamnose molecules connected with f-

hydroxydecanoyl-B-hydroxydecanoate respectively (Soberon-chavez ef al., 2005).

The surface active properties of purified RL2 (0.1 mg mL']). obtained from P.
aeruginosa DSVP20 showed maximum surface tension reduction to be 26.9 mN m’
while critical micelle dilution (CMD™ and CMD?) values of purified RL2 obtained from
DSVP20 were 30 mN m™ and 36 mN m™ respectively suggesting it to be an effective
surfactant. In comparison to this, CMD values of rhamnolipid were reported to be 13.4
mN m™ and 50 mN m™ by Abdel-Mawgoud et al., 2009 and Wei ef al., 2005 respectively
while working on P. aeruginosa. Puriﬁéd RL2 (0.1 mg mL™") obtained from DSVP20 also
exhibited excellent emulsification activity as the Ey4 (%) value was found out to be 98%.
Similar bio-emulsification properties of rhamnolipid have been reported by earlier by

Abdel-Mawgoud et al., 2009.

Interestingly, the surface tension, critical micelle dilution (CMD) and emulsification
index values of the purified RL2 from P. aeruginosa DSVP20 were retained over a wide
pH range (4-12), with minimal deviation in surface active properties. However, CMD?

showed a slight and gradual increase on surface tension with increasing pH values.
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Besides this, purified RL2 at different thermal conditions (4-121°C) was also found stable
and no appreciable changes were observed on surface tension and CMD values with the
addition of NaCl up to 10% in aqueous | solution of RL2 thereby demonstrating the
potential commercial applications of RL2. Results obtained above were in agreement with
_preyious ﬁndingé by Abdel-Mawgoud et al., 2009. They too in their study have shown
that rhamnolipid produced l;y P. aeruginosa isolate Bs20 exhibited excellent stabilities at |
high temperatures (heating at 100°C for 1 h and autéclaving at 121°C for 10 min),

salinities (up to 6% NaCl), and pH values (up to pH 13).

One of the important strategies to impr;)ve RL2 i)roduction is to optimize the
constituents of growth media. Several studies have demonstrated that the medium
composition and growth conditions can influence the type and yield of biosurfactant
(Makkar et al., 2011, Lotfabad et al., 2010; Prieto et al., 2008; Rashedi ef al., 2005). With
a view to develop an economically feasible technology to improve RL2 production, a
number of factors which includes optimization of environmental and fermentation
paramete;s such as aeration, agitation, pH, temperature, incubation period, effect of '
carbon and nitrogen sources were under taken. Results obtained using different aeration
(0.25-1,5 vvm) and agitation (50-250 rpm) on RL2 production showed that these two
parameters are highly correlated with the oxygen transfer efficiency as has been observed
by other researchers (Yeh et al., 2006). Results obtained during studies on the effect of
pH and temperature on RL2 production clearly indicates that the pH of the medium and
incubation temperature did play a major role in RL2 production by P. aeruginosa
DSVP20. These results are in good agreement with the results obtained earlier for
biosurfactant from P. aeruginosa which suggested that it would be more economical to
use 30°C in practical applications for biosurfactant from P. aeruginosa (Praveesh ef al.,

2010).
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Literature revealed that the type of carbon substrates markedly affected the
production yield of rhamnolipid (Wu et al., 2008; Maier and Chavez, 2000; Mata—
Sandoval et al., 2000, Lang and Wullbrandt, 1999). In light of this, we investigated the
role of different carbon sources on rhamnolipid production. The carbon sources tested
included carbohydrates (i.e., glucose and sucrose), glycerol, vegetable oils (i.e., olive oil
and soybean oil) and fatty acid (i.e., oleic acid). Data indicated that glucose and glycerol
were effective carbon substrates for RL2 production (Fig. 24). After cultivation for 4
days, the culture with glucose and glycerol produced 6.16 and 7.31 mg mL" of RL2,
respectively. Surprisingly, P. aerugiﬁosa DSVP20 was unable to utilize sucrose
efficiently, resulting in a poor RL2 production (0.93 mg mL™) as shown in Fig. 24. It is
likely that the DSVP20 strain may lack the enzyme (i.e., invertase) for sucrose hydrolysis.
Although vegetable oils ‘have been frequently used as- the carbon substrates for
rhamnolipid production with P. aeruginosa strains (Maier and Chavez, 2000; Rahman et
al., 2002b; Sim et al., 1997), the DSVP20 strain attained a lower RL2 production from
olive oil and soybean oil fhan that from glucose and glycerol (Fig. 24). Data showed that
RL2 production was 3.2 and 3.74 mg mL™" for olive oil and soybean oil, respectively
(Table 3). It was observed that the direct use of fatty acid (i.e., oleic acid) as the carbon
source did not improve RL2 production (Fig. 24), suggestiﬂg that hydrolysis of the oils
was not the bottle- neck 'step. Some reports show that vegetable oils were more efficient
substrates in rhamnolipid production from P. aeruginosa strains when compared with
glucose, glycerol, and hydrocarbons (Maier and Chavez, 2000; Mata-Sandoval et al.,
2001). However, ﬁ'OIl:l data obtained from our studies on P. aeruginosa DSVP20 revealed
that it preferred glycerol when tested for RL2 production (Fig. 24) suggesting thereby that
the carbon source preference for rhamnolipid production seems to be strain dependent.

Since, lipids are acylglycerols, usage of glycerol as carbon source may increase lipid
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production which in turn could accelerate rhamnolipid production. It is interesting to note
that e;s the RL2 production decreased 4sharpIy as glycerol concentration went over 2%
(Fig. 25). Silva et al., 2010 during their studies on P. aeruginosa UCP0992 too have
reported glycerol (3%) to be as a suitable substrate for production of' biosurfactant.
Though, the significant inhibitory effect of glycerol has not yet been revealed in the
literature. In fact, there is little information regarding rhamnolipid production from a high

level (4% or above) of glycerol, but Hauser and Karnovsky, 1957 did report a 2000 mg L~

! yield of rhamnolipid from a P. aeruginosa strain grown at 3% glycerol.

With respect to nitrogen sources, rhamnolipid production by P. aeruginosa varied
with both the quality and quantity of nitrogen source assimilated (Fig. 26). Nitrogen
starvation plays an important role in the production of surface-active compounds by
microorganisms (Wu er al., 2008). Keei)ing the optimum glycerol concentration, the
effect of the nitrogen source on RL2 production was examined for most commonly used
organic and inorganic nitrogen sources reported in the literature. Among the five nitrogen
sources utilized i.e. ammonium chloride, ammonium nitrate, ammonium sulphate, sodium
nitrate and urea, it was observed that sodium nitrate (NaNOs) was the most efficient
nitrogen source (Silva et al., 2010). Thus, sodium nitrate was selected for our
experimental work, considering its availability and low cost as has been ably supported
by the other research groups (Sim et al., 1997; Wei et al., 2005). Urea when used as the
organic nitrogen sources led to reduce RL2 production (4.87 mg mL™") despite good cell
growth (2.62 mg mL™) when compared with NaNOs. In fact, Kim ef al., 2006, too had
reported that the organic nitrogen source could help celi growth But was unfavorable to

production of glycolipid biosurfactant.
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According to Mulligan and Gibbs, 1989, P. aeruginosa uses nitrates, ammonia and
amino acids as nitrogen sources. Irrespective of nitrogen sources, ammonia acts as a
common principle precursor molecule for initiating the nitrogen assimilation pathway.
Ammonia could be assimilated either by glutamate dehydrogenase (EC 1.4.1.4) to form
glutamate or by glutamine synthetase (EC 6.3.1.2) to form glutamine. Glutamate and
glutamine then underwent trans-amino reaction to generate other sets of amino acids. As
nitrates had to be reduced to nitrite and then to ammonia, their usage as nitrogen source
creates a nitfogen limiting condition, which could be favorable for RL2 biosynthesis as
‘confirmed by the results. Under nitrogen limiting condition, enhanced lipid synthesis
could occur which 1n turn would potentially accelerate rhamnolipid biosynthesis.
Therefore, nitrogen-limiting condition created by using nitrate as nitrogen source is

favorable for rhamnolipid production (Silva et al., 2010).

Quantification of C. albicans biofilm formation assessed over a range of time
intervals by an XTT metabolic reduction assay was done using 96-well microtiter plate in
this study. This allowed us to more easily observe metabolic activi‘qlr of biofilm growth
and perform multiple experimental parameters in a reproducible manner as has been
reported earlier by Agarwal er al., 2008. Data obtained from our results (Fig. 27) clearly
showed-that the formation of brown colored water-soluble tetrazolium formazan produced
was due to the reduction of XTT, by mitochondrial dehydrogenase of C. albicans. This
depicts a linear relationship with the metabolic activity of C. albicans biofilm as has been
reported by other researchers (Lal er al., 2010; Nett et al., 2008; Ramage et al., 2005).
Studies have shown that initially, there was a period of adherence (0-2 h) and subsequent
microcolony formation (2-4 h). Dimorphic switching occurred thereafter with a transition
from budding-yeast forms to filamentous pseudo- and true-hyphal forms (4-6 h). Micro-

colonies then became interlinked by the hyphal extensions, forming a confluent
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monolayer (6-8 h). The complexity of the biofilm increased with time, taking on a three-
dimensional architecture with spatial heterogeneity as it matured (8-48 h). The biofilm
after 24 h and 48 h consisted of a mixture of yeast cells, pseudohypahe and true hyphae.
Production of EPS and microcolony formation were the most important factor in the
three-dimensional architecture, with yeast cells located in the basal layer as also reported
by Baille and Douglas, 1999. Earlier, reséarcher while working on different substrates
such as intravascular catheters, dentures, heart valves, implanted devices and contact
lenses too have reported that architecture of C. albicans biofilm was influenced by
surface properties of materials (Nikawa et al., 1996; Chandra et al., 2005; 2008; Imamura
et al., 2008; Estivill et al., 2011; Frade et al., 2011) which supports our investigation
results that suture material of different surface properties have marked inﬂuen;:e on the

buildup of C. albicans biofilm formed on them.

The barrier posed by the basic functional properties of surgical suture such as
biological inertness, sufficient surgical knot strength and reliability, thromboresistance,
atraumaticity, absénce of wicking has now been dethroned by microbial adherence in the
form of biofilm on them (Zhukovskii, 2005). As the sufures tested in this study differ in
their surface properties, we hypothesized that the ability of C. albicans to form biofilm
would also vary with different sutures. To test this hypothesis, we quantified biofilm
formed on IMDs such as sutures and contact lenses using the XTT-based reduction
method. Data revealed that of the four commonly used surgical sutures maximum biofilm
formation was observed by nonabsorbable sutures Sutupak* SW216 and Prolene*
NW843, followed by absorbable sutures Plain W2004 and Chromic NW4241 respectively
(Fig. 30A). As the contact lenses used in this study differ in their surface properties, C.
albicans biofilm formed on all three type of lenses exhibited structural and topological

variations. Similar results were noticed by Imamura et al., 2008 during their studies on
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Fusarium and Candida albicans biofilm formed on soft contact lenses. Recently, it had
been shown that biofilm formation by Candida spp., varies depending  on substratum
physical and chemical properties (Estivill et al., 2011). Earlier, researchers have shown
that modification in surface properties of biomaterials influences the ability of C. albicans
to fo/rm biofilm (Chandra et al., 2005). Besides this, it has also been observed that
hydrophilic coated device surfaces are key pl?yers in reduction of bacterial colonization

(Okajima et al., 2006; Cagavi et al., 2004).

RL2 isolated from P aeruginosa DSVP20 exhibits a dose dependent antimicrobial
action with increasing RL2 concentratiéns. MICg¢ of RL2 obtained in this study against
planktonic (free floating) C. albicans was found to be at 100 pg mL" which was much
elevated as compared to MICyy values observed against bacteria (Dusane et al., 2010;

Lang et al., 1989).

Different group of biosurfactants exhibit diverse antimicrobial properties as reported
in case of biosurfactant ‘Lunasan’ produced by C. sphaeria (Luna ef al., 2011), ‘Rufisan’
from C. lipolytica (Rufino et al., 2011) and ‘Mannosylerythritol lipids’ from C. antarctica
(Arutchelvi et al., 2008). Significant antimicrobial properties were also recorded by
lipopeptide surfactants depending on the way which interact with the cell membrane of
the target cells (Monteiro et al., 2011; Sriram ef al., 2011). It is hypothesized previously
that antimicrobial property of rhamnolipid is due to the modification of cell permeability
which may be release of lipopolysaccharidés from outer mémbrane of Gram-negative
bacteria by solubilization or due to formation of transmembrane pores as channels to the
periplasm in the surface of Gram-positive bacteria (Sotirova et al., 2010). Similarly, we
too believe that C. albicans RL2 obtained being amphipathic could destabilize the

cytoplasmic membrane by inserting themselves in membrane phospholipid bilayer which '
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in turn could bring abbut the anticandidal action. Earlier, researchers have shown that
adhesion is a' prerequisite parameter for colonization of surface—attached microbes
leading to the development of mature biofilm. Besides this, they have shown that
correlation exists between factors such as surface hydrophobicity, biofilm development,
and the anti-adhesive activity of RL2 to control infection (de Araujo et al., 2011; Dusane
et al., 2010; Rodrigues et al., 2006a). In earﬁer reports, the preconditioning of 96-well
plate with a rhamnolipid, produced by P. aeruginosa was recorded to inhibit the adhesion
of Listeria monocytogenes by about 82% (de Araujo et al., 2011). Similarly, 46-99%
inhibition of B. pumilus cells attachment to 96-well plate was observed when a low
concentration (0.05-100 mM) of commercially available rhamnolipid was used by Dusane
et al., 2010. Rhamnolipid was also reported to interfere in adhesion of bacteria and yeasts
isolated from explanted voice prostheses to silicon rubber (Rodrigues ef al., 2006a). The
disruption studies on C: albicans biofilm which was recorded to be uniformly resistant to
: a wide spectrum of conventional .antifungal agents by purified RL2 were experimentally
validated using XTT based colorimetric assay which is bAased on formation of tetrazolium
formazan product (Kuhn e al., 2002; Chandra et al., 2001; Hawser et al., 199.8). Our
microscopic analysis studies (SEM, AFM and CLSM) and tetrazolium salt based XTT
assay also confirms that RL2 obtained from P. aeruginosa can lead to a significant
disruption of the C. albicans biofilm architecture and design in vitro. Recently, Fracchia
et al., 2010, while working on Lactobacillus-derived biosurfactant too have reported the
inhibition of human pathogenic C. albicans biofilm formation by it. Apart from external
addition of biosurfactant for removal of pre-formed biofilm, surface conditioning or
coating of biosurfactant could prove effective in preventing bacterial adhesion (Rodrigues
et al., 2006a; Mireles et al., 2001) Although, biofilm inhibition mechanism of RL2 is still

to be decoded but it is hypothesized that the mechanism is most likely related to the
112



[Discussion]

inhibition of the cell to cell interactions as well as cell to substrate interaction (Davey et
al., 2003) or it may be attributed to the destabilizing action on cell membranes caused by
interactions between phospholipids and biosurfactants (Carrillo ef al., 2003). Biofilm
inhibition activity of rhamnolipid is 'believed to be based on altering the physical
properties, the chances of resistance development against it through spontaneous
mutations are remote (Carrillo ef al., 2003; Davey et al., 2003). The hydrophobic nature
of biosurfactants enables them to maintain porosity in developing biofilm through open
channel formation. Such activities further confer biosurfactants with antimicrobial
activity against fungi and bacteria, when they are used at concentration far above than
physiological concentrations. Previous reports have shown that rhamnolipid is effective in
preventing or slowing the formation of, or accelerating the dispersion phase of biofilm
development of bacterial species (Dusane et al., 2010; Stanghellini et al., 1997).
Similarly, cell surface hydrophobicity, which contributes to the interaction between the
cells and the surface, is an important and vital factor in the adhesion of C. albicans
biofilm, as has also been shown by other research groups (Borecka-Melkusova and

Bwadakova, 2008; Li ef al., 2003; el-Azizi et al., 1999; Silva ef al., 1995).

From our results on cell surface hydrophobicity also it could be interpolated that RL2
treated C. albicans biofilm inferred a dose dependént correlation. In fact, these results are
in agreement with other research groups who have shown that biosurfactant had less
supportive to play for adhesion and further biofilm formation (Cao ez al., 2009; Klotz et
al., 1985). Data obtained by visualization of SEM micrographs studies showed marked
reduction in intense arrangement of C. albicans cell adhesion and biofilm formation
depicting alteration in structural design of C. albicans when compared with its control.
Similar results were recorded by de Araujo ef al., 2011 while working on Listeria

monocytogenes whose adhesion was inhibited by RL2 and surfactin. RL2 have also
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shown to disrupt preformed marine biofilm in case of Bacillus pumilus (Dusane et al.,
2010). Thus, confirming the excellent potential of RL2 as biofilm reducing agent (Fig.
35A & 35C). CLSM micrograph data obtained revealed marked difference between RL2
untreated and treated C. albicans biofilm (Fig. 35B & 35D) as the former biofilm was less
structured and contained fewer cells. The green fluorescence from FITC-ConA binding
indicates live cells and dense network of polysaccharides whereas red fluorescence due to
PI binding represents dead cells. The yellow color formed as a result of overlapping of
red and green images depicts production of exopolysaccharides as capsular components
(Fig. 35B & 35D) (Lal et al., 2010). Through CLSM micrographs it was established that
C. albicans biofilm architecture was disturbed on RL2 treatment and fewer number of
candidal cells were seen adhering to the surface. Similar studies on rhamnolipid ability to
disperse Bordetella bronchiseptica biofilm, which in turn causes a significant reduction in
viable cell count, has been recorded earlier (Irie et al., 2005) RL2 seems to show better
potential as an anti-adhesion and anti-biofilm formation agent, especially for food
applications, when it can be utilized as a multipurpose formulation ingredient (Dusane ef
al., 2010; de Araujo ef al., 2011). Our results on AFM micrograph of pre-formed C.
albicans biofilm depicted high number of grooves and crusts in comparison to RL2
treated C. albicans micrograph (Fig. 36). Similarly, reduction in roughness during AFM
studies on a C. albicans was recorded by thé researcher while working on lemon grass oil

as an antimicrobial agent (Tyagi et al. 2010).

Overall, the results prove the biomedical potential of rhamnolipid against C.
albicans. Growth inhibition studies prove that the RL2 could act against both planktonic

as well as sessile cells of C. albicans. The potential antibiofilm activity of RL2 which
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makes it far superior than other antifungal agents was uniquely proved through

differential as well as advanced microscopic studies.
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CONCLUSION

The foremost task undertaken in this investigation dealt with the screening of bacterial
strains capable of producing maximum biosurfactant. Among 310 isolates from different
samples, 25 Bacterial isolates showed the ability to grow on different hydrocarbons viz.
dodecane, n-hexadecane, pristane, eicosane, toluene and fluoranthene as sole carbon source
in PAC salt medium. These 25 bacterial isolates were then tested using simple, rapid and
efficient techniques such as haemolytic ability, CTAB agar plate assay, drop collapse assay,r
emulsification assay and surface tension reduction as an index for biosurfactant production.
From them four strains namely NSVP2, DSVP11, DSVP17 and DSVP20 were selected and
screened for potential biosurfactant production. Biosurfactant producing ability of these
isolates was further confirmed by assaying cell surface hydrophobicity which exhibited direct
correlation between biosurfactant production by the isolates and their cell surface
hydrophobic properties. Among these four bacterial isolates, DSVP20 was found to be a
potential biosurfactant which when grown on PAC salt medium with 2% glycerol showed
maximum biosurfactant production (5.8 g L") after 96 h of growth. The surface activities
measured in terms of surface tension revealed maximum reduction in its value from 72.0 mN
m~' to 28.5 mN m! in cell free broth of P. aeruginosa while CMD™' and CMD™ values
recorded were 39.50 mN m~' and 42.50 mN m™' respectively after 96 h. Morphological,
biochemical and molecular (16S rRNA) characterization of above bacterial strain DSVP20
revealed that the strain resembles Pseudomonas aeruginosa (GenBank accession no.

GQ865644). Biochemical characterization using TLC and FTIR of biosurfactant from P.



Conclusion

aeruginosa DSVP20 indicated it to be glycolipid in nature with 14.7% carbohydrate content
and lipid content was 29.3% respectively. Analysis by MALDI-TOF—MS aﬁd NMR further
revealed that the purified biosurfactant to be di-rhamnolipid (RL2) in nature with m/z range
of 649 Da. Nutritional requirements for optimum production of RIL2 _by P. aeruginosa
DSVP20 showed 2% glycerol as a suitable.carbon source for maximum growth and RL2
production. The yield of RL2 (7.8 mg mL") was recorded maximum at optimum conditions
of 96 h, 150 rpm, 35° C and pH of 6.0. The surface activities of the purified RL2 remained
unaltered within a wide pH (4-12), temperature (4-121°C) ranges and under NaCl
concentrations up to 10%. The anti-adhesion effect of the purified RL2 suggested its
potential as an altemativé antifungal agent. The C. albicans biofilm disrupting ability of RL2
was qualitatively observed microscopically using SEM, AFM and CLSM. Microscopic
studies sought out the low cell density, structural deformation and increased proportion of
dead cells over live cells in RL2 treated C. albicans biofilm. Quantitative estimation of the
biofilm reduction action was assessed over a range of time intervals by XTT metabolic
reduction assay revealed that RL2 acted in a dose dependant manner. Moreover, it was found
out that 90% biofilm mitigation could be achiéved by 5.0 mg mL™" of purified RL2. The
results obtained suggest the possible use of RL2 as an alternative antifungal agent in the
medical field for application against C. albicans biofilm, responsible for medical implant
related infection, through coating or imprinting the implant surfaces with RL2. It was
possible to conclude that RL2, an antibiofilm antifungal agent, could be a suitable alternative

to conventional therapies for inhibiting C. albicans biofilm based infections.
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